ASME PCC-3-2022

(Revision of ASME PCC-3-2017)

~Inspection Planning
Using Risk-Based
Methods

AN AMERICAN NATIONAL STANDARD

%z@ The American Society of

® Mechanical Engineers


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

ASME PCC-3-2022
(Revision of ASME PCC-3-2017)

Inspection Planning

Using Risk-Based
Methods

AN AMERICAN NATIONAL STANDARD

@?A@ The American Society of

® Mechanical Engineers Two Park Avenue * New York, NY ¢ 10016 USA


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

Date of Issuance: November 15, 2022

This Standard will be revised when the Society approves the issuance of a new edition.

ASME issues written replies to inquiries concerning interpretations of technical aspects of this Standard. Interpretations are
published on the Committee web page and under http://go.asme.org/InterpsDatabase. Periodically certain actions of the ASME

PCCComn

nittee may be published as Cases. Cases are published on the ASME website under the PCC Committee Page at h

ttp://

go0.asme.(

Errata to
incorrectl
on the dd

The PCC (

receive ap e-mail notification when errata are posted to a particular code or standard. This gption can be found o

appropria

This cod
committee
opportunit]
for additio

ASME dg
respect to
insure any
Users of a
such rightd

Participd
endorsems

ASME ad
and policiqg

rg/PCCcommittee as they are issued.

codes and standards may be posted on the ASME website under the Committee Pages to provide correctid
published items, or to correct typographical or grammatical errors in codes and standards. Such errata shall bg
te posted.

ommittee Page can be found at http://go.asme.org/PCCcommittee. There is an option available to automat

te Committee Page after selecting “Errata” in the “Publication Information” section:

ASME is the registered trademark of The American Society of Mechanical Engineers.

E or standard was developed under procedures accredited as meeting the criteria for American National Standards. The star
that approved the code or standard was*balanced to ensure that individuals from competent and concerned interests h
y to participate. The proposed code or standard was made available for public review and comment, which provided an oppo
hal public input from industry, acatlemia, regulatory agencies, and the public-at-large.

es not “approve,” “rate,” or “éndorse” any item, construction, proprietary device, or activity. ASME does not take any positio
he validity of any patent tights asserted in connection with any items mentioned in this document, and does not undert
ne utilizing a standard against liability for infringement of any applicable letters patent, nor does ASME assume any such lig
ode or standard are'expressly advised that determination of the validity of any such patent rights, and the risk of infringem

is entirely their’ewn responsibility.

tion by federahagency representatives or persons affiliated with industry is not to be interpreted as government or in
nt of this,code or standard.

cepts responsibility for only those interpretations of this document issued in accordance with the established ASME procd
s, which. precludes the issuance of interpretations by individuals.

ns to
used

ically
h the

dards
ad an
tunity

h with
hke to
bility.
ent of

Hlustry

dures

No part of this document may be reproduced in any form,
in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

The American Society of Mechanical Engineers
Two Park Avenue, New York, NY 10016-5990

Copyright © 2022 by
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
All rights reserved


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

CONTENTS

2000 )
Committee Roster

Corrg¢spondence With the Post Construction Committee . . ... ..o v i v ittt it ittt nnneen ()0 .
Summary of Changes . .. ... i i e e LT .
1 Scope, Introduction, and Purpose .. ... oot i i N e .
2 Basic Concepts « v v v v ittt e e e A e .
3 Introduction to Risk-Based Inspection .. .......... ... ... a0t .
4 Planning the Risk Analysis . .. ... .. i i i GaN it .
5 Data and Information Collection . . ......... ... i i, .
6 Damage Mechanisms and Failure Modes . ...........00 . ... . oo, .
7 Determining Probability of Failure .. ....... ... &0\ . ittt .
8 Determining Consequence of Failure ... ..... ... ... .
9 Risk Determination, Analysis, and Management ) . .. ..o vv it i ittt in e en.n. .
10 Risk Management With Inspection Activities?; . . .. ... .o i ittt .
11 Other Risk Mitigation Activities . . ... N o i i e e .
12 Reanalysis . o oo v it e e e e e e e e e e .
13 Roles, Responsibilities, Training, and Qualifications .. .......... ... ... .. .. .. .
14 Documentation and Record Keeping .. ....... .o, .
15 Definitions and ACronyms. (. . v o v v ittt i e e e e e .
16 References . . ... .o i it e e e e e e e .
Nonmandatory Appendices

A Damage Mechanism Definitions . ... ... oottt it .
B Damage(Mechanism and Defects Screening Table . .. ........... ... ... ... ... .
C Table of Examination/Monitoring Methods . .. ....... ... .. . i, .
D Quantitative Methods Including Expert Opinion Elicitation . .................... .
E Examples of Risk-Based Inspection Program Audit Questions ................... .
F Suggested Practice for Evaluation of Pressure Vessels for Continued Cyclic Service . . . |
Figures

2.1-1 RISK POt . ot sttt e i i e i e i
2.3-1 Management of RisSk Using RBI . . . . .ot it ittt ittt ittt ee e neeenn
3.3.1-1 Continuum of RBI Approaches . .. ... ..ttt ittt it i aeenn
3.34-1 Risk-Based Inspection Planning Process . ... ...... .ottt
4.4.1-1 Relationship Among Component, Equipment, System, Process Unit, and Facility . . . . . .
8.5-1 Determination of Consequence of Failure . ... .......... ... ... . ...
9.2.1-1 Example of Calculating the Probability of a Specific Consequence . ................
9.5.1-1 Example Risk Matrix Using Probability and Consequence Categories . ..............

il

O B R =

14
16
18
21
28
32
35
36
37
39
40
41

47
60
67
71
79
80

N U1 wN

11
27
30
31


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

D-4.3-1
D-5.1-1

Tables
2.3-1
8.3.5-1
8.3.5-2
8.3.7-1
16-1
16-2
A-1
B-1
C-1

Process of Performing a Monte Carlo Simulation . ............ ... .. ... ... ...

Probability of Failure Rate vs. Time . . . .. ..o i ittt it ittt it e ennns

Factors Contributing to Loss of Containment . ... ....... ... it nnnen..

Three-Level Safety, Health, and Environmental Consequence Categories . ...........

Six-Level Safety, Health, and Environmental Consequence Categories . .. ...........

Six-lLevel Table

Reference Documents . ........
Procurement Information ......

Damage Mechanism Definitions . .

.......................................

Damage Mechanism and Defects Screening Table . . .............. ... L}).....

Examination/Monitoring Methods

73
74

23
23
24
42
45
48
61
68


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

FOREWORD

ASME formed an Ad Hoc Task Group on Post Construction in 1993 in response to an identified need for recognized and

generally accepted engineering standards for the inspection and maintenance of pressure equipment after it
plac an . A - i - dadiia - e - - S o D . Docoae o . i P P [P o

Committee (PCC) in 1995. The scope of this Commitee was to.dej

Subcpmmittee on Repair and Testing was formed. Other topics are under consideration and may possibly be d
into future guideline documents. The subcommittees were charged with preparing standards dealing wif]
aspefts of the in-service inspection and maintenance of pressure equipnient and piping.

Thiis Standard provides guidance on the preparation and implementation.of a risk-based inspection plan. Flaw
identified during inspection plan implementation are then evaluated,-when appropriate, using the procedures
in APl 579-1/ASME FFS-1, Fitness for Service. If it is determined thatrepairs are required, guidance on repair pj
is prpvided in ASME PCC-2, Repair of Pressure Equipment and,Piping.

Thiis Standard is based on API 580, Risk-Based Inspection. By.agreement with the American Petroleum Instit
this $tandard is closely aligned with the risk-based inspection (RBI) process in API 580, which is oriented td
hydrpcarbon and chemical process industries. In the staindards development process that led to the publicati
Standlard, numerous changes, additions, and improvenients to the text of API 580 were made, many of which ar¢
to gdneralize the RBI process to enhance applicability to a broader spectrum of industries.

Thiis Standard provides recognized and generally accepted good engineering practices (RAGAGEP) that may
conjynction with other post construction eodes (e.g., API 510, API 570, and NB-23).

Thiis Standard uses the words "shall,"."should,” and "may" as follows:

“Shall” is used to denote a requirement.
“Should” is used to denote d recommendation.
“May” is used to denote alpermission, neither a requirement nor a recommendation.

ASME PCC-3-2007 was apptoyed by the American National Standards Institute (ANSI) on October 4, 2007. A
3-20/17 was approved by ANSI on May 11, 2017.

ASME PCC-3-2022 was, approved by ANSI on June 21, 2022.
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CORRESPONDENCE WITH THE
POST CONSTRUCTION COMMITTEE

nta A A a

Genera anda a a a
interpsts. As such, users of this Standard may interact with the Committee by requesting interpretations)
revisiions or a case, and attending Committee meetings. Correspondence should be addressed to:

\Yi

Secretary, PCC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

posing Revisions. Revisions are made periodically to the Standard to incorperate changes that appear
or d¢sirable, as demonstrated by the experience gained from the application of the Standard. Approved revisio
published periodically.
Committee welcomes proposals for revisions to this Standard. Such'proposals should be as specific as
citing the paragraph number(s), the proposed wording, and a detailed description of the reasons for the
including any pertinent documentation.

Prpposing a Case. Cases may be issued to provide alternativeirules when justified, to permit early impleme
an apjproved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases arg
immediately upon ASME approval and shall be posted onithe ASME Committee web page.

Rejquests for Cases shall provide a Statement of Neediand Background Information. The request should id
Standlard and the paragraph, figure, or table number(s), and be written as a Question and Reply in the same
existing Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the
Case|applies.

Inferpretations. Upon request, the PCC Standards Committee will render an interpretation of any requirem
Standlard. Interpretations can only be renidered in response to a written request sent to the Secretary of the PCC §

Subjéct: Cite the applicable paragraph number(s) and the topic of the inquiry in one or ty
Editipn: Cite the applicable edition of the Standard for which the interpretation is being r|
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Quesgftion: Phrase the question as a request for an interpretation of a specific requirement sy

itable for

general understanding and use, not as a request for an approval of a proprietary

design or

situation. Please provide a condensed and precise question, composed in such a way thata

“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in
understanding the inquiry. The Inquirer may also include any plans or drawings that are

necessary to explain the question; however, they should not contain proprietary
information.

vii
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Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “
device, ofactivity:

» o«

certify,” “rate,” or “endorse” any item, construction, proprietary

Attendjng Committee Meetings. The PCC Standards Committee regularly holds meetings and/or telephone/cdnfer-
ences thaf are open to the public. Persons wishing to attend any meeting and/or telephone conference should conta¢t the
Secretary| of the PCC Standards Committee.
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ASME PCC-3-2022
SUMMARY OF CHANGES

Foll ‘Aring npprnv:ﬂ l'\yfhn ASME PCC Committee and ASME and after pnh]ir‘ review ASMEPCC-3-2022 wasap roved by
the American National Standards Institute on June 21, 2022.

In AJME PCC-3-2022, figure and table designators have been updated throughout to follow ASME style) In'addition, this
editipn includes the following changes identified by a margin note, (22).

Pape Location Change

13 4.4.2.2 Restructured and revised

18 7.2.1 In subpara. (b), cross-reference.to“API publication updated
30 Figure 9.2.1-1 Revised in its entirety

33 10.4.3 Subparagraph title revised

34 10.4.3.1 Title and first sentencedrevised

40 15.1 Definition of NDEpersonnel added

41 15.2 Defintion of NACE updated

42 Table 16-1 Updated

45 Table 16-2 Updated

61 Table B-1 Column*heads reformatted

68 Table C-1 Revised in its entirety

77 D-7.4.8 Text editorially reformatted

77 D-7.5.2 Text editorially reformatted

80 F-1 In first paragraph and subpara. (e), cross-reference to API

publication updated
81 F-3 (1) In subpara. (a), first sentence revised
(2) In subpara. (b), first, second, and fourth sentences tevised

(3) Former subparas. (c) through (f) revised in their entirpty and
redesignated as (c) through (e)
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INSPECTION PLANNING USING RISK-BASED METHODS

1 SCOPE, INTRODUCTION, AND PURPOSE

1.3 Purpose

1.1 $cope

Thie risk analysis principles, guidance, and implementa-
tion $trategies presented in this Standard are broadly ap-
plicaple; however, this Standard has been specifically
develloped for applications involving fixed pressure-
contjining equipment and components. This Standard
is nof intended to be used for nuclear power plant compo-
nents; see ASME BPVC, Section XI. It provides guidance to
owngérs, operators, and designers of pressure-containing
equipment for developing and implementing an inspec-
tion program. These guidelines include means for asses-
sing pn inspection program and its plan. The approach
emphasizes safe and reliable operation through cost-
effective inspection. A spectrum of complementary risk
analysis approaches (qualitative through fully quantita-
tive)|should be considered as part of the inspection plan-
ning [process.

1.2 |ntroduction

THis Standard provides information on using-risk
analysis to develop and plan an effective, inspection
stratiegy. Inspection planning is a systematic process
that pegins with identification of facilities ot equipment
and dulminates in an inspection plan. Both the probability’
of fajlure and the consequence of failure should be eval-
uatedl by considering all credible damage mechanisms that
coulq be expected to affect the facilities or equipment. In
addition, failure scenarios.based on each credible damage
mechanism should be developed and considered.

The output of theiinspection planning process
conducted according to these guidelines should be an
inspgction plan-for each equipment item analyzed that
includes

(a)] inspection methods that should be used

(b) extent of inspection (percent of total area to be

This Standard presents the concepts and) grinciples
used to develop and implement a risk-based inspection
(RBI) program. Items covered are

(a) an introduction to the concepts)and prihciples of
RBI

1 Scope, Introduction, and Purpose
2 Basic Concepts

3 Introduction to Risk*Based Inspection

(b) description.ofthe steps in applying these principles
within the framework of the RBI process

Planning the Risk Analysis
Data and Information Collection

4
5
6.~ Damage Mechanisms and Failure Modes
7 Determining Probability of Failure

8 Determining Consequence of Failure

9 Risk Determination, Analysis, and Managgment
10 Risk Management With Inspection Activities
11 Other Risk Mitigation Activities
12 Reanalysis

13 Roles, Responsibilities, Training, and Qualifications

14 Documentation and Record Keeping

1.4 Relationship to Regulatory and Jurisdictional
Requirements

This Standard does not replace or supersede laws, regu-
lations, or jurisdictional requirements.

2 BASIC CONCEPTS

exantimed-or-specifictocations}

(c) inspection interval (timing)

(d) other risk mitigation activities

(e) the residual level of risk after inspection and other
mitigation actions have been implemented

1 “Likelihood” is sometimes used as a synonym for “probability”;
however, “probability” is used throughout this Standard for consistency.

2.1 Risk

Everyone lives with risk and, knowingly or unknow-
ingly, people are constantly making decisions based on
risk. Simple decisions such as whether to drive to
work or walk across a busy street involve risk. Bigger deci-
sions such as buying a house, investing money, and getting
married all imply an acceptance of risk. Life is not risk free
and even the most cautious, risk-averse individuals inher-
ently take risks.
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Figure 2.1-1
Risk Plot
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For exdmple, when driving a car, an individual accepts
the possipility that he or she could be killed or seriously
injured. The risk is accepted because the probability of
being killed or seriously injured is low while the
benefit rgalized (either real or perceived) justifies the
risk taken. Influencing the decision is the type of car,
the safety features installed, traffic volume and. speed,
and other| factors such as the availability, risks, and afford-
ability of|alternatives (e.g., mass transit).

Risk is the combination of the probability-ef some event
occurring during a time period of interest’and the conse-
quences (generally negative) associated with that event.
Mathemattically, risk should be expressed as

risk = probability[X)consequence

Under$tanding the two-dimensional aspect of risk
allows negw insight inte.the use of risk analysis for inspec-
tion prioffitizationand planning. Figure 2.1-1 displays the
risk assogiated.with the operation of a number of equip-
ment itens.Both the probability and consequence of
failure hgve/been determined for ten equipment items,

usinglog-log scales for a better understanding of the|rela-
tive'risks of the items assessed.

Risklevels or values may be assigned to each equipment
item. This may be done graphically by drawing a serjes of
iso-risk lines and identifying the equipment items that fall
into each band or it may be done numerically. Either way, a
list that is ordered by risk is a risk-based ranking qf the
equipment items. Using such a list, or plot, an inspection
plan may be developed that focuses attention on the jtems
of highest risk.

2.2 Overview of Risk Analysis

The complexity of a risk analysis is a function df the
number of factors that can affect the risk and thgre is
a continuous spectrum of methods available to apsess
risk. The methods range from a strictly relative
ranking to rigorous calculation. The methods gengrally
represent a range of precision for the resulting risk
analysis (see para. 3.3.6).

Any particular analysis may not yield usable results due
toalack of data,low-quality data, or the use of an appiroach

and the results have been plotted. The points represent
the risk associated with each equipment item. An “iso-
risk” line, representing a constant risk level, is also
shown on Figure 2.1-1. A user-defined acceptable risk
level could be plotted as an iso-risk line. In this way
the acceptable risk line would separate the unacceptable
from the acceptable risk items (i.e., if the iso-risk line on
the plot represents the acceptable risk, then equipment
items 1, 2, and 3 would pose an unacceptable risk that
requires further attention). Often a risk plot is drawn

that does not adequately differentiate the risks repre-
sented by the equipment items. Therefore, the risk
analysis should be validated before decisions are made
based on the analysis results.

A logical progression for a risk analysis is

(a) collect and validate the necessary data and infor-
mation (see section 5)
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(b) identify damage mechanismsand, optionally, deter-
mine the damage mode(s) for each mechanism (e.g.,
general metal loss, local metal loss, and pitting) (see
section 6)

(c) determine the probability of failure over a defined
time frame for each damage mechanism (see section 7)

(d) determine credible failure mode(s) (e.g., small leak,
large leak, and rupture) (see section 7)

(e) identify credible consequence scenarios that will

initial investment in inspection activities, risk generally
is significantly reduced. A point is reached where addi-
tional inspection activity begins to show a diminishing
return and, eventually, may produce very little additional
perceived risk reduction. Any inspection activity beyond
this point may actually increase the level of risk. This is
because invasive inspections in certain cases may cause
additional damage (e.g., introduction of oxygen into boiler
feedwater, water contamination in equipment with poly-

resultfromnT tire fatture mmode(s)(5ee secton 8)

(f)] determine the probability of each consequence
scenjirio, considering the probability of failure and the
problability that a specific consequence scenario will
result from the failure (see section 9)

(g] determine the risk, including a sensitivity analysis,
and feview risk analysis results for consistency/reason-
ableness (see section 9)

(h] develop an inspection plan and, if necessary, other
mitigation actions, and evaluate the residual risk (see
sectipns 10 and 11)

If the risk is not acceptable, consider mitigation. For
exanjple, if the damage mode is general metal loss, a miti-
gatidqn plan could consist of onstream wall thickness
meagqurements, with a requirement to shut down or to
repafr onstream if the wall thickness measurements do
not meet predetermined values or fitness-for-service
acceIlance criteria.

2.3 |nspection Optimization

When the risk associated with individual equipment
itemp is determined and the relative effectivenéss of
different inspection techniques in reducing risk is esti-
mategd or quantified, adequate informatignis available
for developing an optimization toolfor. planning and
implementing an RBI program, Inspection affects
percg¢ived risk; physical actions such/as mitigation activ-
ities jperformed as a result of,an‘inspection affect actual
risk.

Ingpections may affect'the“calculated risk by reducing
unceftainty. When there'is uncertainty about the risk
asso¢iated with opérating equipment items, the default
actiop should be.to_make reasonably adverse (conserva-
tive)|or even/worst-case” assumptions resulting in rela-
tively high.calctilated risk. For example, during an initial
analysis(ene assumption may be that the only credible
damgge/mechanism for a component is general corrosion

thtoTmic actd, dammage to protective coatings or gjass-lined
vessels, or improper reclosing of inspection-epehings that
may result in leakage of harmful fluids). This situation is
represented by the dotted line at the eid of the upper
curve.

RBI provides a consistent methodology for pssessing
the optimum combination of methods and frelquencies.
Each available inspection¢method may be analyzed and
its relative effectiveness in"reducing failure pfobability
estimated. Given this-ihformation and the cogt of each
procedure, an optimization program may be developed.
The key to developing such a program is the jability to
assess the risk associated with each equipnjent item
and then/tondetermine the most appropriate ipspection
technigues for that equipment item. A copceptual
result_of this methodology is illustrated by the lower
cupve in Figure 2.3-1. The lower curve indicates that,
with the application of an effective RBI progrdm, lower
risks can be achieved with the same level of ipspection
activity. This is because, through RBI, inspection|activities
are focused on higher risk items and away from lower risk
items.

Figure 2.3-1
Management of Risk Using RBI

Potential inspection-jnduced
equipment damagé¢

(i.e., general metal loss). If examination reveals that no
measurable metal loss has actually occurred, then the
probability of failure may be reassessed to a lower
level with a corresponding reduction in the calculated risk.

Figure 2.3-1 presents stylized curves showing the
reduction in risk that should be expected when the
degree and frequency of inspection are increased. The
upper curve in Figure 2.3-1 represents a typical inspection
program. Where there is no inspection, there may be a
higher level of risk, as indicated on the y-axis. With an

Risk with typical
inspection programs
o« ¥
9
=R D

Risk using RBI and
an optimized ) _
inspection program Residual risk

not affected by RBI

Level of Inspection Activity ———>
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Table 2.3-1
Factors Contributing to Loss of Containment

Category of Failure Contribution to Losses

(c) systematically reduce the overall facility risk by
making better use of inspection resources and timely
follow-up action

Mechanical failure 1% 3.1 Items for Which RBI Will Not Compensate
Operational error 20%
Unknown 18% RBI is based upon sound engineering and management
Process upset 8% principles; however, RBI will not compensate for
Natural hazard 6% (a) inaccurate or missing information
0 . . .

Desi (b) inadequate design or faulty equipment

esighl errgr NG (c) improper installation and/or operation
Sabotage/drson 3%

Not all| risks are affected by inspection. Table 2.3-1
shows selven categories of factors that have contributed
to loss of fontainment events resulting in major insurance
losses in [petrochemical process plants.?

Table 4.3-1 shows that, in a typical petrochemical plant,
only aboyt half of the causes of loss of containment can be
influenced by inspection activities (the 41% of mechanical
failures plus some portion of the “unknown” failures).
Other mifigation actions should be used to manage the
other facfors contributing to risk.

As shoynin Figure 2.3-1, risk cannot be reduced to zero.
Residual [risk factors include, but are not limited to, the
following:

(a) human error

(b) natural disasters

(c) external events (e.g., collisions or falling objects)

(d) sedondary effects from nearby units

(e) consequential effects from associated equipment in
the same|unit

(f) dellberate acts (e.g., sabotage)

(g) fujdamental limitations of inspection ‘method

(h) design errors

(i) unfnown mechanisms of damage

3 INTRQDUCTION TO RISK;BASED INSPECTION

In most facilities, a large pereentage of the overall risk is
concentrdted in a relatiyely~small number of equipment
items while alarge percentage of the equipmentitems may
pose minjimal risk.<Fhe equipment items having higher
risk will [require yhore attention in an inspection plan
based o1 a risk'analysis (commonly referred to as
risk-basef inspection or RBI) and the associated increased

(d) operating outside the acceptable design‘énve¢lope
(e) not effectively implementing the inspection plan
(f) lack of qualified personnel or teamiwork
(g) lack of sound engineering or opérational judgment
(h) failure to promptly take corrective action or ipple-
ment appropriate mitigation stratégies

3.2 Consequence and Probability for Risk-Bgsed
Inspection

The objective of a risk analysis should be to determine
which incident would occur (consequence) in the evént of
an equipmentfailure, and how likely (probability) iti§ that
the incident could happen. For example, if a pregsure
vessel subject to damage from corrosion under insulption
(CUI) deyvelops aleak, orifa crackin the heat-affected|zone
(HAZ) of a weld results in a rupture, a variety of cpnse-
guences could occur. Some possible consequences Jare

(a) formation ofavapor cloud that could ignite, capsing
injury and equipment damage

(b) release of a toxic chemical that could cause hiealth
problems

(c) a spill that could cause environmental damape

(d) a rapid release of superheated steam that ¢ould
cause damage and injury

(e) aforced unit shutdown that could have an adyerse
economic impact

(f) minimal safety, health, environmental, and/or
economic impact

Combining the probability and the consequence offeach
applicable scenario will determine the risk to the opera-
tion. Some failures may occur relatively frequently
without significant adverse safety, environmental, or
economic impacts. Similarly, some failures have ppten-
tially serious consequences, but the probability of the inci-
dent is low. In either case, the risk may not wafrant

aaction. hovsagar £4ha b abiliey, o d

inspectiohrtostsmay beoffset by reducingoretimmimating
inspection of equipment items that pose minimal risk. RBI
will allow users to

(a) define, measure, and use risk for managing impor-
tant elements of facilities or equipment

(b) manage safety, environmental, and business-
interruption risks in an integrated, cost-effective manner

2Marsh's 2016 Report, The 100 Largest Losses 1974-2015.

inmediate-action-howeverif-the-probability-and-ebnse-
quence combination (risk) is high enough to be unaccept-
able, then mitigation action(s) to reduce the probability
and/or consequence of the event should be implemented.
In addition, some failures that occur frequently may accu-
mulate a high economic impact when examined over time.

Past inspection planning methods have traditionally
focused solely on the consequences of failure or on the
probability of occurrence without systematic efforts to
tie the two together. They have not considered how
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Figure 3.3.1-1
Continuum of RBI Approaches

High

Detail-of

risk
analysis

Low

Qualitative
analysis

probpble it is that an undesirable incident will occur. Only
by cdnsidering both factors can effective risk-based deci-
sion |making take place. Typically, acceptance criteria
Id be defined recognizing that not every failure

ds on many_factors such as

objective ef-the analysis

numbef,of facilities and equipment items to assess
availabl€ resources

analysis time frame

complexity of facilities and processes

Semiquantitative analysis

Quantitative
analysis

required within the analysis time frame as long ds the con-
ditions and assumptions used in the analysis renjain valid.

The spectrum of risk analysis should be condidered to
be a continuum with qualitative and quaptitative
approaches being the two extremes of the continuum
and everything in between being a semiqudntitative
approach (see para. 3.3.4).

3.3.1 Qualitative RBI Analysis. Data inputs[based on
descriptive information using engineering judgment and
experience as the basis for the analysis of prohability of
failure and consequence of failure are used. Ihputs are
often given in data ranges instead of discrefe values.
Results are typically categorized as high, medium, and
low, although numerical values may be associated with
these categories. The value of a qualitative apalysis is
that it enables completion of a risk analysis in the
absence of detailed quantitative data. The acfuracy of
a qualitative analysis is dependent upon the background
and expertise of the analysts. A qualitative apalysis is
represented by the left end of Figure 3.3.1-1.

Although the qualitative approach is less prgcise than
more quantitative approaches, it is effective in kcreening

(f) nature and quality of available data

The chosen approach may be selected at the beginning
of the analysis process and carried through to completion,
or the approach may be changed (i.e., the analysis may
become more or less quantitative) as the analysis
progresses. If the risk determined using any approach
is below the acceptance criterion specified by the manage-
ment of the organization conducting the analysis, no
further analysis, inspection, or mitigation steps are

out units and equipment with low risk. The qualitative
approach may be used for any aspect of inspection
plan development; however, the conservatism inherent
in this approach should be considered when making
final mitigation and inspection plan decisions.

3.3.2 Quantitative RBI Analysis. Quantitative risk
analysis integrates into a uniform methodology the rele-
vant information about facility design, operating prac-
tices, operating history, component reliability, human


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

ASME PCC-3-2022

actions, the physical progression of accidents, and poten-
tial safety, health, and environmental effects.
Quantitative risk analysis uses logic models depicting
combinations of events that could result in severe acci-
dents and physical models depicting the progression of
accidents and the transport of hazardous material to
the environment. The models are evaluated probabilisti-
cally to provide both qualitative and quantitative insights
about the level of risk and to identify the design, site, or

used at a facility level to find the unit within the facility
that poses the highest risk. Systems and equipment within
the unitthen may be screened using a qualitative approach
with a more quantitative approach used for the higher risk
items. Another example could be to use a qualitative
consequence analysis combined with a semiquantitative
probability analysis.

The risk analysis process, shown in the simplified block
diagramin Figure 3.3.4-1, depicts the essential elements of

operationfat TharacteTistics tratare te MostmpoTtarnt to
risk. Quantitative risk analysis is distinguished from the
qualitativie approach by the analysis depth and integration
of detaildd analysis.

Quantifative risk analysis logic models generally consist
of event {rees and fault trees. Event trees delineate initi-
ating evepts and combinations of system successes and
failures,|while fault trees depict ways in which the
system flailures represented in the event trees can
occur. ThHese models are analyzed to estimate the prob-
ability of each accident sequence. Results using this
approacl are typically presented as risk numbers (e.g.,
cost per|year). Nonmandatory Appendix D provides
more inf¢rmation on quantitative analysis.

A fully guantitative analysis is characterized by the use
of all pospible numeric data to develop a probability and
consequence of failure and all the inputs should be
expressed as distributions. Probabilities and conse-
quences ghould be combined in a mathematically rigorous
process sp that the axioms of probability theory and deci-
sion thedry are followed.

3.3.2.1 Quantitative Risk Analysis (QRA). Quantita-

tive risk gnalysis (QRA) refers to a prescriptive thethod-
ology that has resulted from the applicationjof risk
analysis fechniques at many types of facilities. An RBI
analysis dhares many of the techniques and-data require-
ments of p QRA. If a QRA has been prepared for a process
unit, the [RBI consequence analysis nay borrow exten-
sively frgm this effort.

The QRA is generally comprised of the following five
tasks:

(a) syqtems identification

(b) hatards identification

(c) prgbabilitysassessment

(d) compsequence analysis

(e) risk results

A properly implemented QRA may be used for an RBI

TSpecton planmng based on risKamatysts: TS atagrm is
applicable to Figure 3.3.1-1 regardless of whichapptoach
is applied, i.e., each of the essential elements‘shown in
Figure 3.3.4-1 are necessary for a complete andlysis
regardless of approach (qualitative, semiquantitgtive,
or quantitative).

3.3.5 Data Inputs. The data required for risk andlyses
should usually be drawn fromylant and/or industry data-
bases, interviews, and/or engineering models. For quan-
titative analyses, the data-réquired may be drawn |[from
probabilistic expert opinion elicitations and/or probabil-
istic engineering ahalysis models. It may be necessdry to
rely on the colléctive memory of subject matter experts
and competent, experienced plant personnel, §ince
records are‘often incomplete. In addition, it may be gspe-
cially useful to interview subject matter experts to optain
inform@tion supplemental to the written records. In
almost all cases, information in databases should be
reviewed and interpreted by knowledgeable indivifluals
to ensure that the probability and consequence valuel and
distributions are realistic.

3.3.6 Precision Versus Accuracy. Accuracy is a func-
tion of the analysis methodology, the quality of the|data,
and consistency of application, while precision is a func-
tion of the selected metrics and computational methods.
Risk presented as a numeric value is not inherently more
accurate than risk presented as a matrix, though it mpy be
more precise. Regardless of how accurately the analysis is
conducted, it may not perfectly model reality because of
factors that were not fully taken into account durinig the
analysis.

The precision with which the probability of failur¢ and
the consequence of failure are determined will vary|with
the application. The probability of failure and the cpnse-
quence of failure need not be determined with the pame
precision. However, it should be noted that the predision

analysis.

3.3.3 Semiquantitative RBI Analysis. A semiquantita-
tive analysis is an analysis that includes aspects of both
qualitative and quantitative analyses.

3.3.4 Continuum of Approaches. In practice, a risk
analysis typically uses aspects of qualitative and quanti-
tative approaches. These approaches should not be
considered as competing but rather as complementary.
For example, a high-level qualitative approach could be

of theresutting Tisk s a furnctiomrof theprecisiomrof both
the probability and the consequence.

Insufficient precision may not support required deci-
sions, while excess precision may be both time consuming
and costly. Also, if the uncertainty in the probability of
failure or consequence of failure is greater than the preci-
sion required, more research or a different approach will
be required.
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Figure 3.3.4-1
Risk-Based Inspection Planning Process

Risk analysis process

E . Conseguence :
. of failure :

Data and ' ' Ricl lrspection Mitigation
. : ' T T == TP '
|nflcl)rm_at|on T : ranking plan (if any)
collection ' - .

N Probaelllty :
: of failure H
Reanalysis

Quantitative analysis uses logic models to calculate
probpbilities and consequences of failure. Mathematical
models used to characterize damage to equipment and
to ddtermine the consequence of failures only approxi-
mat¢ reality. Therefore, results from these models
should be reviewed by experts and any disagreements
betwleen the model and the experts should be resolved.

Thie accuracy of any type of risk analysis depends on
using a sound methodology, quality data, and knowledge-
able [personnel.

3.4 Understanding How RBI Helps to Manage

Dperating Risks

Thle mechanical integrity and functional performance of
equipment depends on the suitability\of the equipment to
operfate safely and reliably under the normal and
abndrmal (upset) operating conditions to which the
equipment is exposed. In\performing a risk analysis,

(c) temperatures, including cyclic and transig
tions

(d) flow rates

Theabove information, together with equipms

infornration, operating and inspection historyj,

curfent condition of the equipment will detey
probability of failure of the equipment froz1
more damage mechanisms. This probability
when coupled with the associated conseq
failure will determine the risk associated with 4]
ment item, and therefore the need for any 4
analysis or mitigation such as repair, inj
change in operating conditions, or equipment
tion.

3.5 Inspection Plan

nt condi-

ntdesign

and the
mine the
n one or
f failure,
uence of
he equip-
dditional
pection,
modifica-

Once the risk associated with individual equipment

items is determined and the relative effectiy

reness of

the qusceptibility of equipment to damage by one or different inspection techniques and other njitigation
morq mechanisms (e:g5 corrosion, fatigue, and cracking)  actions in reducing risk is established, an optimized

should be established. The susceptibility of each equip-  risk-based inspection plan can be developed.
men{ item should\be clearly defined for the current oper- A fully integrated inspection planning proceps should
ating conditions (see para. 4.4.2) including include inspection activities, data collection and jupdating,
(a} normal operation and continuous improvement of the system. Risk analysis
(b} upset conditions is state of knowledge specific and, since the pro¢esses are
nl«qnmnn with hmn arisk anﬁ]ncuc nnln reflectslthe situa-

1 ctgit Al d
C/—hormarstare UpP—aimu—SITataUvWiIT

(d) emergency shutdown and subsequent start-up

3.4.1 Variables Considered for Each Operating Condi-
tion. The following process variables should be consid-
ered for each operating condition:

(a) process fluid, contaminants, and aggressive compo-
nents

(b) pressures, including cyclic and transient conditions

tion at the time the data were collected As knowledge is
gained from inspection and testing programs and the data-
base improves, uncertainty in the program will be reduced
resulting in reduced uncertainty in the calculated risk.
When an examination identifies damage beyond prede-
termined limits, it should be evaluated using appropriate
flaw evaluation (fitness-for-service) methods such as
those contained in ASME and API standards. Based on
the evaluation, decisions may be made to repair,
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replace, or continue to operate. The knowledge gained
from the inspection, engineering evaluation, and correc-
tive action should be captured and used to update the
plant database. The new data may affect the risk analysis
and risk ranking for the equipment item. For example, a
vessel suspected of operating with stress corrosion cracks
could have a relatively high risk ranking. After inspection,
repairs, and change or removal of the adverse environ-
ment, the risk calculated for the vessel would be signifi-

(b) failure mechanisms (such as brittle fracture,
fatigue) where avoidance of failure primarily depends
on operating within a defined pressure/temperature
envelope

(c) high-consequence, low-probability events

In such cases, noninspection mitigation actions such as
equipment repair, replacement, or upgrade, equipment
redesign, or maintenance of strict controls on operating
conditions may be the only appropriate measures that can

cantly lopver; TroviTg Tt dowTr tIm tite T1sK Tanking and
allowing|a revised risk-based inspection plan to focus
on other [equipment items.

3.6 Management of Risks

3.6.1 Risk Management Through Inspection. Inspec-
tion reduces the uncertainty of the risk associated with
pressure [equipment primarily by improving knowledge
of the damage state. This knowledge may improve the
predictapility of the probability of failure. Although
inspectign does not reduce risk directly, it is a risk
managenpent activity that may lead to risk reduction.
In-service inspection is primarily concerned with the
detectionf and monitoring of damage. The probability of
failure dye to such damage is a function of the following
four factgrs:

(a) dajnage mechanism

(b) rallzl of damage

(c) pr@bability of identifying and detecting damage and
predicting future damage states with examination tech-
nique(s)

(d) tolprance of the equipment to the type of damage

3.6.2 Using RBI to Establish Inspection Ptans and
Prioritied. The primary product of a risk analysis effort
is an insgection plan for each equipment item evaluated.
The inspdction plan should detail the risk related to opera-
tion of the equipment items prior té_implementing any
mitigatioh activities. For equipmentjitems with an unac-
ceptable |evel of risk, the plan should refer to the mitiga-
tion actigns that are recommended to reduce the risk to
acceptable levels.

For thgse equipmentitems where inspection is a cost-
effective |[means of«isk management, the plans should
describe fthe typeyscope, and timing of inspection/exam-
ination. Ranking-of equipment items by risk allows users
to assign priorities to the various inspection/examination

betakem to Teduce TISK o acceptabie levets:

3.7 Relationship Between RBI and Other Risk-
Based and Safety Initiatives

The risk-based inspection methodology is intended to
complement other risk-based and.safety initiatives{ The
output from several of these initiatives can provide |nput
to the RBI effort, and RBI outputs/may be used to improve
safety and risk-based initiatives already implement¢d by
organizations. Examples;ef-Some initiatives are

(a) OSHA Process Safety Management (PSM) programs

(b) EPA risk management programs

(c) ACC Responsible Care programs

(d) ASME tisk analysis publications

(e) CCPS:risk analysis techniques

(f) Reliability-Centered Maintenance (RCM) programs

(g)~Process Hazards Analysis (PHA) methods

(h) Seveso II Directive in Europe

The relationship between RBI and several initiatiyes is
described in paras. 3.7.1 through 3.7.3.

3.7.1 Process Hazards Analysis. A process hazards
analysis (PHA) uses a systemized approach to idgntify
and analyze hazards in a process unit. The risk anglysis
may include a review of the output from any PHA thdt has
been conducted on the unitbeing evaluated. Hazards jden-
tified in the PHA should be specifically addressed ih the
RBI analysis.

Potential hazards identified in a PHA will often impact
the probability of failure side of the risk equation| The
hazard may result from a series of events that ¢ould
cause a process upset, or it could be the resylt of
process design or instrumentation deficiencigs. In
either case, the hazard may increase the probabiljty of
failure, in which case the RBI procedure should r¢flect
the same.

Some hazards identified would affect the conseqyence

riclelaxzal +ldhais d+ uvaliatatharganc:
tasks. Therisidevelshewldbeusedtoevaluate the urgeney

for performing an inspection.

3.6.3 Other Risk Management. It should be recognized
that some risks cannot be adequately managed by inspec-
tion alone. Examples where inspection may not be suffi-
cient to manage risks to acceptable levels are

(a) equipment nearing retirement

sideoftherisk cqudtiuu. For cAdlllplc, the pULcllLidl fdilure
of an isolation valve could increase the inventory of mate-
rial available for release in the event of a leak. The conse-
quence calculation in the RBI procedure should be
modified to reflect this added hazard.

Likewise, the results of an RBI analysis may significantly
enhance the overall value of a PHA.

3.7.2 Process Safety Management. A strong process
safety management (PSM) system can significantly
reduce risk levels in a process plant (refer to OSHA 29


https://asmenormdoc.com/api2/?name=ASME PCC-3 2022.pdf

ASME PCC-3-2022

CFR 1910.119). RBI may include methodologies to assess
the effectiveness of the management systems in main-
taining mechanical integrity. The results of such a manage-
ment systems evaluation should be factored into the risk
determinations.

Several of the features of a good PSM program provide
input for a risk analysis. Extensive data on the equipment
and the process are required in the RBI analysis, and
output from PHA and incident investigation reports
rogram may improve the mechanical integrity
aspeft of the PSM program. An effective PSM program
inclgdes a well-structured equipment inspection
progfam. The RBI system will improve the focus of the
inspgction plan, resulting in a strengthened PSM program.

Ogerating with a comprehensive inspection program
should reduce the risks of releases from a facility and
shoyld provide benefits in complying with safety-
relatpd initiatives.

3.7.3 Equipment Reliability. Equipment reliability
progfams may provide input to the probability analysis
portjon of an RBI program. Specifically, reliability
recofds may be used to develop equipment failure prob-
abilities and leak frequencies. Equipment reliability is
espefially important if leaks can be caused by secondary
failufes, such as loss of utilities. Reliability efforts, such as
reliapility-centered maintenance (RCM), may be linked
with|RBI, resulting in an integrated program to reduce
downtime in an operating unit.

3.8 Relationship With Jurisdictional Requirements

In|jurisdictions that have adopted post-construction
ruleq and regulations governing inspection practices
and |ntervals, the jurisdictional rules.may supersede
somg of the results of an RBI planiyHowever, the fact
that jurisdictions have some definjtive time-based rules
on inspection intervals doésynot preclude the user
from| gaining significant benefits from the application
of RBIL.

4 PLANNING THE RISK ANALYSIS
4.1 Getting‘Started

A risklanalysis should be a team-based process that
startls with defined objectives. Screening focuses the

(3) petrochemical and chemical
(4) pipelines and pipeline stations
(5) liquefied gas processing
(6) power generation
(7) pulp and paper
(8) storage facilities
(9) pharmaceutical facilities
(10) food and beverage processing facilities
(11) catalyst and other solids-handling facilities
ollowing
should be defined:
(1) Why is the analysis being done?
(2) How will the analysis be carried out?
(3) What knowledge and skills are requir¢d for the
analysis?
(4) Who is on the team?
(5) What are the roles of the team members in the
process?
(6) Who is respefisible and accountable|for what
actions?
(7) Which facilities, process units, systengs, equip-
ment, and coniponents will be included?
(8) What data are to be used in the analysis?
(9 What codes and standards are applicdble?
(19) When will the analysis be completed?
(11) How long will the analysis remain in effect and
when will it be updated?
(12) How will the results be used?

4.2 Outcome of the Planning Portion of the
Process

At the conclusion of the planning portion of the devel-
opment of the RBI program, the following objectives
should be met:

(a) Establish the objectives of the risk analysis.

(b) ldentify the physical boundaries.

(c) ldentify the operating boundaries.

(d) Develop screening questions and criteria donsistent
with the objectives of the analysis and identified physical
and operating boundaries.

Once this portion of the RBI planning procesg has been
completed, the required data and information $hould be
identified (see section 5). It may be necessary to frevise the
objectives, boundaries, screening questions, efc., based
upon the availability and quality of the data and informa-
tion.

effort and boundary limits should be identified to deter-
mine what is vital to include in further analysis (see
Figure 3.3.4-1). The process of screening risks, deter-
mining priorities, and identifying boundaries improves
the efficiency and effectiveness of the analysis.
(a) At the facility level, risk analysis may be applied to

all types of operations including but not limited to

(1) oil and gas production, processing, and transpor-
tation

(2) refineries

4.3 Establish Objectives

A risk analysis should be undertaken with clear objec-
tives that are fully understood by all members of the
analysis team and by management.

See paras. 4.3.1 through 4.3.8.

4.3.1 Understand Risk. An objective of the risk analysis
may be to ascertain the risk of operating a facility, process
unit, system, or component and to better understand the
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effect inspection, maintenance, and other mitigation
actions have on the risk.

By understanding the risk, a program may be designed
that optimizes the use of inspection and other resources.

4.3.2 Define Risk Criteria. A risk analysis will deter-
mine the risk associated with equipment items within
the scope of the analysis. The risk analysis team and
management may wish to judge whether the individual
equipment item and cumulative risks are acceptable.

Establiphing risk criteria to judge acceptability of risk
could be [an objective of the analysis.

4.3.3 Manage Risks. When the risks have been iden-
tified, ingpection and/or other mitigation actions that
reduce risk to an acceptable level may be taken. These
actions may be significantly different from those
performed during a statutory or certification type inspec-
tion program.

By marjaging and reducing risk, safety is improved and
loss of containment incidents and commercial losses are
reduced.

4.3.4 Reduce Costs. Costs reduction is not usually the
primary ¢bjective of a risk analysis, but it is frequently a
side effecf ofinspection optimization. When the inspection
program is optimized based on an understanding of risk,
one or more of the following cost-reduction benefits may
be realiz¢d:

(a) Ingffective, unnecessary, or inappropriate inspec-
tion actifities may be eliminated.

(b) Ingpection of low-risk items may be eliminated,or
reduced.

(c) Online or noninvasive inspections may be substi-
tuted for] invasive inspections that require equipment
shutdown.

(d) Mdre effective and less frequentinspections may be
substituted for less effective and morefrequent inspec-
tions.

4.3.5 Meet Safety and Environmental Management
Requirements. Risk management based upon a risk
analysis thay complement)other risk and safety initiatives
(see para. 3.7). By facusing efforts on areas with the
greatest|risk, an RBIprogram provides a systematic
method fo guide‘a user in the selection of equipment
items to|be included and the frequency, scope, and
extent off inspection activities to be conducted to meet

(c) chemical treatment ofthe processtoreduce damage
rates/susceptibilities

(d) alteration of components to reduce probability of
failure

(e) removal of unnecessary insulation to reduce prob-
ability of corrosion under insulation

(f) reduction of inventories to reduce consequence of
failure
(g) upgrading safety, detection, or monitoring systems

4.3.7 New Project Risk Analysis. It is usually
economical to modify a process or altef)equipment
when a facility is being designed than whentit is operating.
A risk analysis made on new equipmeft or a new prjoject
while in the design stage may yield important informption
on potential risks. This may allow risks to be minimizpd by
design prior to installation.

more

Facil-
case
gthe

4.3.8 Develop Facilities'End-of-Life Strategies.
ities approaching the end/of service life are a specia
where application of RBI may be very useful for gainirn
maximum remaining economic benefit from an asset
without unduepersonnel, environmental, or financia risk.

End-of-life ‘strategies focus the inspection efforts
directly ‘onrhigh-risk areas where the inspectiong will
provide’,a reduction of risk during the remaining ljfe of
thesplant. Inspection strategies may be developed in psso-
ciation with a fitness-for-service analysis and inspefction
activities that do not impact risk during the remaining life
may be eliminated or reduced.

The risk analysis should be reviewed if the remajining
plant life is extended after the remaining life strategy has
been developed and implemented.

4.4 Initial Screening

The screening process focuses the analysis on the
important equipment items so that time and resourcg
effectively utilized.

most
sare

4.4.1 Physical Boundaries. The physical boundaries
[facilities, process units, systems, equipment, and compo-
nents (see Figure 4.4.1-1)] should be identified and be
consistent with the objectives of the risk analysisf The
amount and detail of data and information to be reviewed
and the resources available to accomplish the objedtives
directly impact the extent of equipment items that cgn be

1 . 1 .
safety ANUETIVITOIIIIETIItAl TEqUITEIITEIITS:

4.3.6 Identify Mitigation Alternatives. The risk
analysis may identify actions other than inspection to
manage risks. Some of these mitigation actions include
but are not limited to

(a) modification of the process to eliminate conditions
driving the risk

(b) modification of operating procedures to avoid
situations driving the risk

10

an
entire facility to a single component; however, a risk
analysis typically includes many equipment items (e.g.,
an entire process unit) rather than a single component.

4T . £ riclegnalucic ooy yzoaey £on
aSSCSSCOTIIC—SCOpPCOTa TSI artary STS Tty vary It

4.4.1.1 Facility Screening. Screening at the facility
level may be done by a simplified qualitative risk analysis.
Screening at the facility level could also be done by
(a) asset or product value
(b) history of problems/failures
(c) PSM/non-PSM facilities
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Figure 4.4.1-1
Relationship Among Component, Equipment, System, Process Unit, and Facility

Component

Equipment items

System

e —

Process unit

Facility
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age of facilities

proximity to the public

proximity to environmentally sensitive areas
next scheduled outage

4.4.1.1.1 Key Questions at the Facility.Leével. Key
fions to answer at the facility level beforelconsidering
hould be as follows:

(a] Is the facility located in a reguilatory jurisdiction
that [will accept modifications to statutory inspection
interpals based on risk analysis?

(b} Is the management of‘the facility willing to invest
the rlecessary resources¢to)achieve the benefits of RBI?

(c] Does the facility\have sufficient resources and
expeftise available.t0 conduct the risk analysis?

ques
RBI

1.4.1.2 Process Unit Screening. If the facility is a
process unit facility, then the first step should be
screg¢ning entire process units to rank relative risk.
The pcreening identifies areas higher in risk (priority)

mult|

(d) relative probability of failure of the prog¢ess units
(e) turnaround schedule

(f) experience with similar process units

ection of
ased on

4.4.1.2.1 Selection of Process Units. Se
process units to be included should be H
meeting the objectives of the risk analysis (see
para. 4.3). Key questions to answer at the prdcess unit
level before considering RBI should be as follgws:

(a) Does the process unit have a significant impact on
the operation of the facility?

(b) Are there significant risks involved in the
of the process unit and would the effect of risk
be measurable?

(c) Do the operators of the process unit see that some
benefit may be gained through the application| of RBI?

(d) Are sufficient resources and expertise available to
conduct the risk analysis?

bperation
reduction

4.4.1.3 Systems Screening. It is often advgntageous

and Suggestswitich process umnitsto begim withTtalso
provides insight about the level of analysis that may
be required for systems, equipment, and components
in the various process units.

Priorities may be assigned based on one or more of the
following:

(a) relative risk of the process units

(b) relative economic impact or value of the process
units

(c) relative consequence of failure of the process units
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to group equipment withima process umt immto systems
(circuits) where common environmental and operating
conditions exist based on process chemistry, pressure,
temperature, metallurgy, equipment design, and oper-
ating history. By dividing a process unit into systems,
the equipment can be screened together, saving time
compared to treating each piece of equipment separately.

A common practice utilizes block flow or process flow
diagrams for the process unit to identify the systems.
Information about metallurgy, process conditions,
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credible damage mechanisms, and historical problems
may be identified on the diagram for each system.

When a process unit is identified for a risk analysis and
overall optimization is the goal, it is usually best to include
all systems within the unit; however, limitations such as
resource availability may necessitate that the risk analysis
be limited to one or more systems within the process unit.
Selection of systems may be based on

(a) relative risk of the systems

(b) relp

(c) relative probability of failure of systems

(d) relative expected benefit from applying RBI to
systems

When gcreening systems, site-specific questions should
be develgped. The information developed should form the
basis of the subsequent risk analysis.

vas 0 COUe S0 Ore o v, a

4.4.1.4 Equipment Item Screening. In most facilities,

alarge pefrcentage of the total risk will be concentrated ina
relatively small percentage of equipment items. These
potentially high-risk equipment items should receive
greater aftention in the risk analysis. Screening of equip-
ment iterhs may be conducted to identify the higher risk
equipment to be carried forward for more detailed risk
analysis.

Arisk gnalysis may be applied to the pressure boundary
componepts of the following equipment items:

(a) piging

(b) bollers

(c) prgssure vessels

(d) redctors

(e) hedt exchangers

(f) furnaces

(g) stdrage tanks

(h) pumps

(i) compressors

(j) prepsure relief devices

(k) bldck valves

(1) conftrol valves

4.4.1.4.1 Selection of Equipment Items. Selection

of equipthent items to be included should be based on
meeting| the objectives of the risk analysis (see
para. 4.3|). Key questions to answer at the equipment
level shopild be asfollows:

(a) WH{ll pressure containment be compromised by
damage méchahisms?

(b) Wi 3

(c) Which equipment has the highest consequence of
failure if there is a loss of containment?

(d) Which equipment is subject to the most damage
that could affect pressure containment?

(e) Which equipment has lower design margins and/or
lower corrosion allowances that may affect pressure
containment?

CUUIPIIIC d Ul'y U dITUrc:?
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When screening equipment items, site-specific ques-
tions should be developed. The information developed
should form the basis of the subsequent risk analysis.

4.4.1.5 External Systems, Utilities, and Emergency
Systems. Whether or not external systems, utilities, and
emergency systems should be included depends on the
planned use of the risk analysis and the current inspection
requirements of the facility. Possible reasons for inclusion
of external systems, utilities, and emergency systems are

(a) theriskanalysis will be the basis for an overalljopti-
mization of inspection resources and environmental and
business consequences of failure should be ineludgd.

(b) there is a specific reliability problem in a dtility
system. An example would be a cooling water syjstem
with corrosion and fouling problems) An RBI apptoach
could assist in developing the mosteffective combinption
of mitigation actions including inspection, monitdring,
repair, and treatment for the entire facility.

(c) reliability of the process unit is a major object
the risk analysis.

When emergengy systems (e.g., flare systems and gmer-
gency shutdown systems) are included in the risk anallysis,
the systems should be assessed based on all expg¢cted
service conditions (i.e., routine, test, and emergency
operationnshould all be considered).

ve of

4,4.1.6 Abandoned or Idle Equipment. Users of this
Standard should recognize that the facility being evalu-
ated may include equipment that is idle or has been gban-
doned in place. Idle equipment is distinguished ffrom
abandoned-in-place equipment in that future servjce is
expected. The RBI planning exercise should considerdete-
rioration modes while the equipment is out of service to
avoid structural collapse of equipment, objects f3lling
from the structures, or other out-of-service failures
with adverse consequences.
Stewards of equipment typically provide a higher|level
of care to idled equipment versus abandoned equipment,
but the actual level of care should be verified, not assumed.
Modes and rates of deterioration depend on environmen-
tal exposure and on the level of maintenance and catle the
equipment receives while out of service, but are ind¢pen-
dent of whether the label “idled” or “abandoned” is uged to
describe the equipment. Acceptance standards for gban-
doned equipment may be different versus idled efuip-
ment, since the goal is to prevent structural collfipse;
i T i iteria

a1y aIge t et o o -
shall be supported by analysis and documented.
Users of this Standard are cautioned that deterioration
rates while equipment is out of service are often higher
versus when the equipment is operating. Furthermore, it
is possible that damage mechanisms will be different from
those that prevail while the equipment is in service. Dete-
rioration may lead to collapse or precipitate other struc-
tural failures that have safety consequences or cause
collateral damage to other equipment or structures.
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Deterioration may occur on interior surfaces as well as
exterior surfaces. Coatings or blanketing environments
are strategies often used to limit deterioration, especially
when future service is intended.

As one example, an insulated pipe might ordinarily
operate at very high temperature and consequently
experience little or no CUI; wastage rates could be far
higher during idle periods and a thickness examination
might be prudent before returning to service if the equip-

of failure and consequence of failure for normal operating
conditions. Start-up and shutdown conditions, as well as
emergency and nonroutine conditions, should also be
reviewed for their potential effect on probability of
failure and consequence of failure. The operating condi-
tions used for the risk analysis, including any sensitivity
analysis, should be recorded as the operating limits for the
analysis.

Operating within the operating boundaries is critical to

menfasbeendieforatong pertod- AS anoter eEXampie, a
tall reactor vessel may no longer be in service and may
have|no foreseeable future role in operation of the plant,
but the cost of demolition may be very high because of
prox]mity to other equipment. Because of that proximity,
strudtural collapse or falling objects could damage the
adjagent equipment or injure personnel. Continuing
with the example of a tall reactor, equipment on the struc-
ture $uch as lightning protection or aircraft warning lights
may [need to be maintained. Such needs may require
inspection and upkeep of ladders, elevators, etc.
Upkdep of ladders and elevators will likely be necessary
also o assure the safety of personnel who inspect the
abarnldoned or idle equipment as part of the plan to
prevent structural collapse.

1.4.1.7 Returning Equipment to Service. Because of
the intent to return it to service at some future date, idle
equipment typically warrants and receives a higher level
of cafe and maintenance while out-of-service versus aban-
dondgd equipment. Regardless of whether stewards
regafded the equipment as “idle” or “abandonéd,” a
detajled review of prior inspection results should be
performed before equipment is returned«to service
after] an extended period of being out of service. Any
appropriate additional inspections, should then be
planped and conducted to establish-that the equipment’s
curreént condition meets criteria for operation. If the
service conditions differ from prior service, the user
should consider the need toestablish a baseline equip-
men{ condition against whigh'to monitor progress of cred-
ible gnticipated damage ,mechanisms.

Thie user is cautioned that many additional factors need
to be|consideredbefore any equipment that has been idled
for long peridds.is returned to service. As an example,
seald, gasketsor other elastomers may deteriorate to
the goint*Where equipment that was leak-tight prior to
shutjdown would develop leaks if repressurized.

tite vatidity of the riskamatysisas wett as good pperating
practice. Key process parameters should be-monitored to
determine whether operations are maintained within the
operating boundaries.

4.4.2.1 Start-Up and Shutdown. Process conditions
during start-up and shutdown may have a significant
effect on risk, especially when the conditions are more
severe (likely to causeaccelerated damage) than
normal conditions. A-good example is stress gorrosion
cracking by polythieric acid formed when|a vessel
surface laden with iron sulfide in hydrocarbon service
is exposed tosair-and moisture during a shutdown. The
probability of failure for susceptible comp¢nents is
controlléd’by whether mitigation measures are applied
duringsshutdown procedures. Start-up lings should
often\be included within the process piping and their
service conditions during start-up and subsequgnt opera-
tion should be considered.

4.4.2.2 Normal, Upset, and Cyclic Operatjon.

(a) The normal operating conditions may| be most
easily provided if there is a process flow model or
mass balance available for the facility or progess unit.
However, the normal operating conditions found on
documentation should be verified as it is not upcommon
to find discrepancies that could substantially impact the
risk analysis results. The following data should be
obtained:

(1) operating temperature and pressure
variation ranges

(2) process fluid composition including
with feed composition ranges

(3) flow rates including variation ranges

(4) presence of moisture or other contamjinants

Changes in the process, such as pressure, temperature,
or fluid composition, resulting from abnormal or upset

including

variation

Depending on the risks associated with leakage,additional
actions (such as pressure testing) may be prudent.

4.4.2 Operating Boundaries. Similar to physical
boundaries, operating boundaries for the risk analysis
are established consistent with the objectives, level of
data to be reviewed, and resources. The purpose of estab-
lishing operational boundaries should be to identify key
process parameters that may impact damage. The risk
analysis normally includes review of both probability
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conditions should be considered in the risk a q]ysisl

(b) Systems with cyclic operation, such as reactor
regeneration systems, should consider the complete
cyclic range of conditions. Cyclic conditions could
impact the probability of failure due to some damage
mechanisms (e.g., fatigue, thermal fatigue, and CUI).
Forafatigue analysis, a cycle may be defined in accordance
with one or more of the following standards:

(1) ASME BPVC, Section VIII, Division 2, Part 5,

Annex 5B

(22)
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(2) ASME BPVC Section VIII, Division 3, Part KD,
Article KD-3, KD-350
(3) API 579-1/ASME FFS-1, Annex 14C

4.4.2.3 Operating Time Period. The target run length
ofthe selected process units/equipment should be consid-
ered. The risk analysis may include the entire operational
life, or may be for a selected period. For example, process
units are occasionally shut down for maintenance activ-
ities and the associated run length may depend on the

5 DATA AND INFORMATION COLLECTION

5.1 Introduction

Using the objectives, boundaries, level of approach, and
resources identified in section 4, this section provides an
overview of the data that may be necessary to develop a
risk-based inspection plan.

The data collected will provide the information needed
to assess potential damage mechanisms, potential failure

conditior] of the equipment in the unit. A risk analysis
may focys on the current run period or may include
the curr¢nt and next projected run period. The time
period njay also influence the types of decisions and
plans thdt result from the analysis, such as inspection,
repair, dlteration, replacement, or other mitigation
actions. Future operational projections are also important
as part of the basis for the operational time period.

4.5 Sel

Selectipn of the type of risk analysis will be dependent
on avaridty of factors (see para. 3.3) and a strategy should
be developed matching the type of analysis to the expected
or evalugted risk. For example, process units that are
expected| to have lower risk may only require simple,
fairly comservative methods to adequately accomplish
the objedtives, whereas process units expected to have
a higher| risk may require more detailed methods.
Another jexample would be to evaluate all equipment
items in p process unit qualitatively and then evaluate
the identjfied higher risk items more quantitatively.

cting a Risk Analysis Approach

4.6 Estimating Resources and Time Required

The resources and time required to conduct a risk
analysis will vary widely among organizatiens depending
on a nunjber of factors including

(a) implementation strategy/plans

(b) knpwledge and training efpersonnel involved in
the analysis

(c) trajning time and cost for'personnel involved in the
analysis

(d) aviilability and\quality of data and information

(e) aviilability,and cost of resources needed for the
analysis

(f) nuthbet ef facilities, process units, systems, equip-
ment, ar111 components to be evaluated and the detail of

modes, and scenarios of failure that are discussg¢d in
section 6. Additionally, it will provide much .of the| data
that will be used in section 7 to assess pnobabiliities,
the data used in section 8 to assess corfsequences} and
the data that will be used in section (10 to assist ih the
inspection planning process.

5.2 General

Examples of data sourdes)are

(a) design and construction records

(b) inspection and maintenance records

(c) operating and process technology records

(d) hazards“analysis and management of chpnge
records

(e) materials selection records, corrosion enginepring
records; and other libraries and/or databases.

(f).cost and project engineering records

The precision of the data should be consistent with the
tisk analysis method used. The individual or team should
understand the precision of the data needed fof the
analysis before gathering it. It may be advantageops to
combine risk analysis data gathering with other fisk/
hazard analysis data gathering [see para. 5.3(a])] as
much of the data may be the same.

5.3 Data Needs and Common Types of Data

The following data that relate to the equipment being
considered should be obtained as needed and to the ektent
available. In some cases additional data may be negded.
Where data are not available, input from inspection, thain-
tenance, and operations personnel should be combined
with the engineering judgment of appropriate supject
matter experts.

(a) Hazard Analysis

(1) Process Hazards Analysis (PHA)
(2) Hazard and Operability Study (HAZOP)

analysis applied to equipment items

(g) degree of complexity of risk analysis

(h) degree of precision required

(i) time and resources to evaluate risk analysis results
and develop inspection and other mitigation action plans
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(3) Failure Mode and Effects Analysis (FMEA)

(4) Process Safety Management (PSM) and Relia-
bility-Centered Maintenance (RCM) data or reports

(b) Inspection, Maintenance, and Repair/Alteration

Records

(1) current schedules and scope of inspection
(including nondestructive examination [NDE] methods
employed)

(2) repairs and alterations
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(3) positive material identification (PMI) records
(base material and deposited weld metal)

(4) inspection results (including baseline inspection
records)

(5) management of change records

(6) incident investigation reports

(7) preventive maintenance records

(c) Costs
(1) availability, cost, and proximity of critical spare

(8) construction records

(9) equipment design data

(10) applicable codes and standards®

(11) protective instrument systems

(12) leak detection and monitoring systems

(13) isolation systems

(14) equipment capacity

(15) emergency depressurizing and relief systems
(16) safety systems

parts
[2) equipment repair or replacement costs
(inclpding repainting, reinsulating)
[3) environmental remediation costs
[4) engineering costs
[5) business interruption costs, including lost
oppdrtunity

(d] Phases of Operation (Both Current and Anticipated
During Time Period Under Consideration)
(1) start-up
[2) shutdown
[3) normal operation
[4) temporary operation
[5) process upset (including deflagration)
[6) recovery
[7) emergency (external upset)
[8) restart after emergency shutdown

(e} Process Data (Both Current and Anticipated During
Time| Period Under Consideration)
(1) fluid composition, including contaminants and
aggressive components
[2) changes in fluid composition and flow rates
[3) maximum pressures and coincident-tempera-
tureyq, including details of cyclic and transient.conditions
[4) maximum temperatures and coincident pres-
sureg, including details of cyclic and transient conditions
[5) minimum temperatures @nd coincident pres-
sureg, including details of cyclic and transient conditions
[6) normal operating pressure and temperatures
[7) operating logs and. process records
[8) fluid inventory:
[9) heat and material balance
(f)| Design and (Construction Records/Drawings
(1) unique-equipment identification and piping
identifiers
[2) piping and instrument diagrams, process flow
diagijams,-étc.

(17 fireproofing amd firefighting Systents
(18) plant layout
(19) equipment orientation and expostre
(20) description of cathodic protection pystem if
provided
(g) Failure Data, Damage Mechanisms, and Damage
Rate Information. The best ifformation will come from
operating experience wherpe the conditions that led to
the observed damage rate ‘could realistically be|expected
to occur in the equipment under consideratipn. Other
sources of information could include database} of plant
experience or reliance on expert opinion. The latter
method is often used since plant databases, where they
exist, do motalways contain sufficiently detailed informa-
tion. Other sources include
(1) "generic failure frequency data — industyy and /or
inchouse
(2) industry-specific failure data
(3) plant, material, and equipment-specific failure
data
(4) reliability, inspection, and equipment moni-
toring records
(5) leak data
(6) historical information on damage mechanisms
and rates
(7) industry information and recommenged prac-
tices on applicable damage mechanisms and rates
(8) laboratory testing
(9) in situ testing and in-service monitoring
(10) publications on damage and damagel mechan-
isms
(-a) WRC 488, Damage Mechanisms Affecting
Fixed Equipment in the Pulp and Paper Indusfry
(-b) WRC 489, Damage Mechanisms Affecting
Fixed Equipment in the Refining Industry
(-c) WRC 490, Damage Mechanisms Affecting
Fixed Equipment in the Fossil Electric Power Industry

5 piping tsometric drawings

(4) block/process flow diagrams

(5) equipment, piping, paint, and insulation
specifications

(6) description of heat tracing, if any

(7) materials of construction records

AP RP-574 Damage Mectamnisms Affecting
Fixed Equipment in the Refining Industry

(-e) ASTM G15, Standard Terminology Relating to
Corrosion and Corrosion Testing

(-f) The NACE Corrosion Survey Database (COR-
SUR)

2n the data collection stage, an analysis of which codes and standards
are currently in use and were in use during the equipment design is
generally necessary. The codes and standards used by a facility can
have a significant impact on RBI results.
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(11) industry-specific failure data. Some industries
have societies that track failures and make this informa-
tion available to the public. Examples are listed below.
Other sources should be used as appropriate.

(-a) Offshore Reliability Data Handbook

(-b) Process Equipment Reliability Database

(-c) Generating Availability Data System

(-d) Black Liquor Recovery Boiler Advisory
Committee Incident List

echanism may not be recorded. In such cases
some assfimptions may have to be made about the cause of
the failurp because the inspection program must look for
one or mere specific damage mechanisms. Public domain
data such|as the above can usually be resolved into compo-
nent parfs to obtain failure rates.
(h) Site Conditions
(1) ¢orrosive atmosphere (seawater, downwind of
cooling tpwer, etc.)
(2) seismic
(3) yind
(4) flood
(5) ambient temperature extremes
(6) qlust
(7) population density (on-site/off-site personnel)
(8) ¢nvironmental considerations
(9) off-site data and information (number and proxi-
mity of bjuildings intended for human occupancy, etc.)
(i) Incident Investigation Reports

5.4 Datr Quality and Validation

Data qiiality has a direct relation to the accuracy‘of the
risk analysis and is equally important for all apppoaches.
The integfity of a risk analysis depends upon the use of up-
to-date dpta validated by knowledgeable personnel (see
section 1B).

Data validation should be doneto preclude the intro-
duction ¢f errors (e.g., outdated drawings, inspection
errors, clérical errors, measurénrent equipment inaccura-
cies, and errors in equipment history) into the risk
analysis. [f baseline thickness was not measured or docu-
mented, hominal thicknéss may have been used for the
original fhickness,thereby potentially impacting the
calculatedl corrosioen rate early in the life of the equipment.
The resu]t niay;'be to mask a high corrosion rate or to
inflate a Jow corrosion rate.

6 DAMAGE MECHANISMS AND FAILURE MODES

6.1 Introduction

This section provides guidance in identifying credible
damage mechanisms and failure modes of pressure
boundary metallic components that should be included
in an RBI analysis. Guidance is provided in
Nonmandatory Appendix B.

o~ . king,
mechanical, and metallurgical damage [see
Nonmandatory Appendix A). Understandihg ‘dajage
mechanisms is important for

(a) the analysis of the probability of failure

(b) the selection of appropriate inspection intefvals,
locations, and techniques

(c) the ability to make decisions’(e.g., modificatigns to
process, materials selection,\anid monitoring) thaf can
eliminate or reduce the)probability of a spdcific
damage mechanism

6.1.2 Failure modes identify how the damaged compo-
nent will fail (€.g.; by leakage or by rupture). Under-
standing failire modes is important for

(a) the analysis of the consequence of failure

(b) the.ability to make run-or-repair decisions

(¢)~the selection of repair techniques

6.2 ldentification of Damage Mechanisms

Identification of the credible damage® mechanismp and
failure modes for equipment included in a risk analyjsis is
essential to the quality and the effectiveness of thg risk
analysis. The RBI team should consult with a mat¢rials
or corrosion specialist to define the equipment dapnage
mechanisms, damage modes (optional), and potgntial
failure modes. A sequential approach is as follows,

6.2.1 Asindicated insection 5, identify the interngl and
external operating and environmental conditions| age,
design, and operational loading. Data used and asshmp-
tions made should be validated and documented. Prpcess
conditions as well as anticipated process changes should
be considered. Identifying trace constituents (ppin) in
addition to the primary constituents in a proces$ can
be very important as trace constituents can have a signifi-
cant affect on the damage mechanisms.

A subject matter expert should compare results from
the inspections to the expected damage mechanisms
and rates, as applicable. These results should be compared
to previous measurements on that facility, process unit,
system, or component at the site, or similar counterparts
at other sites, or with published data and statistics. This
review should also factor in the influence of any changes or
upsets in the process.

6-2-2—Considering-the-materials-metheds,and-details
of fabrication, develop a list of the credible damage
mechanisms that may have been presentin past operation,
be presently active, or may become active. Nonmandatory
Appendix B may help in development of this list.

3 “Deterioration” or “degradation” is sometimes used as a synonym for
“damage.” However, “damage” is used throughout this document for
consistency. The term “aging mechanism” is used in some industries
to identify a subset of mechanisms that are dependent upon long-
term exposure at specific temperatures or cyclic stress.
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6.2.3 Under certain circumstances it may be preferable
to list a specific damage mechanism and then list the
various damage modes or ways that the damage
mechanism may manifest itself. For example, the
damage mechanism CUI may precipitate a damage
mode of either generalized corrosion or localized corro-
sion. Generalized corrosion could result in a rupture or
structural failure while localized corrosion might be
more likely to result in a pinhole type leak. All credible

(b) materials of construction

(c) temperature range

(d) processes

(e) flow

(f) type of loading

Further, each of these major headings is subdivided into
columns of specific categories of the major heading. The
table lists many of the materials used in construction for
pressure equipment and piping, but the listings are not all-

failureTmodes for eacit danTage MeCanisST ol danage
mode¢ should be considered.

6.2.4 Itis often possible to have two or more damage
mechanisms at work on the same piece of equipment or
pipirlg component at the same time. An example of this
could be stress corrosion cracking in combination with
genelalized or localized corrosion (thinning or pitting).

6.3

Urlderstanding equipment operation and the interac-
tion with the process environment (both internal and
extennal) and mechanical environment is key to identi-
fying damage mechanisms. Process specialists can
prov]de useful input (such as the spectrum of process con-
ditiops, injection points) to aid materials specialists in the
identification of credible damage mechanisms and rates.
For dxample, understanding that localized thinning could
be cqused by the method of fluid injection and agitation
may|be as important as knowing the corrosioft
mechanism. Sources of information on damage and
damage mechanisms are provided in section 5.

6.3.1 Table of Damage Mechanism Descriptions.
Nonmpandatory Appendix A contains a table ‘of damage
mechanism descriptions for use in conjunction with
Nonmandatory Appendix B in the pteparation of a list
of ciedible damage mechanisms-for the component
under consideration. Table A-1 should not be considered
all-irfclusive but may serve-as-an aid.

(a) Column 1 contaifis-an alphabetical listing of
commmon damage mechanisms for consideration during
a risk-based inspection analysis.

(b] Column 2 provides a brief description or definition
of each damage\mechanism.

(c) Column.3 provides a description of some common
attributes-of each damage mechanism.

(d] CGolumn 4 provides a source or reference for addi-

Damage Mechanisms

Tctustve Furthermore, there are many gradey of alloys
that in one case may be susceptible to |a| specific
mechanism, but with small changes in chemistry they
may not be susceptible (e.g., 316 stainless ste¢l may be
susceptible to some corrosion mechanisms while 316L
stainless steel may not be susgeptible). The table does
not include misapplication{of*materials and damage
issues rarely experienced<«r not typical of pro¢ess envi-
ronments.

6.3.3 Table of Examination Methods. Nonnjandatory
Appendix C contains a table of common examination
methods using“the same alphabetical listing of
common damrage mechanisms noted abov¢ to help
provide ‘@ correlation between damage mec¢hanisms
and examination. This table presents commonly|accepted
examination methods for identifying the|damage
méehanism of concern, but does not represent fthe effec-
tiveness of each examination method for each damage
mechanism.

6.4 Failure Modes

Once a credible damage mechanism(s) has been iden-
tified, the associated failure mode should also pe identi-
fied. For example, local thinning could lead to p pinhole
leakin the pressure boundary. General thinning ¢ould lead
to a rupture. There may be more than one credible failure
mode for each damage mechanism. For example] cracking
could lead to a through-wall crack with aleak before break
scenario or could lead to a catastrophic rupture. The
failure mode will depend on the type of craqking, the
geometric orientation of the cracking, the properties of
the material of construction, the component thickness,
the temperature, and the stress level. Examples of
failure modes include

(a) pinhole leak

(b) small to moderate leak
(o) larvg

tional information regarding each damage mechanism.

6.3.2 Damage Mechanism Screening Table.
Nonmandatory Appendix B contains a screening table
using the same alphabetical listing of common damage
mechanisms noted above to help provide correlations
among damage mechanisms and operation, process,
and mechanical environments. General categories
presented for screening purposes include

(a) manufacturing/fabrication considerations
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feitargeteak
(d) ductile rupture
(e) catastrophic brittle fracture

6.4.1 Failures Other Than Loss of Containment. The
risk analysis may, at the discretion of the owner, also
include failures other than loss of containment, such as
loss of function. Examples of other failures and failure
modes are provided in para. 8.2.
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6.5 Accumulated Damage

Damage rates may vary as damage mechanisms
progress, i.e., various mechanisms may accelerate or
slow or stop completely. In some cases, damage by one
mechanism may progress to a point at which a different
mechanism takes over and begins to dominate the rate of
damage. An evaluation of damage mechanisms and failure
modes should include the cumulative effect of each
mechanism 3

is step is optional. Failure modes may be determined
thout this intermediate step if desired.

general thinning

) failure mode 1: pinhole leak
h) failure mode 2: small leak
failure mode 3: large leak

) failure mode 4: rupture

4

7 DETERMINING PROBABILITY OF FAILURE

7.1 Intr¢

The pr¢bability analysis phase of arisk analysis process
should b¢ performed to estimate.the probability of a spe-
cificadvefse consequence resulting from a loss of contain-
ment th3at occurs due £0a damage mechanism. The
probabilfty that a specific consequence will occur is
the prodyct of the probability of failure and the probability
of the cpnsequence scenario under consideration
assuming that the failure has occurred. For example, if
atank containing a flammable fluid ruptured, the resulting

duction to Probability Analysis

This section provides guidance only on determining the
probability of failure. Guidance on determining the prob-
ability of specific consequences is provided in section 9.

The probability of failure analysis should address the
damage mechanisms to which the equipment item is
susceptible. Further, the analysis should address the situa-
tion where equipment is susceptible to multiple damage
mechanisms (e.g., thinning and creep). The analysis
should be credible, repeatable, and well documented.

: eTot the
ss of

Oould De 0Jusie dl Ud df ¢ d d
only causes of loss of containment. Other causes-of]
containment could include but are not limitéd\to

(a) seismic activity

(b) weather extremes

(c) overpressure with pressure relief device failpre

(d) operator error

(e) fabrication errors

(f) design error

(g) sabotage

These and other causes{ofloss of containment mayfhave
animpact on the probability of failure and may be included
in the probability of failure analysis. While these cquses
are not normally~a’part of a risk analysis for the purpgse of
inspection planning, they may be important for an oyerall
risk analysis' of an operating facility.

7.2 Determination of Probability of Failure

The probability of failure should be determined Qased
on three main considerations.
(a) identification of credible damage mechanjisms
(internal or external) for the materials of construftion
(see section 6).
(b) determination of rates of damage.
(c) determination of the effectiveness of inspeftion
programs, particularly the NDE methods employed, for
identification and monitoring of flaws and other evidence
of damage so that the equipment can be repairg¢d or
replaced prior to failure. Inspection effectiveness is deter-
mined by many factors, including
(1) type of examination (i.e., the ability of the exam-
ination method to detect and characterize damgage
mechanisms)
(2) skill and training of inspectors
(3) level of expertise used in selecting examinption
locations
More than one examination technique may be usgd to

probabilityoftheconsequence {damnmage )y woutd be a furc-
tion of the probability of the rupture, the probability of
ignition of the released fluid, the probability that a
surrounding dike will contain the released fluid, the prob-
ability that the installed fire suppression system will work
properly, the probability of environmental consequences,
etc. Such scenarios should typically be examined using
event tree diagrams (see para. 9.2.1).
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detect and characterize a given damage mechanism. Like-
wise, a given examination technique may be capable of
detecting and characterizing multiple types of damage
mechanisms, but no single examination technique is
capable of detecting and characterizing all damage
mechanisms.

7.2.1 Analyzing the Effect of Ln-service Damage.
Analyzing the effect of in-service damage and inspection
on the probability of failure involves the following steps:

(22)
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(a) ldentify active and credible damage mechanisms
and associated failure modes thatare reasonably expected
to occur during the time period being considered for both
normal and upset conditions (see section 6).

(b) Determine the damage susceptibility and rate of the
damage accumulation as a function of time. For example, a
fatigue crackis driven by cyclic stress; corrosion damage is
driven by the temperature, humidity, and/or corrosion
current. A damage accumulation rule may be available
to m :
given] value of the magnitude of the damage mechanism
drivipg forces, a statistical distribution of these forces may
be ayailable (see API 579-1/ASME FFS-1).

(c) Determine the effectiveness of the inspection and
maintenance programs as well as other mitigation actions.
[tis ysually necessary to evaluate the probability of failure
cons]dering several alternative future mitigation strate-
gies, |[possibly including a “no inspection” strategy.

(d] Determine the probability that under current con-
ditiohs, continued damage at the predicted/expected rate
will ¢xceed the damage tolerance of the equipment item
and fesult in a failure. The failure mode (e.g., small leak,
largd leak, and equipment rupture) should also be predi-
cated on the damage mechanism. It may be desirable in
somg cases to determine the probability of more than one
failufe mode and to combine the resulting risks.

7.2.2 Determine Failure Mode. Probability of failure
analysis should be used to evaluate the failure mode
(e.g.| small hole, crack, and catastrophic rupture) ahd
the probability that each failure mode will occur{In a
quantitative analysis, failure criteria may also+be estab-
lisheld. It is important to link the damage.me’chanism
to the resulting failure mode(s). For example

(a] pitting often leads to small hole:type leaks

(b} stress corrosion cracking may.develop into small,
throggh-wall cracks or, in some ¢ases, may result in cata-
stroghic rupture

(c] metallurgical damage and mechanical damage may
lead|to failure modes that vary from small holes to
ruptyires

(d] general thinnidgfrom corrosion may lead to larger
leakq or rupture

Fa]lure mode ‘primarily impacts the magnitude of the
consequences. For this and other reasons, the probability
and fonsequence analyses should be worked interac-
tively.

same internal and external environment (including oper-
ating conditions). Inspection results from one item in the
group may be related to the other equipment in the group.

For many damage mechanisms, the rate of damage
progression is generally understood and can be estimated.
Damage rate may be expressed in terms of corrosion rate
for thinning or susceptibility for mechanisms where the
damage rate is unknown or immeasurable (such as stress
corrosion cracking). Susceptibility is often designated as
al condi-
tions and material of construction combination. Fabrica-
tion variables and repair history should also be
considered.

type of damage mechanisin, process and metpllurgical
variations, inaccessibility for inspection, limitatilons of ex-
amination methods, and the inspector’s expertise.
Sources of damageé rate information are deqcribed in
section 5.
Damage rates will often vary as the mgchanism
progresses.In some cases, the mechanism is self-limiting,
i.e. aftex progressing to a certain point, damage will arrest.
In other cases, damage will occur in a slow, stable manner
until it reaches a point where failure occurs. In sgme cases,
damage by one mechanism may progress to 4 point at
which a different mechanism takes over to cqntrol the
rate of further damage.

7.2.3.1 Parameters That May Influence th¢ Damage
Rate. The following parameters should be congidered in
the determination of damage rates:
(a) fluid stream composition, including elgctrolytes
and ions in solution
(b) the temperature, humidity, and corrosiyeness of
the atmosphere or soil
(c) process temperature
(d) the flow velocity
(e) the amount of dissolved oxygen
(f) the phase of the fluid (liquid, vapor, or gas)
(g) the pH of the solution
(h) the contaminants in the flow stream
(i) the process operating phase (operation, shutdown,
wash, etc.)
(j) the mechanical properties of the metal (hardness,
cold work, grain size, etc.)

7.2.3 Determine the Damage Susceptibility and Rate.
Combinations of process conditions and materials of
construction for each equipment item should be evaluated
to identify active and credible damage mechanisms (see
section 6). Experienced materials or corrosion engineers
should be consulted to obtain the best possible analysis.
One method of determining these mechanisms and
susceptibilities is to group components that have the
same material of construction and are exposed to the

(k) theweld properties (heattreatment, hardness, resi-
dual stresses, sensitization, HAZ, inclusions, etc.)

(1) the component geometry (crevices, local turbu-
lence, etc.)

(m) the coating and lining condition (no holiday)

(n) the relative size of anodic and cathodic regions

(o) the solubility of corrosion products

(p) the addition of corrosion inhibitors (type, quantity,
and distribution)
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7.2.3.2 Data and Information for Determining the

Damage Rate. The following items may be considered
in determining the damage rate:

(a) system-specific operating experience, including
past inspections and maintenance records

(b) corrosion coupon results

(c) laboratory testing, standard ASTM or NACE tests, or
fluid-specific tests

(d) experience on similar systems within the same

rates based on examination data from the previous oper-
ating conditions may not be valid.

Determination of inspection effectiveness should
consider the following:

(a) equipment type and current condition

(b) active and credible damage mechanism(s)

(c) rate of damage or susceptibility

(d) NDE methods, coverage, and frequency

(e) accessibility to expected damage areas

facility {fquatiftcation, tratming, amnd skittof nspection per-
(e) corppany specifications and technical reports sonnel
(f) indpstry experience with the same process The effectiveness of future inspections may ‘be [opti-
(g) industry publications [see para. 5.3(g)] mized by usage of examination methods better shited
7.2.4 Determine Effectiveness of Past Inspection for the ac,tive/,credible damage ,me?hanisms,‘ adjuSt,ing
Proaram| Inspection proerams include the examination coverage, adjusting’the inspegtion
9 P prog frequency, or a combination ther€of:
(a) NOE methods ’
(b) freguency of examination 7.2.5 Determine the Probability of Failure by Damage

(c) extent of coverage
(d) spécific locations to be examined
(e) otHer inspection activities

7.2.4.1 Limitations of Effectiveness of Inspection
Programp. Inspection programs vary in effectiveness
for locatihg and sizing damage and thus for determining
damage rptes. After damage mechanisms have been iden-
tified, the inspection program should be evaluated to
determine its effectiveness in finding the flaws that
result frdm the identified damage mechanisms. In addi-
tion, the NDE methods should be evaluated to determine
their effectiveness in characterizing and sizing flaws.
ations in the effectiveness of an inspection

steel, raptd
or days. Similarly, if an aqueous chlorlde solutlon is
carried into a sensitized stainless steel vessel, chloride
stress corrosion cracking could (depending on the
temperature) occur very rapidly.

7.2.4.2 Considerations in Determining the Effective-
ness of Inspection Programs. If multiple inspections have
been performed, it is important to recognize that the most
recent inspection may best reflect current operating con-
ditions. If operating conditions have changed, damage

20

Mechanism. By combiningthé‘expected damage me¢han-
isms, rates, or susceptibilities and past examination| data
and effectiveness, a probability of failure may be deter-
mined for each damage mechanism type and assodiated
failure mode. The probability of failure may be deternpined
for future time¢geriods or conditions as well as the cufrent
time frame.The method used should be validated to deter-
mine if the probability of failure is in fact thorough and
adequate for the specific situation.

7.3 Units of Measure for Probability of Failure
Analysis

Probability of failure is typically expressed|as a
frequency considering a fixed interval (e.g., eventf per
year). For example, if two failures are expectefl for
every 10,000 equipment years of operation, the prob-
ability of failure would be expressed as 0.0002 failures
peryear. The time frame may also be expressed as an pcca-
sion (e.g., one run length) and the frequency could be
expressed as events per occasion (e.g., 0.03 faijures
per run). Another expression of probability is cumulative
probability of failure as of a specific time. This is the prob-
ability of an event occurring up through the specific ftime.
This latter expression is useful when the probabiljty of
failure is changing as a function of time.

For a qualitative analysis, the probability of failurg may
be categorized (e.g., high, medium, and low; or 1 thrjough
6). However, it is appropriate to associate a probapility
vide
guldance to the 1nd1v1duals respon51ble for determining
the probability of failure. If this is done, the change
from one category to another could be one or more
orders of magnitude or other appropriate demarcations
that will provide adequate discrimination. See the
following examples:

(1) Three Levels
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Annual Failure Probability

Possible Qualitative Rank or Frequency

Low < 0.0001
Moderate 0.0001 to 0.01
High > 0.01

(2) Six Levels

Possible Qualitative Rank or Frequency
Remoge < 0.00001
Very Low 0.00001 to 0.0001
Low 0.0001 to 0.001
Modetate 0.001 to 0.01
High 0.01 to 0.1
Very High > 0.1

7.4 [Types of Probability Analysis

Thie following paragraphs discuss different approaches
to the determination of probability. For purposes of the
discyssion, these approaches have been categorized as
“qualitative” or “quantitative.” However, it should be
recognized that “qualitative” and “quantitative” are the
end [points of a continuum rather than distinctive
apprpaches (see Figure 3.3.1-1). Most probability analyses
use 34 blend of qualitative and quantitative approaches
(somletimes referred to as semiquantitative).

e analysis should be structured such that a sensitivity
analysis or other approach may be used to obtain realistic,
though conservative, probability values (see-para. 9.4).

7.4.1 Qualitative. A qualitative analysis involves iden-
dtion of the equipment items, internal and external
operfiting environment and conditions, the materials of
consfruction, and damage mechanisms. On the basis of
knowledge of the operating(history, future inspection
and maintenance plans, ahd/possible damage mechan-
isms| probability of failure may be assessed separately
for epch grouping on individual equipment item. Engi-
neerjng judgment should be the basis for this analysis.
A prebability ,of-failure category may then be assigned

0.1 times per year).

7.4.2 Quantitative. There are several methodologies
for quantitative probability analysis (see Nonmandatory
Appendix D). One example is to take a probabilistic
approach where specific failure data and/or expert elici-
tations are used to calculate probabilities of failure. These
failure data may be obtained on the specific equipment
item in question or on similar equipment items. The prob-

21

ability may be expressed as a distribution rather than a
single deterministic value.

When inaccurate or insufficient failure data exist on the
specific equipment item of interest, general industry,
company, or manufacturer failure data may be used.
However, the applicability of generic data to the specific
equipment item being assessed should be validated. As
appropriate, the generic failure data should be adjusted
and made specific to the equipment being analyzed by

based on equipment-specific information~In/this way,
generic failure data are used to generate'an|adjusted
failure frequency that may be applied.to @ specific equip-
ment item. Such modifications to.generic dath may be
made for each equipment item te-aceount for thelpotential
damage that may occur in thé pafticular servige and the
type and effectiveness of dnspection and/or mponitoring
performed. Knowledgeable personnel shoyld make
these modifications“on a case-by-case bagis using
expert opinion elicitation as appropriate.

8 DETERMINING CONSEQUENCE OF FAILURE

8.1 Introduction to Consequence Analysi

44

The“consequence of failure analysis should be
performed to estimate the consequences that occur
due to a failure mode typically resulting from an |dentified
damage mechanism(s) (see section 6). The consequence
analysis should result in a simplified, but repeatable and
credible, estimate of the results of a failure in the equip-
mentitem being analyzed. Consequences should|generally
be categorized as

(a) safety and health impacts

(b) environmental impacts

(c) economic impacts

The consequence analysis should address 3ll failure
modes to which the equipment item is sugceptible.
More or less complex and detailed methods pf conse-
quence analysis may be used, depending on the
desired application for the analysis. The conpequence
analysis method chosen should have a demgnstrated
ability to provide the required level of discrimination
between higher and lower consequence equipmgnt items.

8.2 Other Functional Failures

ot atnly affures that
result in loss of containment, other functional failures
could be included in an RBI study if a user desired.
Since these other failures are usually covered in RCM
or other programs, they are not covered in detail in
this Standard. However, the general concepts of RBI
are applicable. Examples of other functional failures are

(a) functional or mechanical failure of internal compo-
nents (e.g., column trays, demister mats, coalescer
elements, and distribution hardware).
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(b) heat exchanger tube failure. Although tube failures
rarely lead to loss of containment for adequately designed
heat exchangers, such failures may affect the performance
or function of the equipment.

(c) pressure relief device failure.

(d) rotating equipment failure (e.g., seal leaks, impeller
failures, and turbine blade failures).

8.3 Types of Consequences and Units of Measure

(c) leak containment safeguards

(d) environmental resources affected

(e) regulatory consequence (e.g., citations for viola-
tions, fines, and potential shutdown by authorities)

Liquid releases may result in contamination of soil,
groundwater, and/or open water, requiring remediation.
Gaseous releases are equally important but more difficult
to assess since the consequence typically relates to local
regulatory constraints (threshold quantities) and the

The ty
andthec
paras. 8.3
should b
Consequ

bes of consequences that should be considered
mmon units of measure for each are described in
.1 through 8.3.7. Appropriate units of measure
selected depending on the analysis approach.
bnce measures should be comparable to the
extent practicable for subsequent risk prioritization.
Consequénces should be expressed in monetary units
to the maximum extent practicable as described in the
following paragraphs. Consequences that are difficult
to monetfize, such as safety, health, and environmental,
may be placed into consequence categories as described
in para. 83.5. “Affected area” is sometimes used instead of
monetary units or other measures described for each type
of consefjuence. Affected area is a general measure
covering fll consequence types as described in para. 8.3.8.

8.3.1 Safety and Health Impacts. Safety and health
consequences include injuries, illnesses, and fatalities.

8.3.2 pafety and Health Consequence Measures.
Safety and health consequences should be characterized
by a conspquence category associated with the severity of
potential|injuries and illnesses including fatalities, (see
para. 8.3f5). For example, safety consequences cotld be
expressedl based on the severity of an injury (e/g., fatality,
serious Injury, medical treatment, and.first aid) or
expressed as a category linked to the-injury severity
(e.g., a six-category ranking such as A-through F). Alter-
natively, f probability of failure safetylimit could be used
as descrfbed in ASME CRTD41+A widely accepted
approacH for assigning mon€tary values to safety and
health donsequences is'hot currently available;
howevel|, the Federal{Aviation Administration has
publishel material en_this topic (see Tables 16-1 and
16-2). If it is necessary to convert safety and health conse-
quences into monetary units for subsequent risk ranking
or analys|s, theanalyst should document the basis for the
values aspigned.

pematty for exceeding HI0Se CONSraimnts.

8.3.4 Environmental Consequence Measures. Envi-
ronmental consequence measures are the leastdeveloped
among those currently used for risk analysis. A confmon
unit of measure for environmental danfage is not avajlable
in the current technology, making.eénvironmental cpnse-
quences difficult to assess. Typicakparameters used that
provide an indirect measure of the degree of environmen-
tal damage are

(a) acres of land affected per year

(b) miles of shorelihe ‘affected per year

(c) number of’biological or human-use resoyrces
consumed

However, ‘the portrayal of environmental damage
almost invariably leads to the use of cost, in termps of
dollars peryear, for the loss and restoration of environ-
mentalresources. The cost may be calculated as follows:

environmental cost cost for cleanup + cost for fipes

+ other costs

8.3.4.1 Considerations in Determining Environmen-
tal Cost. The cleanup cost will vary depending on many
factors, including

(a) type of spill (aboveground, belowground, sufrface
water, etc.)

(b) volume of spill

(c) type of liquid (toxic, reactive, flammable, or
explosive)

(d) method of cleanup

(e) accessibility and terrain at the spill location

The determination of any fines that may be imp
depends on the regulations and laws of the appli
local and federal jurisdictions.

The other component includes costs that may be psso-
ciated with the spill such as lawsuits by landownefrs or
other parties or cost associated with loss of use.|This
component is f\/pi(‘;\llv cpp(‘iﬁr‘ to the location of the

osed
table

8.3.3 Environmental Impacts. The RBI program typi-
cally focuses on acute and immediate environmental
consequences. Chronic consequences from low-level
emissions should generally be addressed by other
programs.

The environmental consequence should typically be
derived from the following elements:

(a) volume of fluid released

(b) ability to flash to vapor
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facility.

8.3.5 Safety, Health, and Environmental Conse-
quence Categories. Guidance on placing safety, health,
and environmental consequences into categories is
provided in Tables 8.3.5-1 and 8.3.5-2. Table 8.3.5-1
shows three levels, while Table 8.3.5-2 shows six
levels. In practice, other numbers of levels could be used.
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Table 8.3.5-1
Three-Level Safety, Health, and Environmental Consequence Categories

Category Safety Consequence Health Consequence Environmental Consequence
High Fatality or injury with permanent Long-term health effects Major off-site response and
disability cleanup effort
Moderate Lost time injury with full recovery Short-term health effect with full Minor off-site, but possible major
expected recovery expected on-site response
Low First aid only injury Minimal health impact Minor on-site response
Table 8.3.5-2
Six-Level Safety, Health, and Environmental Consequence Categories
Category Description Examples
I Catastrophic Large number of fatalities, and/or major long-term environmental ifhpact
11 Major A few fatalities, and/or major short-term environimental impact
111 Serious Serious injuries, and/or significant environmental impact
v Significant Minor injuries, and/or short-term envjronmental impact
\' Minor First aid injuries only, and/or minimalénvironmental impact
\%! Insignificant No significant consequence

8.3.6 Economic Impacts. Typical economic conse-
quenjces include

(a)] production loss due to rate reduction or downtime
as lopt opportunity cost

(b] deployment of emergency response equipment and
pers¢nnel

(c) lost product

(d] degradation of product quality

(e) replacement or repair of damaged equipment

(f)| property damage off-site

(g)] spill/release cleanup on-site or off-site

(h) loss of market share

(i)] injuries or fatalities

(j)| land reclamation

(k] litigation

(D) fines

(m) loss of goodwill

8.3.7 Economic Consequence Measures. Economic
conspquences may‘be expressed in monetary units. It
is possible, although not always practicable, to assign a
monptary«valie to almost any type of consequence.
Howgveryin practice some monetary values are neither
practicable nor necessary to use in a risk analysis. The

complexity of the relationship of failure to lost|opportu-
nity‘cest. However, expressing consequences in monetary
units has the advantage of permitting a direct comparison
of ‘the various categories of consequences on al common
basis. Therefore, it is often better to provide agproxima-
tions or “best estimates” than to use only verbal descrip-
tions (see para. 8.4.1).

Instead of determining point values or unique|ranges of
economic loss for each consequence scenarip, conse-
quences may be placed into categories that lhave pre-
defined ranges. Table 8.3.7-1 provides an eample of
this. The ranges should be adjusted for the unit or
plant to be considered. For example, $10,000{000 may
be a catastrophic loss for a small company, biit a large
company may consider only losses greafer than
$1,000,000,000 to be catastrophic.

8.3.7.1 Business Interruption Costs. Calcfilation of
business interruption costs can be complgx. These
costs include lost opportunity cost (production loss)
and impact on future business. In many cases, efjuipment
replacement costs may be very low compared td the busi-
ness loss of a critical unit for an extended period of time.
The selection of a specific method of cost analysi$ depends

cost associated with most of the consequences listed in
para. 8.3.6 can be calculated using standard methods,
so further discussion is not provided in this Standard.
However, guidance on some of the consequences is
provided in the following paragraphs.

Information such as product value, capacity, equipment
costs, repair costs, personnel resources, and environmen-
tal damage may be difficult to derive, and the manpower
required to perform a complete financial-based conse-
quence analysis may be limited depending on the

on
(a) the scope and level of detail of the study
(b) availability of business interruption data

8.3.7.1.1 Lost Opportunity Cost (Production Loss).
Lost opportunity cost is typically associated with produc-
tion loss. Production losses generally occur with any loss
of containment of the process fluid and often with aloss of
containment of a utility fluid (water, steam, fuel gas, acid,
caustic, etc.). Production losses may be in addition to or
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Table 8.3.7-1
Six-Level Table

Category Description Economic Loss Range

1 Catastrophic > $100,000,000

II Major > $10,000,000 but < $100,000,000
11 Serious > $1,000,000 but < $10,000,000
v Significant > $100,000 but < $1,000,000

\% Minor > $10,000 but < $100,000

Vl lllbislliliLdllL $LU,UUU

independent of flammable events, toxic releases, or other
hazardous fluid release. A simple method for estimating
the lost dpportunity cost is to use the equation

lost opportunity cost = process unit daily value

X downtime (days)

The urlit daily value could be on a revenue or profit
basis. The downtime estimate represents the time
required|to get back into production. Dow’s Fire and
Explosion Index (see Tables 16-1 and 16-2) is a typical
method df estimating downtime after a fire or explosion.

8.8.7.1.2 Considerations in Determining Lost

Opportunity Costs. Site-specific circumstances should
be considered in the business interruption analysis to
rstating or understating this consequence.
Exampleq of these considerations include

(a) ablility to compensate for damaged equipment (e.gs
spare eqyiipment and rerouting)

(b) lodt production may be compensated at arother
underused or idle facility

(c) losp of profit could be compounded if other facilities
use the unit’s output as a feedstock or pracessing fluid

(d) potential for damage to nearby,equipment (knock-
on damage)

(e) repair of small-damage-costequipment may take as
long as 1grge-damage-cost equipment

(f) extended downtime may-result in losing customers
or markdt share, thus €xtending loss of profit beyond
productign restart

(g) loss of hard 6 get or unique equipment items or
material nay require extra time to obtain replacements

8.3.7.2_Lost Fluid Cost. The cost of the lost fluid may
be calculated by

or piping may result in damage andyfaflure. [This
damage should be considered. The /maintenancq and
reconstruction cost should be accounted for i the
analysis.

8.3.8 Affected Area Approach to Consequpnce
Measurement. Consequences may be express¢d in
terms of affected area.\As its name implies, affgcted
area represents the amount of surface area that eyperi-
ences an effect (toxic dose, thermal radiation, explpsion
overpressure,~etc.) greater than a predefined linjiting
value. Based on the thresholds chosen, anything — per-
sonnel, equipment, environment — within the area will be
affected by the consequences of the failure.

To(rank consequences according to affected arpa, it
should normally be assumed that equipment or pers¢nnel
are evenly distributed throughout the area under consid-
eration. A more rigorous approach would assign a gopu-
lation density with time or equipment value density to
different locations within the area under considerdtion.

The units of measure for affected area (square fdet or
square meters) do not readily translate into our evefyday
experiences because most people think of consequengesin
terms of costs and personnel impact. Therefore, there is
some reluctance to use this measure. It has, howjever,
several features that merit consideration. The aff¢cted
area approach has the characteristic of being abjle to
compare consequences resulting from different hazards
(fire, explosion, toxic release, etc.) by relating the cpnse-
quence to the physical area impacted by the hazargd.

8.3.9 Other Considerations. The following should be
considered in addition to the consequences described
above:

(a) loss of reputation leading to loss of market share

lost fluid cost = volume of fluid lost
X value of the fluid per unit volume

8.3.7.3 Maintenance and Reconstruction Costs.
Maintenance and reconstruction cost represents the
costs represent both the cost required to correct the
failure and the cost to repair or replace equipment
damaged in the subsequent events (e.g., fire and explo-
sion). For some reactive fluids, contact with equipment

(b) future insurability

(c) regulatory actions curtailing production or raising
costs

[tis usually possible to develop a monetary estimate for
these considerations.

8.4 Analysis of the Consequence of Failure

The following paragraphs discuss different approaches
to the determination of consequences of failure. For the
purposes of the discussion, these approaches have been
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categorized as “qualitative” or “quantitative.” However, it
should be recognized that “qualitative” and “quantitative”
are the end points of a continuum rather than distinctive
approaches (see Figure 3.3.1-1).

8.4.1 Qualitative. A qualitative analysis (see
para. 3.3.1) is based primarily on engineering judgment.
Consequence of failure (safety, health, environmental,
production, maintenance, reconstruction) should be
analyzed for each unit, system, equipment i
dividual equipment item.

8.4.2 Quantitative. A quantitative analysis (see
paral 3.3.2) involves using logic models (e.g., event
treedor faulttrees) depicting sequences and combinations
of eyents to represent the effects of failure on people,
property, business, and the environment. Quantitative
modgls usually contain one or more standard failure
scenfprios or outcomes and typically calculate conse-
quenjce of failure based on

(a] type of process fluid in equipment

(b) state of the process fluid inside the equipment
(solid, liquid, gas, or mixed)

(c) key properties of process fluid (molecular weight;
boiling point, auto-ignition temperature, ignition energy,
densjty, etc.)

(d)] process operating variables such as temperature
and pressure

(e)} mass of inventory available for releasein the event
ofalgak considering the ability and timeto isolate the leak

(f)| failure mode and resulting l1éak size

morg
able

quantitativelyassessed consequences into manage-
Croups.

8.4.3 Analysis Results. Even though numeric values
and processes’ may be used, the qualitative region of
the gpectrim tends to have consequences expressed in
ordef of magnitude ranges based on experience and engi-

8.4.4 Predicting Outcome. In a risk analysis, the
outcome of a release of hazardous material refers to
the physical behavior of the hazardous material. Examples
of outcomes are safe dispersion, explosion, jet fire, etc.
Outcome should not be confused with consequence.
For risk analysis, consequence is the adverse effect on
people, the environment, production, and mainte-
nance/reconstruction costs as a result of the outcome.

The actual outcome of a release depends on the nature
iscussion
Events is

dI1d Pprope €S 0 € dlCI'1d clca .
of possible outcomes for various types~of
provided in paras. 8.4.4.1 through 8.4.4.4.

8.4.4.1 Flammable Effects. Six possible putcomes
may result from the release of a flammable flyid.

(a) Safe Dispersion. This occurs when flammiable fluid
is released and then dispersestwithout ignition.|The fluid
disperses to concentrations/below its flammaple limits
before it encounters a source of ignition. Although no flam-
mable outcome occurs,it is still possible that the [release of
a flammable material (primarily liquids) coyld cause
adverse environmental effects. Environmentpl events
should be dddressed separately.

(b) Jetfires. These result when a high-momeptum gas,
liquid,.ortwo-phase release is ignited. Radiation|levels are
generally high close to the jet. If a released matefrial is not
igitited immediately, a flammable plume or cloud may
develop. On ignition, this may “flash” or burp back to
form a jet fire.

(c) Explosions. These occur under certain cpnditions
when a flame front travels very quickly. Explosions
cause damage by the overpressure wave that is generated
by the flame front. They may occur if a release r¢sults in a
large cloud prior to ignition. For releases of|vapor or
liquids that vaporize, vapor cloud ignition i§ a major
concern.

(d) Flash Fires. These occur when a cloud of material
burns under conditions that do not generate sjignificant
overpressure. Consequences from a flash firel are only
significant within the perimeter and near thg burning
cloud. Flash fires do not cause overpressyres high
enough to damage equipment.

(e) Fireballs. These occur when a large quantjity of fuel
ignites after it has undergone only limited mixing with the
surrounding air. Thermal effects from the firebgll extend
well beyond the boundaries of the fireball, but they are
usually short-lived.

neering judgment. The quantitative method provides
higher levels of resolution with the use of probabilistic
distributions.

Comparing or combining analyses from different
sources may be problematic. The analyst should
review the approaches and criteria used to determine
whether the results are comparable.

25

(f) Pool Fires. These are caused when liquid pools of
flammable materials ignite. The effects of thermal radia-
tion are limited to a region surrounding the pool itself.

8.4.4.2 Toxic Effects. Two outcomes are possible
when a toxic material is released: safe dispersal or mani-
festation of toxic effects.
For a toxic effect to occur, the following conditions must
be met:
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(a) The release must reach people in a sufficient
concentration.

(b) Itmustlinger long enough for the effects to become
harmful.

If either of the conditions is not met, the release of the
toxic material results in safe dispersal, indicating that the
incident falls below the pass/fail threshold (e.g., API RP
581).

If both of the above conditions (concentration and dura-
tion) are XICTEX
occur.

soil, ground water contamination could result.

8.4.4.4 Business Interruption Effects. Business
interruptjon effects should be considered in the analysis.
These effects should typically be determined by esti-
mating the time that will be needed to repair and
return td full service equipment as postulated by the
failure sgenario.

8.5 Determination of Consequence of Failure

The consequences of releasing a hazardous material
should be estimated in six steps (see Figure 8.5-1).
Each step should be performed using the assumption
of a specffic scenario. The steps should be repeated for
each credible scenario.

(a) Esfimate the release rate.

(b) Estimate total volume of fluid that will be released.

(c) Determine ifthe fluid is dispersed in a rapid manner
(instantaneous) or slowly (continuous).

(d) Determine if the fluid disperses in.the atmosphere
as a liquid or a gas.

(e) Estimate the impacts of any existing mitigation
system.

(f) Estlmate the consequences:

8.5.1 Kactors for Estimating Consequences. Estimate
the conspquences of/avfailure from equipment items
consider]ng such factors as physical properties of the
containefl material,its toxicity and flammability, type
of releade andirelease duration, weather conditions

and dispersion’ of the released contents, and mitigation
1L and

the consequence scenarios could include: small release
without ignition, small release with ignition, and small
release with ignition and subsequent catastrophic
failure (rupture) of the equipment item. The following
shows how a consequence scenario may be constructed:
(a) Consequence Phase 1: Discharge. Consider the type
of discharge (sudden versus slow release of contents) and
its duration.
(b) Consequence Phase 2: Dispersion. Consider the
Pt OIT O € Telicased COIItE QUue 0 wWedtlier] con-
ditions.
(c) Consequence Phase 3: Flammable Events{The cpnse-
quences should be estimated for the scenarjo based gn the
flammability of the released contents. (i.e., impact of a
resulting fire or explosion on plant personnel and efjuip-
ment, community, environment) {$€e’ para. 8.7.1.1)]
(d) Consequence Phase 4: Toxic' Releases. The conse-
quences should be estimated\for the scenario basg¢d on
the toxicity of the released contents (i.e., impact dpe to
toxicity on plant persennél, community, and the enviiron-
ment) (see para. 8.72)1).
(e) Consequence/Phase 5: Releases of Other Hazafdous
Fluids. The comsequences should be estimated fof the
scenario based on the characteristics of the reldased
contentsi(i.e., impact due to thermal or chemical Qurns
on plant personnel, community, and the environment)
(see para. 8.7.3)
{f) Potential Fatalities and Injuries. The potential
number of fatalities and injuries resulting from |each
scenario should be estimated. Different scenarios,|with
different associated probabilities, should be develpped
as appropriate.

8.5.2 Factors for More Rigorous Methods. Each
scenario will have an associated overall probability of
occurrence that will be lower than the probability of
the failure itself so that the probability of failurg and
consequence of failure should be developed interactjvely.

After the scenarios have been developed and potg¢ntial
consequences estimated, acceptable ways to list cpnse-
quences include

(a) classify consequence into three or more categories
(e.g., a five-category classification system might be|very
low, low, moderate, high, and very high)

(b) rank consequence on a scale (e.g,, a scale might be
from one to ten)

(c) measure consequence (e.g., determine the|esti-

actions. Eensider—the—impactonplantpersonneland
equipment, population in the nearby communities, and
the environment. Lost production, loss of raw material,
and other losses should also be considered. Several cred-
ible consequence scenarios may result from a single
failure mode (release) and consequences should be deter-
mined by constructing one or more scenarios to describe a
credible series of events following the initial failure. For
example, a failure may be a small hole resulting from
general corrosion. If the contained fluid is flammable,

mated number of fatalities for a scenario and the economic
losses in monetary units)

Consequences should be expressed in monetary units
(e.g., dollars) to the maximum extent practicable. For
example, low, moderate, and high categories could be
assigned values of $10,000, $100,000, and $1,000,000,
respectively. This will permit adding the different conse-
quences of a single eventand facilitate comparisons of risk
from one process unit to another. Potential injuries and
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Figure 8.5-1
Determination of Consequence of Failure

Fluid properties

in equipment and
at ambient
conditions

Estimate
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Estimate hole
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volume of fluid
released
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continuous or

dispersion is
instantaneous
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or as a liquid

Asses$rexisting
mitigation

e

Flammable

Toxic release
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Other hazardous
fluid release

event
™

/

Estimate consequence:
safety and health impact
environmental impact
production losses
maintenance and reconstruction costs

ies mdy.bé considered separately, with a maximum
acceptable-probability of occurrence assigned.

(c) release rate.
(d) detection and isolation time.
In some cases the volume released will be thg same as

M 1
clcascu

In most consequence analyses, a key element in deter-
mining the magnitude of the consequence should be the
volume of fluid released. The volume released should typi-
cally be derived from a combination of the following:

(a) volume of fluid available for release — volume of
fluid in the piece of equipment and connected equipment
items. Simplistically, this is the amount of fluid between
isolation valves that can be quickly closed.

(b) failure mode.

27

the volume available for release. Usually, there are safe-
guards and procedures in place so that a loss of contain-
ment can be isolated and the volume released will be less
than the volume available for release.

8.7 Hazard Categories

A loss of containment and subsequent release of fluids
may cause adverse consequences (i.e., impact safety,
health, and environment, cause production losses, and
incur maintenance and reconstruction costs). The risk
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analyst should consider the nature of the hazards and
ensure that appropriate factors are considered for the
equipment items being assessed.

Regardless of whether a more qualitative or quantita-
tive analysis is used, factors to consider in assessing the
consequences of failure are described below.

8.7.1 Flammable Events (Fire and Explosion). Flam-
mable events occur when both a leak and ignition occurs.
The ignition could be through an ignition source or by auto
ignition. [Flammable events may cause damage in two
ways: thérmal radiation and blast overpressure. Most
of the dqmage from thermal effects tends to occur at

explosion events include

or cloud explosion

(b) popl fire

(c) jetffire

(d) flagh fire

(e) boliling liquid expanding vapor explosion (BLEVE)

8.7.1.1 Consequence of Flammable Events. The

consequénce of flammable events should typically be
derived from a combination of the following elements:

(a) lodation and type of ignition sources

(b) volume of fluid released

(c) ability to flash to a vapor

(d) possibility of auto-ignition

(e) eff¢cts of higher pressure operations

(f) engineered safeguards

(g) personnel, equipment, and infrastructure exposed
to damage (on-site and off-site)

8.7.2 Toxic Releases. Toxic releases may causé effects
at greatef distances than flammable events and, unlike

quences $hould typically be derived from a combination
of the following«€lements:

(a) volume-of-fluid released and toxicity

(b) abjlity-t0 disperse under the expected range of

the consequence of this type of release is significantly
lower than for flammable events or toxic releases
because the affected area is likely to be much smaller
and the magnitude of the hazard is less.

Consequence should typically be derived from a combi-
nation of the following elements:

(a) volume of fluid released

(b) personnel density in the area

(c) type of fluid and nature of resulting injury

thing
and showers)

9 RISK DETERMINATION, ANALYSIS, AND
MANAGEMENT

9.1 Introduction

This section describes the process of determining risk
by combining the results@f'work done as described in
sections 7 and 8. It also provides guidelines for prioritizing
and assessing the acceptability of risk with respect t¢ risk
criteria. This worK.process leads to creating and imple-
menting a riskdnanagement plan.

Risk should be determined by combining the prob-
ability of failure (results of work done as describgd in
section 7y and the consequence of failure (results of
the wark done as described in section 8). The geheral
form~of the risk equation should be as follows:

risk = probability X consequence

9.2 Determination of Risk

9.2.1 Determination of the Probability of a Specific
Consequence. The probability of each credible c¢nse-
quence scenario should be determined keeping in
mind that the failure of the equipment item (e.g.| loss
of containment) may be only one event in a series of
events that leads to a specific consequence] For
example, a specific consequence (economic loss, ifjury,
environmental damage, etc.) may be the resulf of a
series of events along an event tree, such as

(a) local thinning

(b) leak (loss of containment)

(c) initiation or failure of safeguards (isolation, alarms,
etc.)

(d) dispersion, dilution, or accumulation of the
released fluid

process dmdenvironmental conditions
(c) detection and mitigation systems
(d) population in the vicinity of the release

8.7.3 Releases of Other Hazardous Fluids. Other haz-
ardous fluid releases are of most concern in RBI analyses
when they affect personnel. These fluids may cause
thermal or chemical burns if a person comes in contact
with them. Common fluids, including steam, hot water,
acids, and caustics may have a safety consequence and
should be considered as part of an RBI program. Generally,

(e) initiation of or failure to initiate preventative action
(shutting down nearby ignition sources, neutralizing the
fluid, etc.)

The event tree continues until the probability of each
final consequence has been determined.

It is important to understand this link between the
probability of failure (POF) and the probability of possible
resulting events. When a specific consequence is the result
of a series of events, the probability of the specific conse-
quence is less than the probability of failure for the
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equipment item. Further, the probability of a specific
consequence is tied to the severity of the consequence
and probabilities of events generally decrease with the
severity of the incident. For example, the probability of
a failure resulting in a fatality will generally be less
than the probability that the failure will result in a
first aid or medical treatment injury.

The probability of failure of an equipment item is often
incorrectly linked with the most severe consequences that

matilcally linking the POF of a damage mechanism
whefte the failure mode is a leak due to a small hole
with|the consequence of a major fire. This would lead
to an overly conservative risk analysis since a small
leak |[does not always result in a major fire. Each type
of dhmage mechanism has its own characteristic
failure mode(s). For a specific damage mechanism, the
expdcted mode(s) of failure should be taken into
accofint when considering the probability of incidents
in the aftermath of an equipment failure. For example,
the donsequences expected from a small leak could be
very [different than the consequences from a brittle frac-
ture.

Thie example in Figure 9.2.1-1 serves to illustrate how
the grobability of a specific consequence could be deter-
mingd. The example has been simplified and the numbers
used|are purely hypothetical.

9.2.2 Calculate Risk. Refer back to the risk equation

risk = probability X consequence

It 1s now possible to calculate the risk for each-specific
consequence. The risk equation may now be‘stated as

risk of a specific consequence
= probability of a specific censequence

X specific consequence

Thle total risk for all consequences is the sum of the
indiviidual risks for each speeific consequence. Typically,
therg will be several credible consequences that should be
evalyated; howeverybased on engineering judgment it is
often) possible td_determine a dominant probability/
consequence pair, such that it is not necessary to
inclyde every.Credible scenario in the analysis. Engi-
neering jidgment and experience should be used to elim-
inate noncredible cases.

9.3 Assumptions

Assumptions or estimates of input values are often used
when consequence and/or probability of failure data are
not available. Even when data are known to exist, conser-
vative estimates may be used in an initial analysis pending
input of future process or engineering modeling informa-
tion, such as a sensitivity analysis. Caution is advised in
being too conservative because overestimating conse-

ili ai ill unneces-
sarily inflate the calculated risk values. Presenting overly
conservative risk values may mislead inspectien|planners,
management, and insurers, and may créatée-a ladk of cred-
ibility for the user and the RBI process.

quences and/orpropan 0 cVa C A

9.4 Sensitivity Analysis

Understanding how each variable influences the risk
calculation is important.for‘identifying those input vari-
ables that deserve closér scrutiny versus those|variables
that may be less significant. This is more important when
performing risk analyses that are more detailed 4nd quan-
titative in natdre.

Sensitivityanalysis typically involves varying some or
all input variables to the risk calculation over their cred-
ible range to determine the overall influence on the resul-
tantrisk value. Once this analysis has been performed, the
user can see which input variables significantly|influence
the risk value and deserve the most focus or dttention.

It often is worthwhile to gather additional information
on such variables. Typically, the preliminary estimates of
probability and consequence may be too consefvative or
too pessimistic; therefore, the information gathering
performed after the sensitivity analysis should be
focused on developing more certainty for the key input
variables. This process should ultimately lead to a re-
evaluation of the key input variables incregasing the
quality and accuracy of the risk analysis.

9.5 Risk Communication

Oncerisk values have been developed, they may then be
presented in a variety of ways to communicate the results
of the analysis to decision makers and inspection|planners.
One goal of the risk analysis should be to commubhicate the
results in a common format that a variety of pgople can
understand. Using a risk matrix or plot is helpful jn accom-
plishing this goal.

If probability and consequence are not expressed as
numerical values, risk should usually be determined by
plotting the probability and consequence on a risk
matrix (refer to para. 9.5). Probability and consequence
pairs for various scenarios may be plotted to determine
the risk associated with each scenario. Note that when a
risk matrix is used, the probability to be plotted should be
the probability of the associated consequence, not the
probability of failure.

9.5.1 Risk Matrix. For risk ranking methodologies that
use consequence and probability categories (e.g., for
safety, health, and environmental risks), presenting the
results in a risk matrix is a very effective way of commu-
nicating the distribution of risks throughout a plant or
process unit without assigning numerical values. An
example risk matrix is shown in Figure 9.5.1-1. In this
figure, the consequence and probability categories are
arranged such that the highest risk ranking is toward
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Figure 9.2.1-1
Example of Calculating the Probability of a Specific Consequence

An eq

uipment item containing a flammable fluid is being assessed.

The probability of a specific consequence should be the product of the probability of each event that could result in the
specific consequence. In this example, the specific consequence being evaluated is a fire [an example event tree starting
with a loss of containment is shown in illustration (b)]. The probability of a fire would be as follows:

The p
The p

Note 1
conse

If the (

probability of fire = (probability of failure) x (probability of ignition)
= 0.001 per year x 0.01= 0.00001 or 1x 10-% per year

obability of no fire encompasses two scenarios (loss of containment without ignition and no loss of containmenty.
obability of no fire would be as follows:

probability of no fire = (probability of failure x probability of nonignition) + probability ofino*failure
= (0.001 per year x 0.99) + 0.999 per year = 0.99999 per year

hat the probability of all consequence scenarios should equal 1.0. In the example, the probability of the specific
uence of a fire (1 x 10-% per year) plus the probability of no fire (0.99999 per year).equals 1.0.

onsequence of a fire had been assessed at $1x 107, then the resulting risk would be as follows:

risk of fire = (1 x 10-5 per year) x ($1 x 107) ="$100/year

(a) Sample Assessment

Loss of Containment
Probability of failure
1/1,000 = 0.001/yr

No Fire Fire
Probability of nonignition Probability of ignition
99/100 = 0.99 1/100 = 0.01

(b) Example Event Tree

30
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Figure 9.5.1-1
Example Risk Matrix Using Probability and Consequence Categories

6
Higher
risk
L S
~J
o
‘ e
4 Moderate | :b
risk C)
> )
o
o)
@
©
(&}
Z 3
%
'8 Lower
o risk
2
1
A B C D E F
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the ypper right-hand cornerIt-is usually desirable to
associate numerical valies with the categories to
prov}de guidance to the personnel performing the analysis
(e.g.|probability category C ranges from 0.001 to 0.01).
Diffefent sizes of matrices may be used (e.g., 6 x 6, 5 x
5,4 K 5, and 3_.x.37. Regardless of the matrix selected,
the ¢onsequence and probability categories should
proviide sufficient discrimination among the items
assegsed.

Risk categories may be nccignnd tothe boxesontherisk

9.5.2 Risk Plots. When probability and consequence
have been quantified, and/or where showing numeric
risk values is more meaningful to the stakelolders, a
risk plot (or graph) may be used (see Figuge 2.1-1).
This graph is constructed similarly to the rigk matrix
in that the highest risk is plotted toward the upper
right-hand corner. Often a risk plot is drawn @sing log-
log scales for a better understanding of thqg relative
risks of the items assessed. In the example plot in

matrix. An example risk categorization (higher, moderate,
lower) of the risk matrix is shown in Figure 9.5.1-1. In this
example, the risk categories are symmetrical. They may
also be asymmetrical where, for example, the consequence
category may be given higher weighting than the prob-
ability category. However, it is important to recognize
that a low risk may be associated with either a low prob-
ability and high consequence or high probability and low
consequence. The risk matrix may be used for either risk
ranking or for establishing a threshold of acceptable risk.

F‘ignr‘p 21-1 ten pinr‘nc of nnlnipmpnf are shown, as
well as an iso-risk line (line of constant risk). If this
line is the acceptable threshold of risk in this example,
then equipment items 1, 2, and 3 should be mitigated
so that their residual (mitigated) risk levels fall below
the line.

9.5.3 Numerical Risk Values. Risk may be described in
terms of dollars or other numerical values, as described in
para. 9.2, even if a qualitative analysis has been performed
and the results have been plotted on a risk matrix.
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Numerical values associated with each of the probability
and consequence categories on the risk matrix may be
used to calculate the risk. For cost-related risk, a net
present value savings (NPVS) versus inspection time
plot may be used to time the inspection to avoid the
highest risk.

9.5.4 Using a Risk Plot, Matrix, or Numerical Values.
Equipment items residing towards the upper right-hand
corner of the plot or matrix (in the examples presented
will most]likely take priority for mitigation because these
items haye the highest risk. Similarly, items residing
toward the lower left-hand corner of the plot (or
matrix) will tend to take lower priority because these
items hape the lowest risk. Once the plots have been
completed, the risk plot (or matrix) may then be used
as a scrgening tool during the prioritization process.
When nujmerical values are used, the highest numerical
risk will have the highest priority.

9.6 Establishing Acceptable Risk Thresholds

After the risk analysis has been performed and risk
values plptted, the risk evaluation process begins. Risk
plots, mdtrices, and numerical values may be used to
screen and initially identify higher, moderate, and
lower rigk equipment items. The equipment may also
be ranked (prioritized) according to its risk value in
tabular form. Thresholds that divide the risk plot,
matrix, pr table into acceptable and unacceptable
regions df risk may be developed. Corporate safety and
financial policies and constraints or risk criteria influence
the placeinent of the thresholds. Regulations and laws'may
also spedify or assist in identifying the acceptable risk
thresholds.

Reductfion of some risks may not be practical due to
technology and cost constraints. An “as low"as reasonably
practical’| (ALARP) approach to risk management or other
risk manpgement approach may bejnecessary for these
items.

9.7 Ris Management

Based ¢n the ranking of items and the risk threshold, the
risk manggement process begins. For risks that are judged
acceptable, no mitigation may be required and no further
action is jnecéssary.

For rigks’considered unacceptable and therefore

(d) Probability Mitigation. Can actions be taken to
lessen the probability of failure such as metallurgy
changes or equipment redesign?

9.7.1 Using Decision Analysis and Optimization in
Timing of Risk Mitigation. Decision analysis and optimi-
zation, as discussed in detail in ASME Risk Analysis Publi-
cations, may be used to refine the risk mitigation decision-
making process. However, a detailed discussion of these
topics is outside of the scope of this Standard.

10 RISK MANAGEMENT WITH INSPECTION
ACTIVITIES

10.1 Managing Risk by Reducing(Uncertainty
Through Inspection

In previous sections, it has$been mentioned that risk
may be managed by inspe€tion. Obviously, inspeftion
does not arrest or mitigaté.damage mechanisms. Ingpec-
tion serves to identifyfmonitor, and measure the dajnage
mechanism(s). Alsp, itis invaluable input in the prediction
of when the damage will reach a critical point. Correct
application ©f ihspections will improve the uper’s
ability to predict damage mechanisms and ratges of
damage.The better the predictability, the less uncertainty
there will be as to when a failure may occur. Mitigption
(repair, replacement, changes, etc.) should thegn be
planned and implemented prior to the predicted
failure date. The reduction in uncertainty and increase
in predictability through inspection translate directly
into a reduction in the probability of a failure and there-
fore a reduction in the risk.

Risk mitigation achieved through inspection prespimes
that the organization will act on the results of the infpec-
tion in a timely manner. Risk mitigation is not achieyed if
examination data that are gathered are not properly
analyzed and acted upon where needed. The qualjty of
the examination data and the analysis or interpretption
will greatly affect the level of risk mitigation. Propdr ex-
amination methods and data analysis tools are thergfore
critical.

10.2 Identifying Opportunities for Risk Redu¢tion
From RBI and Probability of Failure Results

As discussed in section 9, a risk priority list shOjld be

r‘lpvplnppd RBI will also identify whether consequence or

requiring risk treatment, there are various mitigation
categories that should be considered.

(a) Decommission. Is the equipment really necessary to
support unit operation?

(b) Inspection/Condition Monitoring. Can a cost-
effective inspection program, with repair as indicated
by the inspection results, be implemented that will
reduce risks to an acceptable level?

(c) Consequence Mitigation. Can actions be taken to
lessen the consequences related to an equipment failure?

probability of failure or both is driving risk. In the situa-
tions where risk is being driven by probability of failure,
there is usually potential for risk management through
inspection.

Once an RBI analysis has been completed, the items with
higher or unacceptable risk should be assessed for poten-
tial risk management through inspection. Whether inspec-
tion will be effective or not will depend on

(a) equipment type.

(b) active and credible damage mechanism(s).
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(c) rate of damage or susceptibility.

(d) examination methods, coverage, and frequency.

(e) preparation for examination, such as insulation
removal and cleaning.

(f) accessibility to expected damaged areas.

(g) shutdown requirements.

(h) using examination technology that is sufficient to
detect or quantify damage adequately.
(i) amount of achievable reduction in POF (i.e., a reduc-

remgining life of the equipment and type of damage
mechanism, risk management through inspection may
havellittle or no effect. Examples of such cases are

[1) corrosion rates well-established and equipment
nearjng end of life.

[2) instantaneous failures, such as brittle fracture,
relatpd to conditions outside the design envelope.

[3) too short a time frame from the onset of damage
to finjal failure for periodic inspections to be effective (e.g.,
high{cycle fatigue cracking).

[4) event-driven failures (circumstances that cannot
be predicted).

In fases such as these, an alternative form of mitigation
(othgr than inspection) may be required.

Thie most practical and cost-effective risk mitigation
stratpgy may then be developed for each item. Usually,
inspection provides a major part of the overall risk
management strategy.

10.3| Establishing an Inspection Strategy Based on

Risk Analysis

Thie results of an RBI analysis and thelresultant risk
manggement analysis may be used as.the basis for the
development of an overall inspection' strategy for the
groyp of items included. The inspection strategy
should be designed in conjunetion’with other mitigation
plang so that all equipment items will have resultant risks
that fire acceptable. Users should consider risk rank, risk
drivdrs, item history, number and results of inspections,
type pnd effectivenessof inspections, equipment in similar
service, and remaining life in the development of their
inspg¢ction strategy.

Ingpectienis’only effective if the examination technique
chosen is-sufficient for detecting the damage mechanism
and ifs severity. As an example, spot thickness readings on

(c) detection capability of examination technique

(d) scope of inspection

(e) frequency of inspection

Organizations should be deliberate and systematic in
determining the level of risk management achieved
through inspection and should be cautious not to
assume that inspection is the only component of a
successful risk management program.

The inspection strategy should be a documented, itera-

ve PIroce O d ure d PE O d V €S pre conti-
nually focused on items with higher risk and-that the risks
are effectively reduced by the implemented inspection
activity.

10.4 Managing Risk With Inspection Actiyities

The effectiveness of past inspections should be part of
the determination of the’present risk. The fyture risk
should now be managed by future inspection pctivities.
RBI may be usedsas-a “what if” tool to d¢termine
when, what, and ‘how inspections should be cpnducted
to yield an acceptable future risk level. Key pdrameters
and exampl€s,that may affect the future risk are|specified
in paras:<10.4.1 through 10.4.3.

10.4.1 Inspection Effectiveness. Changing the exami-
nation technique to one thatis more effective may mitigate
future risk to an acceptable level. Alternative examination
techniques may be evaluated to determine their Jmpact on
future risk level. For example, each of the following
approaches may have a similar impact on the future
risk level:

(a) a 10-yr inspection interval using a highly effective
examination technique, which correctly detects/charac-
terizes damage mechanisms almost all of the time

(b) a 5-yr inspection interval using a usually effective
examination technique, which correctly detects/charac-
terizes damage mechanisms most of the time

(c) a 30-month inspection interval using a fajrly effec-
tive examination technique, which correctly detdcts/char-
acterizes damage mechanisms half of the time

10.4.2 Frequency of Inspection. Incredsing the
frequency of inspections may serve to better define, iden-
tify, or monitor the damage mechanism(s) and [therefore
reduce the risk. Conversely, the evaluation may show that
inspection frequencies may be reduced providef that the
future risk does not exceed the acceptable risk level

a piping circuit would be considered to have little or no
benefit if the damage mechanism results in unpredictable
localized corrosion (e.g., pitting, ammonia bisulfide corro-
sion, and a local thin area). In this case, ultrasonic scan-

ning, radiography, etc., will be more effective. The level of

risk reduction achieved by inspection will depend on
(a) mode of damage associated with the failure
mechanism
(b) time interval between the onset of damage and
failure (i.e., speed of damage)

threshold at the time of the next inspection. Also, inspec-
tion frequency may be reduced when evaluation shows
essentially no gain in risk reduction due to the increased
inspection frequency and the risk level is acceptable. Both
routine and turnaround inspection frequencies may be
optimized.

10.4.3 Inspection Coverage and Practices. Different
zones or areas of inspection of an item or series of
items may be modeled and evaluated to determine the

(22)
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coverage that will produce an acceptable level of risk. See
paras. 10.4.3.1 through 10.4.3.5.

10.4.3.1 Extensive Inspection of High-Risk Systems.
A high-risk system, including piping, may be a candidate
for extensive inspection, using one or more NDE techni-
ques targeted to locating the identified damage mechan-
isms.

10.4.3.2 Focus on High-Risk Areas. An analysis may

The user may adjust these parameters to obtain the
optimum inspection plan that manages risk, is cost-effec-
tive, and is practical.

10.5 Managing Inspection Costs With RBI

Inspection costs can be more effectively managed
through the usage of RBI. Resources may be applied or
shifted to higher risk areas or targeted based on the
strategy selected. Consequently, this same strategy

reveal thgmeedforfocusom parts of a vessel wirere the
highestrisk areas may be located and focus on quantifying
this risk father than look at the rest of the vessel where
there are|perhaps only low-risk damage processes occur-
ring.

10.4]3.3 Tools and Techniques. The selection and
usage of the appropriate inspection tools and techniques
that inclgdes the selection of appropriate examination
methodqd may be optimized to cost-effectively and
safely refluce risk. In the selection of inspection tools
and techhiques, inspection personnel should take into
considerjation that more than one technology may
achieve rjsk mitigation. However, the level of mitigation
achieved may vary depending on the choice. As an
example, [radiography may be more effective than ultra-
sonic for fhickness monitoring in cases of localized corro-
sion.

10.4/3.4 Procedures and Practices. Inspection
procedufes and the actual inspection practices may
impact the ability of inspection activities to identify,
measure| and/or monitor damage mechanisms. If the
inspectidn activities are executed effectively hy well-
trained gnd qualified inspectors and NDE examiiners,
the expegted risk management should be obtained. The
user is cjutioned not to assume that all.inspectors and
NDE examniners are well qualified and(experienced, but
rather to|take steps to ensure that they have the appro-
priate l¢vel of experience and qualifications (see
section 1PB).

10.4)3.5 Internal or External Inspection. Risk reduc-
tions by Both internal arid external inspections should be
assessed. Often, exterhal inspection with effective
onstream inspection techniques will provide useful
data for fisk analysis. It is worth noting that invasive
inspectigns/<in"some cases, may cause damage and

increase the'risk of the item. Examples where this may

allows consideration for reduction of inspection aetiyities
in those areas that have a lower risk or where the ingpec-
tion activity has little or no affect on the associated risks.
This results in inspection resources beingapplied where
they are needed most.

Another opportunity for managing inspection copts is
by identifying items in the inspection plan that c3n be
inspected nonintrusively onsfréam. If the nonintrfisive
inspection provides suffieient risk management, |then
there is a potential for.a’net savings based o1 not
having to isolate, open, clean, and internally ingpect
during downtime: If-the item considered is the main
driver for bringing an operational unit down, thep the
nonintrusivelinspection may contribute to incrdased
uptime of the unit. The user should recognize|that
while thére’is a potential for the reduction of inspection
costs-through the utilization of RBI, equipment intggrity
and inspection cost optimization should remain the focus.

10.6 Assessing Inspection Results and
Determining Corrective Action

Inspection and examination results such as damage
mechanisms, rate of damage, and equipment toleffance
to the types of damage should be used as variables in
assessing remaining life and future inspection plans.
The results may also be used for comparison or validption
of the models that may have been used for probabilfty of
failure determination.

A documented mitigation action plan should be devel-
oped for any equipment item requiring repair or replace-
ment. The action plan should describe the extent of rppair
(or replacement), recommendations, the proposed repair
method(s), appropriate quality assurance/quality control
(QA/QC), and the date the plan should be completgd.

10.7 Achieving Lowest Life Cycle Costs With|RBI

happen include

(a) moisture ingress to equipment leading to stress
corrosion cracking (SCC) or polythionic acid cracking

(b) internal inspection of glass-lined vessels

(c) removal of passivating films

(d) human errors in start-up (restreaming)

(e) risk associated with shutting down and starting up
equipment
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Not only may RBI be used to optimize inspection costs
that directly affectlife cycle costs, it may assist in lowering
overall life cycle costs through various benefit-cost
analyses. The following examples provide ideas on
how to lower life cycle costs through RBI with benefit-
cost analyses.

10.7.1 Enhance Failure Prediction. RBI should
enhance the prediction of failures caused by damage
mechanisms. This in turn should give the user confidence
to continue to operate equipment safely, closer to the
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predicted failure date. By doing this, the equipment cycle 11.4 Equipment Modification, Redesign, and

time should increase and life cycle costs decrease. Rerating
10.7.2 Assess Effects of Changes. RBI may be used to Modification and redesign of equipment may reduce the
assess the effects of changing to a more aggressive fluid. A probability of failure. Examples include
subsequent plan to upgrade construction material or (a) change of metallurgy
replace specific items may then be developed. The (b) addition of protective linings and coatings
construction material plan would consider the optimized (c) removal of dead legs
run length safely attainable along with the appropriate (d) increased corrosion allowance
inspection plan. This could equate to increased profits i i minimize
and lower life cycle costs through reduced maintenance, damage
optirpized inspections, and increased unit/equipment (f) insulation improvements
uptirpe. (g) injection point design changes
10{7.3 Optimize Turnaround and Maintenance Costs. (1) resize relief device

Sometimes equipment is underdesigned|or over-
designed for the process conditions. Rerating an item
may result in a change in the assessed probpbility of
failure for that item.

Turnpround and maintenance costs also have an effect on
the ljfe cycle costs of an equipment item. By using the
results of the RBI plan to identify more accurately
whefte to inspect and what repairs and replacements
to ejpect, turnaround and maintenance work can be

preplanned and, in some cases, executed at a lower 115 Emergenc-y Isotation

cost fthan if unplanned. Emergency jisolation capability can reduce toxic, explo-
sion, or fire.€onsequences in the event of a[pressure
11 QTHER RISK MITIGATION ACTIVITIES boundary) failure. Proper location of the |solation
valvesyis important for successful risk mitigation.
11.1|General Remigte operation is usually required to provide signifi-

cantriskreduction. The time required to detect the release
and actuate the isolation valves and the reliability of the
system as a whole under adverse conditions ghould be
considered in determining the level of mitigatiopn of flam-
mable and explosive events. More information c¢ncerning
the reliability of safety instrumented systems car be found
in several standards (see Tables 16-1 and 16-2).

As| described in the previous section, inspection,
follgwed by appropriate action on the inspection
resullts in a timely manner, is often an effective
method of risk mitigation. However, inspection ahd
follow-up actions may not always provide sufficient
risk mitigation or may not be the most cost-¢ffective
method. The purpose of this section is te-describe
other risk mitigation methods. This list iS.not meant to

be all-inclusive. These risk mitigationsactivities fall into 11.6 Emergency Depressurizing/De-inventory

one ¢r more of the following categeries: This method reduces the amount and rate df release.
(a] reduce the magnitude of consequence Like emergency isolation, the emergency deprgssurizing
(b] reduce the probability of failure and/or de-inventory should be achieved within pn appro-
(c)] enhance the survivability’of the facility and people priate time frame and with acceptable reliability under
to the consequence adverse conditions to affect explosion/fire risk.

(d] mitigate the primary source of consequence

11.7 Modify Process

Mitigation of the primary source of consequenge may be
When equipiment damage has reached a point that the achieved by changing the process towards less Hazardous

11.2| Equipment. Replacement and Repair

probpbiljtyof failure results in unacceptable risk, replace- conditions. Examples include
ment/repair may be the only way to mitigate the risk. (a) reducetemperature to below atmospherig¢pressure
haoiling natnt Af tha nenocnce yatasiale +0 ady te size Of
- - beilingpeint-of the process—materialstoredut
11.3 Fitness-for-Service Assessment cloud

(b) substitute aless hazardous material (e.g., high-flash
solvent for a low-flash solvent)

(c) use a continuous process instead of a batch
operation

(d) dilute hazardous substances

Examination may identify flaws in equipment. A fitness-
for-service assessment (e.g., API 579-1/ASME FFS-1) may
be performed to determine if the equipment may continue
to be safely operated, under what conditions, and for what
time period. A fitness-for-service analysis may also be
performed to determine what size flaws, if found in
future examinations, would require repair or equipment
replacement.
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11.8 Reduce Inventory

This method reduces the magnitude of consequence.
Examples include

(a) reduce/eliminate storage of hazardous feedstocks
or intermediate products

(b) modify process control to permit a reduction in
inventory contained in surge drums, reflux drums, or
other in-process inventories

(c) select process operations that require less

(k) improved design, assembly, and installation stan-
dards

() improvement in process safety management
program

(m) emergency evacuation

(n) shelters (safe havens)

(o) toxic scrubbers on building vents

(p) spill containment

(q) facility siting and/or layout

inventory/holdup
(d) sulpstitute gas phase technology for liquid phase

11.9 Walter Spray/Deluge

This method may reduce fire damage and minimize or
prevent ¢scalation. A properly designed and operating
system ay greatly reduce the probability that a
vessel exjposed to fire will result in a BLEVE. It should
be recognized that water sprays can entrain large
amounts [of air into a cloud.

11.10 Whater Curtain

Water furtains mitigate water-soluble vapor clouds by
absorptipn as well as dilution, and insoluble vapors
(including most flammables) by air dilution. Early activa-
tion is required to achieve significant risk reduction. The
curtain should preferably be between the release location
and ignitjon sources (e.g., furnaces) or locations where
likely to be present. Design is critical for flam-
mables, sjnce the water curtain may enhance flame speed
under sofne circumstances.

11.11 Blpst-Resistant Construction

Using Blast-resistant construction provides mitigation
ofthe damage caused by explosions and may prevent esca-
lation of the incident. When used for biiildings (e.g., APIRP
752), it may provide personnel protection from the effects
of an exglosion. This may also(be useful for equipment
critical o emergency response, critical instrument/
control lipes, etc.

11.12 Other Mitigation Activities

Other mitigatiph.Activities are as follows:
(a) improved-training and procedures
(b) spill detectors

(r) LUIIdlLlUIl MOIITtOTIlE

(s) construction material change

(t) emergency feed stops

(u) improved fire suppression systems

12 REANALYSIS

12.1 Introduction

RBI is a dynamic tool-that provides current and
projected future risk évaluations based on datd and
knowledge at the timé.of the analysis. As time gogs by,
changes are ineyitable and the results from thg RBI
analysis should{be*updated. It is important to maiptain
and update an RBI program to ensure the most r¢cent
inspection,\process, and maintenance informatipn is
included."The results of inspections, changes in prpcess
conditions, and implementation of maintenance pragtices
may all have significant effects on risk and may triggér the
need to perform a reanalysis. It is important thalt the
facility have an effective management of change
process that identifies when a reanalysis is necegsary.
Paragraphs 12.1.1 through 12.1.4 provide guidan¢e on
some key factors that could trigger an RBI reanalygis.

12.1.1 Damage Rates. Many damage mechanismis are
time dependent. Typically, the RBI analysis will project
damage at a constant rate. For some damage mechanisms
or combinations of mechanisms, the damage rate may vary
over time. Through inspection activities, the average[rates
of damage may be better defined. Some damage me¢han-
isms are independent of time (i.e.,, they occur only yvhen
there are specific conditions present). These conditions
may not have been predicted in the original andlysis
but may have subsequently occurred. Inspection actiyities
will increase information on the condition of the efjuip-
ment. When inspection activities have been perforjmed,
the results should be reviewed to determine if an} RBI

(c) steam or air curtains

(d) fireproofing

(e) instrumentation (interlocks, shutdown systems,
alarms, etc.)

(f) inerting/gas blanketing

(g) ventilation of buildings and enclosed structures

(h) piping redesign

(i) mechanical flow restriction

(j) ignition source control

TEarnalysis IS TTecessary-

12.1.2 Process and Hardware Changes. Changes in
process conditions and hardware changes, such as equip-
ment modifications or replacement, can significantly alter
the risks and dictate the need for a reanalysis. Process
changes in particular have been linked to equipment
failure from rapid or unexpected material degradation.
Process changes are particularly important for damage
mechanisms that depend heavily on process conditions
such as chloride stress corrosion cracking of stainless
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steel. A change in process conditions may dramatically
affect the corrosion rate or cracking tendencies. Hardware
changes may also have an effect on risk. For example

(a) theprobability of failure may be affected by changes
in the design of internals in a vessel or size and shape of
piping systems that accelerate velocity-related corrosion
effects

(b) the consequence of failure may be affected by the
relocation of a vessel to an area near an ignition source

tally sound manner. Since many inspections, repairs, and
modifications are performed during a major maintenance
activity, it may be useful to update an analysis after
completion to reflect the effect of those activities.

13 ROLES, RESPONSIBILITIES, TRAINING, AND
QUALIFICATIONS

13.1 Interdisciplinary Approach

I%KII;.B RBI Analysis Premise Change. The premises for
the RBI analysis could change. This could have a significant
impalct on the risk results or could trigger a need for reana-
lysis| Some of the possible changes could be

(a] increase or decrease in population density

(b] change in materials and repair/replacement costs

(c) change in product values

(d)] revisions in safety and environmental laws and
regulations

(e revisions in the user’s risk management plan (such
as cHanges in risk criteria)

12]1.4 The Effect of Mitigation Strategies. Strategies
to mjtigate risks such as installation of safety systems,
repalrs, etc., should be monitored to ensure they have
succgssfully achieved the desired mitigation. Once a miti-
gation strategy is implemented, a reanalysis of the risk
may |be performed to update the RBI program.

12.2

12|2.1 Significant Changes. Qualified personnel
shoulld evaluate each significant change to determine
the gotential for a change in risk. It may beldesirable
to cqnduct an RBI reanalysis after significaht changes
in process conditions, damage mechanisms/rates/
severities, or RBI premises.

12
cant
and

When to Conduct RBI Reanalysis

2.2 Set Time Period. Even in the absence of signifi-
changes, over time many small changes may occur
fumulatively cause significant changes in the RBI
analysis. Users should set'défault maximum time intervals
for reanalysis. Applieable inspection codes and jurisdic-
tiondl regulations sheuld be reviewed in this context.

12]2.3 Implementation of Risk Mitigation Strategies.
Oncq a mitigation strategy has been implemented, it is
prudent &eydetermine how effective the strategy was in
redufing the risk to an acceptable level. This should be

RBI requires input from several disciplinessuch as risk
analysis, financial analysis, materials and-eotro$ion engi-
neering, mechanical engineering, and iispection. It is un-
likely that one individual has all the specialized skill sets
needed for such an undertaking. Therefore, RB] analyses
should be conducted as a projeetwith facility mapagement
as stakeholders and a projectiteam composed pf facility
employees, contractors, and.interested parties. Advice on
the organizational structure, inputs, and outputg of such a
team may be found{in project management dpcuments
(see Tables 16-1-and 16-2).

13.2 RBI Team Roles and Responsibilities

The.individuals who typically participate ip the RBI
process are described below. A single indiviflual may
filbmore than one role. In addition, not all of the personnel
described are needed for every analysis

13.2.1 Team Leader. The team leader of th¢ analysis
team may be versed in one of the specialized fields
required for RBI. He or she may be unfamiliay with the
facility to be evaluated, but should be familiar] with the
concepts of RBI and the types of processes to belassessed.
The main function of the team leader should ble to inte-
grate the inputs, outputs, organizational sfructure,

reporting facilities, and communications of th¢ analysis
team.

The responsibilities of the team leader in¢glude the
following:

(a) ensure that team members have the rlecessary
skills and knowledge

(b) ensure that assumptions made are logical and
incorporated into the final reports

(c) ensure that quality checks are performé¢d on the

gathered data
(d) prepareareportand distribute it to the appropriate
personnel

reflected in a reanalysis of the risk and appropriate
update in the documentation.

12.2.4 Major Maintenance. As part of the planning
before major maintenance, it could be useful to
perform an RBI reanalysis. This can become a first
step in planning the maintenance to focus the work
effort on the higher risk equipment items and on
issues that might affect the ability to achieve the premised
operating run time in a safe, economic, and environmen-
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13.2.2 Equipment Inspector or Inspection Specialist.
The equipment inspector, inspection specialist, or unit
inspector should gather data on the condition and
history of the equipment in the study. These condition
data should include the new/design condition and
current condition. Generally, this information will be
located in equipment inspection and maintenance files.
If condition data are unavailable, the inspector/specialist,
in conjunction with the materials and corrosion specialist,
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should provide predictions of the current condition. The
inspector/specialist and materials/corrosion specialist
should also be responsible for assessing the effectiveness
of past inspections. The equipment inspector/inspection
specialist may also be responsible for implementing the
recommended inspection plan.

13.2.3 Materials and Corrosion Specialist. The mate-
rials and corrosion specialist should be responsible for
assessing the types of damage mechanisms and their

13.2.7 Risk Analyst/Facilitator. The risk analyst/facil-
itator should be responsible for carrying out the RBI
analysis. This person(s) should be responsible for

(a) defining data required from other team members

(b) defining accuracy levels for the data

(c) verifying through quality checks the soundness of
data and assumptions

(d) facilitating team discussions

(e) inputting/transferring data into a database (if one

applicability to the equipment considering the process
conditions, environment, metallurgy, and age of the equip-
ment. This specialist should compare this analysis to the
current knowledge of the condition of the equipment,
determing the reason for differences between predicted
and actulal condition, and then provide guidance on
damage mechanisms, rates, or severity to be used in
the RBI|analysis. Part of this comparison should
include evaluating the appropriateness of the examina-
tions in r¢lation to the damage mechanism. This specialist
also should provide recommendations on methods of miti-
gating the probability of failure.

13.2.4| Process Specialist. The process specialist
should b¢ responsible for the provision of process condi-
tion inforjmation. This information generally will be in the
form of pfocess flow sheets. The process specialist should
be resporsible for documenting variations in the process
conditionfs due to normal occurrences (such as start-ups
and shutdlowns) and abnormal occurrences. The process
specialist{should be responsible for describing the compo-
sition and variability of all the process fluids/gases as well
as their tpxicity and flammability. The process specialist
should eyaluate/recommend methods of risk mitigation
through ¢hanges in process conditions.

13.2.5

Operations and Maintenance'Personnel.
Operations personnel should be respensible for verifying
that the facility/equipment is being operated within the
parametdrs set out in the processconditions. They should
be respofsible for providing{data on occurrences when
the process deviated from the‘limits of the process condi-
tion. Maihtenance persorinel should be responsible for
verifying that equipment repairs/replacements/
additiong have beén‘included in the equipment condition
data suppjlied by th€ equipment inspector. Operations and
maintenance‘personnel should be responsible for recom-
mending [process or equipment modifications to reduce

fsused)

(f) quality control of data input/output

(g) calculating the measures of risk

(h) displaying the results in an understandable
and preparing a report on the RBI analysis

Further, this person(s) should be aresource to thefteam
to conduct benefit-cost analysis ifdbis‘"deemed necegsary.

way

13.2.8 Environmental andSafety Personnel. Enviiron-
mental and safety personnel should be responsible for
providing data on envirenmmental and safety sysftems
and regulations. He ok she should also be respornsible
for assessing/recommending ways to mitigate the cpnse-
quence of failures,

13.2.9 Financial/Business Personnel. Finanlcial/
business.pérsonnel should be responsible for provjiding
data omwthe cost of the facility/equipment being analyzed
and<the business interruption impact of having piedes of
equipment or the facility shut down. He/she should also
recommend methods for mitigating the financial cpnse-
quence of failure.

13.3 Training and Qualifications

13.3.1 Risk Analysis Personnel. This person(s) needs
to have athorough understanding of risk analysis either by
education, training, or experience. He/she should [have
received detailed training on the RBI methodology and
on the program(s) being used.

Contractors that provide risk analysis personngl for
conducting RBI analysis should have a program of training
and be able to document that their personnel are suitably
qualified and experienced. Facility owners that [have
internal risk analysis personnel conduct RBI andlysis
should have a procedure to document that their pers¢nnel
are sufficiently qualified. The qualifications of thq risk
analysis personnel should be documented.

13:3:2-0 that

risk.

13.2.6 Facility Management. Management’s role
should be to provide sponsorship and resources (person-
nel and money) for the RBI study. They are responsible for
making decisions on risk management or providing the
framework/mechanism for others to make these deci-
sions based on the results of the RBI study. Finally,
management should be responsible for providing the
resources to implement the risk mitigation decisions.
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the other team members receive basic training on RBI
methodology and on the program(s) being used. This
training should be geared primarily to an understanding
of RBI. This training could be provided by the risk analysis
personnel on the RBI team or by another person knowl-
edgeable on RBI methodology and on the program(s)
being used.
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14 DOCUMENTATION AND RECORD KEEPING

14.1 General

Itis important that sufficient information is captured to
fully document the RBI analysis. Ideally, sufficient data
should be recorded and maintained such that the analysis
can be recreated or updated later by others who were not
involved in the original analysis. To facilitate this, it is
preferable to store the information in a computerized

(a) basicequipmentdataand inspection history critical
to the analysis (e.g., operating conditions, materials of
construction, service exposure, corrosion rates, and
inspection history)

(b) operative and credible damage mechanisms

(c) criteria used to judge the severity of each damage
mechanism

(d) anticipated failure mode(s) (e.g. leak or rupture)

(e) key factors used to judge the severity of each failure

datalpase. A database will enhance the analysis, retrieval,
and management capabilities. The usefulness of the data-
base|will be particularly important in managing recom-
menfations developed from the RBI analysis, and
managing risk over the specified time frame. Documenta-

tion phould include the following:

(a] RBI methodology

(b] RBI personnel

(c) time frame

(d] basis for assignment of risk

(e)] assumptions made to assess risks

(f)] risk analysis results, including mitigated risk levels

(g] mitigation and follow-up

(h) applicable codes, standards, and government
regulations

(i)] source of failure data and adjustments to make plant
specific

14{1.1 RBI Methodology. The methodology used to
perfgrm RBI analysis should be documented so that.it
is clpar what type of analysis was performed, The
basi$ for both the probability and consequence of

failupe should be documented. If a specific-§6ftware
prOﬂram is used to perform the analysis, this also
should be documented and maintained. The"documenta-
tion $hould be sufficiently complete so that the basis and
the lpgic for the decision-making pfogess can be checked
or replicated later.

14{1.2 RBI Personnel. The-analysis of risk will depend
on the knowledge, experience, and judgment of the per-
sonnlel or team performing the analysis. Therefore, a
recorfd of the team mémbers involved and their qualifica-
tiong should be captured. This will be helpful in under-
stanfding the basis for the risk analysis when the
analysis iswrepéated or updated.

14/1:3,. Fime Frame. The level of risk is usually a func-

ITodc
(f) criteria used to evaluate the various-conlsequence
categories, including safety, health, environmgntal, and
financial
(g) riskcriteriaused to evaluate the-dcceptab
risks

lity of the

14.1.5 Assumptions Made to Assess Rigks. Risk
analysis, by its very nature;requires that certair) assump-
tions be made regarding-the nature and extent|of equip-
ment damage. Moreopvet, the assignment of failure mode
and the severity ofthe contemplated event will invariably
be based ons/a variety of assumptions, regajrdless of
whether thieanalysis is quantitative or qualitative. To
understand the basis for the overall risk, it is|essential
that these factors be captured in the final docunentation.
Cleardocumentation of the key assumptions made during
thé-analysis of probability and consequence will greatly
enhance the capability to either recreate or updafe the RBI
analysis.

14.1.6 Risk Analysis Results. The probability, conse-
quence, and risk results should be captured in the docu-
mentation. For items that require risk mitigation, the
results after mitigation should be documented|as well.

14.1.7 Mitigation and Follow-Up. One of the most
important aspects of managing risk through RBI is the
development and use of mitigation strategies. Therefore,
the specific risk mitigation required to reduce either prob-
ability or consequence should be documentgd in the
analysis. The benefit of mitigation assigned to a particular
action should be captured along with any tinje depen-
dence. The methodology, process, and person(q) respon-
sible for implementation of any mitigation shoulld also be
documented.

14.1.8 Applicable Codes, Standards, and Goyernment
Regulations. Since various codes, standards, and govern-

tlon fLilIlC dut—: U CiL}lth L‘llc LilllC deCIldCIlLC de ddllldgﬁ
mechanism or changes in the operation of equipment.
Therefore, the time frame over which the RBI analysis
is applicable should be captured in the final documenta-
tion. This will permit effective tracking and management
of risk over time.

14.1.4 Basis for Assignment of Risk. The various
inputs used to assess both the probability and conse-
quence of failure should be captured. This should
include, but not be limited to, the following information:
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TITeTTtat IﬁguldLiUub toverthe iubpcuiuu formos pressure
equipment, it will be important to reference these docu-
ments as part of the RBI analysis. This is particularly
important where implementation of RBI is used to
reduce either the extent or frequency of inspection.
Refer to section 15 for a listing of some relevant codes
and standards.
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15 DEFINITIONS AND ACRONYMS

15.1 Definitions

boiling liquid expanding vapor explosion (BLEVE): a violent
release of exploding vapor and boiling liquid that may
occur upon failure of pressure equipment containing a
liquefied gas

components: parts that make up a piece of equipment or
equipmenf item_ For pynmplp a pressure boundarv mavy

inspector: a person who performs inspection tasks to
verify that materials, fabrication, erection, examinations,
testing, repairs, etc., conform to applicable codes, stan-
dards, engineering specifications, and/or owner’s
written procedural requirements.

mitigation: all activities, including inspection, undertaken
to lower the assessed risk of continued operation by re-
ducing the probability of failure, the consequence of
failure, or both.

consist of components (elbows, heads, stiffening rings,
skirts, supports, etc.) thatare bolted or welded into assem-
blies to rhake up equipment items (see Figure 4.4.1-1).

damage
induces

(or deterioration) mechanism: a process that
deleterious micro and/or macro material
changes gver time that are harmful to the material condi-
tion or njechanical properties. Damage mechanisms are
usually igcremental, cumulative, and, in some instances,
unrecovdrable. Common damage mechanisms include
corrosior}, chemical attack, creep, erosion, fatigue, frac-
ture, and|thermal aging.

damage (or deterioration) mode: the physical manifesta-
tion of damage (e.g., wall thinning, pitting, cracking,
embrittlement, and creep).

equipment: an individual item that is part of a system.
Examplgs include pressure vessels, relief devices,
piping, boilers, and paper machines (see Figure 4.4.1-1).

examinatfon: the process of determining the condition of
anareaorf item per established code, standards, or owner’s
implementation procedures.

examiner| a person who performs an examinationt

facility: any location containing equipment and /ercompo-
nents tq be addressed under the standard (see
Figure 4.4.1-1).

failure: termination of the ability of a System, structure, or
componeht to perform its requiréd function (i.e., loss of
containmlent).

failure mpde: the manner of failure. In this Standard, the
principal|concern is thedloss of containment of pressure
equipment items, e.g,\small hole, through-wall crack, or
rupture.

fitness-fof-service*assessment: a methodology whereby
or_flaws/imperfections contained within a

damage
compone
acceptability for continued service.

holiday: a discontinuity in a protective coating that
exposes the underlying surface to the environment.

inspection: activities performed to verify that materials,
fabrication, erection, examinations, testing, repairs, etc.,
conform to applicable code, engineering, and/or
owner’s written procedure requirements.
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NDE personnel: individuals who are knowledgedbl¢ and
experienced in performing nondestructive examinption
activities to detect imperfections to assist int determjining
whether equipment conforms to applicable codes, dpeci-
fied engineering requirements, and owner-user's wiitten
requirements.

probabilistic remaining life analysis! an engineering prob-
abilistic modeling of the damage mechanism to determine
the probability of failure ‘ever time.

process unit: a group ‘of 'systems arranged in a spgcific
fashion to produee a“product or service. Examples of
processes includespower generation, acid produgtion,

fuel oil production, and ethylene production|(see
Figure 4.4.3:1).
qualitative analysis: an analysis characterized by having

the datd inputs expressed descriptively or possib
numerical estimates [ranges or in some cases s
values (see para. 3.3.1)].

y by
ngle

quantitative analysis: an analysis characterized by
data inputs expressed as probabilistic distributions
para. 3.3.2).

reanalysis: the process of integrating inspection ddta or
other changes into the risk analysis.

sing
(see

residual risk: the risk that remains after all of the m
tion actions have been taken.

tiga-
ence

risk: the combination of the probability and conseqy
of a failure (event).

risk analysis (or assessment): the process of revigwing
process parameters, determining potential damage
mechanisms, determining the probability and c¢nse-
quence of failure scenarios, and the resulting risk level.

risk-based inspection (RBI): inspections, including|non-

process implemented to manage the risks identified in
a risk analysis.

risk driver: an item affecting probability and/or conse-
quence such that it constitutes a significant portion of
the risk.

semiquantitative analysis: an analysis that includes
aspects of both qualitative and quantitative analyses.
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system: a collection of equipment assembled for a specific =~ EPA U.S. Environmental Protection Agency
function within a process unit. Examples of systems EPRI Electric Power Research Institute
include service water systems, distillation systems, and EU Council of the European Union
separation systems (see Figure 4.4.1-1). FAA Federal Aviation Administration
testing: either pressure testing, whether performed  FFS fitness-for-service
hydrostaticly or pneumaticly, or mechanical testing to HAZOP hazard and operability study
determine such data as material hardness, strength, HIC hydrogen-induced cracking
and notch toughness. Testing, however, does not refer IEC International Electrotechnical Commission
to NDE using methods such as liquid penetrant, radio- ISA The Instrumentation, Systems, and Automation
graphy, etc. Society L
turnqround: a period of downtime to perform inspection, IS0 International Organization for Staddardigation
mainftenance, or modifications and prepare process equip- ~ LTA local thin area
ment for the next operating cycle. NACE NACE International [now part-of the Asspciation for
Materials Protection ahd,Performance|{ (AMPP)]
15.2 Acronyms NDE nondestructive examination
ACC American Chemistry Council NERC North American Ele€tric Reliability Cour]cil
AIChE American Institute of Chemical Engineers OSHA Occupational Safety and Health Adminisfration
API American Petroleum Institute PHA process hdzajds analysis
ASM ASM International (American Society of Metals) PSM process sdfety management
ASME] The American Society of Mechanical Engineers QA/QC qualityassurance/quality control
ASNT American Society for Nondestructive Testing RBI risk-based inspection
ASTM| ASTM International (American Society for Testing RCM reliability-centered maintenance
and Materials) SCC stress corrosion cracking
AWS American Welding Society SOHI€E stress-oriented hydrogen-induced crackihg
BLEVE boiling liquid expanding vapor explosion — a violent WRC Welding Research Council
release of exploding vapor and boiling liquid that
may occur upon failure of pressure equipment
containing a liquefied gas 16 REFERENCES
BLRBAC Black Liquor Recovery Boiler Advisory Committee
BPVC Boiler and Pressure Vessel Code See Table 16-1 for a list of standards and spedifications
CCPS Center for Chemical Process Safety (this center is referepced n t,hls Standard, and Table 16-2 fox| procure-
within AIChE) ment information.
CGSB Canadian General Standards Board
CRTD ASME Center for Research and, Technology

Development
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Table 16-1
Reference Documents
Referencing Available
Paragraph Document Details From
1.1 ASME BPVC, Section XI, Rules for Inservice Inspection of Nuclear Power Plant Components; ASME
Section XI, Appendix R, Risk-Informed Inspection Requirements for Piping; Section XI Code
Case N-663, Alternate Requirements for Class 1 and Class 2 Surface Examinations; Code Case N-716,
Alternative Piping Classification Requirements; Code Case N-660, Risk-Informed Safety Classification
and Treatment for Repair/Replacement Activities
2.3 The—100-EargestHosses; 9742045 targePropertybamagetossestrthretHydroearbonteustry—MME
24th Edition
3.7 OSHA Process Safety Management Programs OSHA
Compliance Guidelines and Recommendations for Process Safety Management (Nonmandatory),
OSHA, 1910.119 App C
EPA Risk Management Programs EPA
Accidental Release Prevention Requirements: Risk Management Program Requirements_Under
Clean Air Act Section 112(r)(7); Amendments to the Submission Schedule and Data Requirements;
Final Rule. 69 FR 18819, April 9, 2004
ACC Responsible Care ACC
Responsible Care, RC14001 Technical Specification
ASME Risk Analysis Publications ASME
ASME CRTD-41, Risk-Based Methods for Equipment Life Management: An)Application Handbook
CCPS Risk Analysis Techniques CCPS
Guidelines for Chemical Process Quantitative Risk Analysis Second\Edition
Seveso II Directive in Europe EU
Council Directive 82/501/EEC of 24 June 1982 on the majoryaccident hazards of certain industrial
activities
Council Directive 96/82/EC of 9 December 1996 on.thé-control of major-accident hazards
involving dangerous substances
3.7.2 OSHA 29 CFR 1910.119, Process safety manageinent of highly hazardous chemicals OSHA
4.4.2.2 API 579-1/ASME FFS-1, Fitness-for-Service API
ASME BPVC, Section VIII, Rules for Construction of Pressure Vessels: Division 2, Alternative ASME
Rules; and Division 3, Alternative\Rules for Construction of High Pressure Vessels
5.3(g)(1P)(-a) WRC 488, Damage Mechanisms.Affecting Fixed Equipment in the Pulp and Paper Industry WRC
5.3(g)(1P)(-b) WRC 489, Damage Mechanisms-Affecting Fixed Equipment in the Refining Industry WRC
5.3(g)(1P)(-c) WRC 490, Damage Mechanisms Affecting Fixed Equipment in the Fossil Electric Power Industry WRC
53(g)(1P)(-d) API RP 571, Damage Mechanisms Affecting Fixed Equipment in the Refining Industry API
5.3(g)(1P)(-e) ASTM G15, Standard-Terminology Relating to Corrosion and Corrosion Testing ASTM
5.3(@)AP)-H NACE Corrosien-Survey Database (COR-SUR) AMPP
5.3(g)(1)(-a) Offshore Reliability Data Handbook DNV
OREDA Rarticipants, Distributed by Det Norske Veritas Industri Norge AS DNV Technica,
Copyright 1992, ISBN 82 515 0188 1
5.3(g)(1)(-b) Process Equipment Reliability Database ATCE
53(8)(1D)(-9) Generating Availability Data System NERC
53(@D(d) Black Liquor Recovery Boiler Advisory Committee (BLRBAC) Incident List BLRBAC
Black Liquor Recovery Boiler Advisory Committee, ESP Subcommittee
7.2.1(b) API 579-1/ASME FFS-1, Recommended Practice for Fitness-for-Service, 2000 API
8.3.2 ASME Risk Analysis Publications ASME
ASME CRTD-41, Risk-Based Methods for Equipment Life Management: An Application Handbook
8.3.2 Economic Values for Evaluation of Federal Aviation Administration Investment and Regulatory FAA
Programs, FAA-APO-98-8, June 1998
8.3.7.1.1 Dow’s Fire and Explosion Index Hazard Classification Guide, 7th Edition AIChE
8.4.4.2 API RP 581, Base Resource Document — Risk-Based Inspection, 2000 API
9.7.1 ASME Risk Analysis Publications ASME
ASME CRTD-41, Risk-Based Methods for Equipment Life Management: An Application Handbook
11.3 API RP 579-1/ASME FFS-1, Recommended Practice for Fitness-for-Service, 2000 API
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Table 16-1
Reference Documents (Cont’d)
Referencing Available
Paragraph Document Details From
11.5 ANSI/ISA 84.00.01 Part 1 (IEC 61511-1 Mod) ISA
ANSI/ISA 84.00.01 Part 2 (IEC 61511-2 Mod)
ANSI/ISA 84.00.01 Part 3 (IEC 61511-3 Mod)
Functional Safety: Safety Instrumented Systems for the Process Industry Sector
11.11 API RP 752, Management of Hazards Associated with Location of Process Plant Permanent API
Buildings
13.t Project Management Texts PMI
A Guide to the Project Management Body of Knowledge, 2000 Edition
Genjeral Reference AIChE/CCPS, Guidelines for Hazard Evaluation Procedures, Center for Chemical Process CCPS
dection 2 Safety, American Institute of Chemical Engineers, New York, 1985
AIChE/CCPS, Guidelines for Chemical Process Quantitative Risk Analysis, Center for Chemical CCPS
Process Safety, American Institute of Chemical Engineers, New York, 1989
Gerjeral Reference | API RP 571, Damage Mechanisms Affecting Fixed Equipment in the Refining Industry API
spction 6 WRC 490, Damage Mechanisms Affecting Fixed Equipment in the Fossil Electtic’Power Industry WRC
ASM Handbook, Volume 11, Failure Analysis and Prevention AFM
ASM Handbook, Volume 13A, Corrosion AFM
ASM Handbook, Volume 6, Welding, Brazing, and Soldering AFM
Genjeral Reference Short, J. S., Jr., Probabilistic Approaches to Life Assessment, Life Assessment and Improvement Elsevier
section 7 of Turbo-Generator Rotors for Fossil Plants, Pergamon {ress
Bloom and Ekval, Eds., Probabilistic Fracture Mechanics.and Fatigue Methods, ASTM STP 798, ASTM
ASTM, 1983
Genjeral Reference SNT-TC-1A, Guidelines for the Qualification and Ceftification of Non-Destructive Testing Personnel ASNT
section 13 ANSI/ASNT CP-189, ASNT Standard for Qualification and Certification of Nondestructive ASNT
Testing Personnel
ISO 9712 Non-destructive Testing — Qualification and certification of personnel. Technical Committee 140
TC 135/SC 7
Nopmandatory API RP 571, Damage Mechanisms Affecting Fixed Equipment in the Refining Industry API
Appendix A ASM Handbook, Volume 11, Failure Analysis and Prevention ASM
WRC 490, Damage Mechanisms Affecting Fixed Equipment In the Fossil Electric Power Industry WRC
ASM Handbook Volume 13A, Corrosion AFM
EPRI CS-5500-SR, Boiler Tube Failures in Fossil Power Plants EPRI
ASM Handbook Volume 6, Welding, Brazing, and Soldering ASM
NACE RP0472, Methods and Controls to Prevent in-service Environmental Cracking of Carbon AMPP
Steel\Weldments in Corrosive Petroleum Refining Environments
NAGE\MR0103, Material Resistant to Sulfide Stress Cracking in Corrosive Petroleum Refining AMPP
Environments
NACE MR0175, Metals for Sulfide Stress Cracking and Stress Corrosion Cracking Resistance in AMPP
Sour Oilfield Environment
Nopmandatery Risk-Based Methods for Equipment Life Management: An Application Handbook, ASME Research AFME
Appendix-D, D-7.4 Report CRTD Vol. 41, ASME, NY, 2003
and. _D=8/4,
Hootnote (1)
Nonmandatory Ayyub, B.M,, “Guidelines on Expert-Opinion Elicitation of Probabilities and Consequences for USACE
Appendix D, D-7.5, Corps Facilities,” Tech. Report for Contract DACW72-94-D-0003, June, 1999
Footnote (2)
Nonmandatory Federal Aviation Administration, 2003, Economic Values for Evaluation of Federal Aviation FAA
Appendix D, D-8.3, Administration Investment and Regulatory Decisions, FAA-AP0-98-8
Footnote (3)
Nonmandatory API 579-1/ASME FFS-1, Fitness-for-Service API

Appendix F, F-1,
F-1(e), F-3(a),
F-3(b)
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Table 16-1
Reference Documents (Cont’d)
Referencing Available
Paragraph Document Details From
Nonmandatory ASME BPVC, Section VIII, Rules for Construction of Pressure Vessels: Division 3, Alternative Rules ASME
Appendix F, for Construction of High Pressure Vessels
F-3(a),
F-3(e)(2)(-b)
Nonmandatory ASME PCC-2, Repair of Pressure Equipment and Piping ASME
Appeneit-3{b}
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Table 16-2
Procurement Information
Organiza- Organiza-
tion Address tion Address
ACC American Chemistry Council DNV DNV GL
700 Second Street, NE P.0O. Box 300
Washington, DC 20002 1322 Hgvik
(www.americanchemistry.com) Norway
(www.dnvgl.com)
AIChH American Insttute ol Chiemical ENgINeers
Center for Chemical Process Safety Elsevier Elsevier
120 Wall Street 230 Park Avenue, Suite 800
New York, NY 10005-4020 New York, NY 10169
(www.aiche.org/ccps) (www.elsevier.com)
AMPH Association for Materials Protection and Performance |EPA U.S. Environmental Protection Agency
[formerly the National Association of Corrosion 1200 Pennsylvania Avenue, NW
Engineers (NACE) and the Society for Protective Washington, DC 20460
Coatings (SSPC)] (www.epa.gov)
15835 Park Ten Place
Houston, TX 77084-4906 . .
(www.ampp.org) EPRI Electrlc.Po.wer Research Institute
3420 Hillyiew Avenue
Palo\Alto, CA 94304
API American Petroleum Institute (Www.epri.com)
200 Massachusetts Avenue NW
Suite 1100 X .
Washington, DC 20001-5571 EU The Council of tP}e I.Europ‘ean Union
(www.api.org) European Commission Joint Research Centrg
Rue du Champ de Mars 21
ASMH The American Society of Mechanical Engineers 1050 Brussels, Belgium
Two Park Avenue (https://ec.europa.eu/info/departments/joirjt-
New York, NY 10016-5990 research-centre_en)
(www.asme.org)
FAA Federal Aviation Administration (FAA)
ASNT] American Society for Nondestructive Testing National Headquarters
1711 Arlingate Lane 800 Independence Avenue, SW
P.0. Box 28518 Washington, DC 20591
Columbus, OH 43228-0518 (www.faa.gov)
(www.asnt.org)
ISA International Society of Automation
ASTM American Society for Testing and Materials P. 0. Box 12277
100 Barr Harbor Drive Research Triangle Park, NC 27709
P.0. Box €700 (www.isa.org)
West Conshohocken, PA 19428-2959
(www.astmorg)
ISO International Organization for Standardizati¢pn
Central Secretariat
BLRBAC Black Liquor Recovery Boiler Advisory Committee Chemin de Blandonnet 8
1005°59th Street Case Postale 401
Lisle, IL 60532 1214 Vernier, Geneva
(https://blrbac.net/) Switzerland
(www.iso.org)
CCPS Center for Chemical Process Safety
120 Wall Street MMC Marsh Risk Consulting, Marsh McLennan
New York, NY 10005-4020 1166 Avenue of the Americas
(www.aiche.org/ccps) New York, NY 10036
(www.marsh.com)
CGSB Canadian General Standards Board (CGSB)
11 Laurier Street, Portage 111, Place du Portage NERC North American Electric Reliability Corporation
Gatineau, Quebec K1A 0S5, Canada 1325 G Street, NW
(www.tpsgc-pwgsc.gc.ca/ongc-cgsb/index-eng.html) Suite 600
Washington, DC 20005
(www.nerc.com)
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Table 16-2
Procurement Information (Cont’d)
Organiza- Organiza-
tion Address tion Address

OSHA Occupational Safety and Health Administration USACE U.S. Army Corps of Engineers

U.S. Department of Labor 441 G Street, NW

200 Constitution Avenue, NW Washington, DC 20314-1000

Washington, DC 20210 (www.usace.army.mil)

(\'Annv‘ny nlr\r\g ")

WRC Welding Research Council

PMI Project Management Institute P.0. Box 201547

14 Campus Boulevard Shaker Heights, OH 44120

Newtown Square, PA 19073

(www.pmi.org)
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NONMANDATORY APPENDIX A
DAMAGE MECHANISM DEFINITIONS

ble A-1 starts on next page.
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Table A-1
Damage Mechanism Definitions
References
Damage From
Mechanism Definition Attributes Section 16
885°F embrittlement | 885°F (475°C) embrittlementisalossin toughness due to | The embrittlement can be removed by | API RP 571
a metallurgical change that can occur in alloys soaking at somewhat higher
containing a ferrite phase as a result of exposure in the temperatures for several hours.
temperature range 600°F to 1,000°F (316°C to 540°C).
Abrasive-weat The-removal-of-materia-fronasurface-whenhard A5
particles slide or roll across the surface under Handbool(
pressure. The particles may be loose or may be part of Vol: 11,
another surface in contact with the surface being Kailure
abraded. Analysis
and
Preventi¢n
Acid dew point Corrosion that occurs when gas is cooled below the Can be similar to atmospheri¢ attack. | ASM
corrogsion saturation temperature of condensable acidic species Handbook
contained by the gas. Vol. 11,
Failure
Analysis
and
Preventi¢n
Adhesiye wear The removal or displacement of material from a surface ASM
by the welding together and subsequent shearing of Handbook
minute areas of the two surfaces that slide across each Vol. 11,
other under pressure (also known as galling). Failure
Analysis
and
Preventi¢n
Amine ¢orrosion Amine corrosion refers to the general and/or logalized | Corrosion depends on design and API RP 571
corrosion that occurs principally on carbondsteel in operating practices, the type of
amine treating processes. Corrosion is not'caused by amine, amine concentrations,
the amine itself, but results from dissolved acid gases contaminants, temperature, and
(CO; and H,S), amine degradation/products, heat velocity.
stable amine salts (HSAS), and.other contaminants.
Amine ¢racking Amine cracking is a common termapplied to the cracking API RP 571
of steels under the combined action of tensile stress
and corrosion in aqueous alkanolamine systems used
to remove/absorb(H,$ and/or CO, and their mixtures
from various gds and liquid hydrocarbon streams.
Amine cracking is a form of alkaline stress corrosion
cracking.Atis-most often found at or adjacent to non-
PWHT/d carbon steel weldments or in highly cold
worked\parts.
Ammorfia grooving | Amimerniia grooving occurs in copper alloy condenser | Ammonia carryover in the steam is | WRC 490
tubesinthe form ofa groove adjacent to support plates. necessary for this kind of corrosion.
Ammonia carries over with the steam and is corrosive | The ammonia may come from either
to copper alloys. the use of hydrazine or its derivative
as an oxygen scavenger or from
ammonia used as a pH-control
chemical.
Ammonia stress Aqueous streams containing ammonia may cause stress | Anhydrous ammonia with <0.2% API RP 571
corrosion cracking corrosion cracking (SCC) in some copper alloys. water will cause cracking in carbon
Carbon steel is susceptible to SCC anhydrous ammonia. steels. Stresses required for cracking
can be from residual stresses.
Ammonium bisulfide | Aggressive corrosion occurring in hydroprocessing Several major failures have occurred in | API RP 571
corrosion reactor effluent streams and in units handling alkaline hydroprocessing reactor effluent
(alkaline sour sour water. systems due to localized corrosion.
water)
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Table A-1
Damage Mechanism Definitions (Cont’d)
Damage References
Mechanism Definition Attributes From 16.1
Brittle fracture Brittle fracture is the sudden rapid fracture under stress | Material toughness, crack size, and API RP 571
(residual or applied) where the material exhibits little tensile stress are generally the three
or no evidence of ductility or plastic deformation. factors that control the susceptibility
to brittle fracture.
Carbonate stress Carbonate stress corrosion cracking (often referred to as API RP 571
corrostotrerackifte earbefrate-eraekingHs-thetermappled-tosurface
breaking or cracks that occur adjacent to carbon steel
welds under the combined action of tensile stress and
corrosion in carbonate-containing systems. It is a form
of alkaline stress corrosion cracking (ASCC).
Calrburization Carbon is absorbed into a material at elevated A material dependent process;catbon | API RP 571
temperature while in contact with a carbonaceous can react in the metal to"form
material or carburizing environment. carbides that tend to£mbrittle the
material or, in low alloy'steels, act as
a potential hardening agent if the
materials undergo' an appropriate
thermal cyele.
Cakting porosity/ Voids that are created in a casting during solidification. ASM
yoids The voids are typically in the last part of the casting to Handbook
solidify. Vol |11,
Failfire
Anallysis
and
Preyention
Cajustic corrosion Localized corrosion due to the concentration of eaustic or | Generally, very localized attack. High | API RP 571
caustic gouging) alkaline salts that usually occurs under evaporative or | pH values >9.5 to 10.
high heat transfer conditions. However;.general
corrosion can also occur depending ohalKali or caustic
solution strength.
Cajustic stress A form of stress corrosion cracking-characterized by | Caustic cracking is often adjacent to | API RP 571
rorrosion cracking |  surface-initiated cracks that‘gecur in piping and nonpost weld heat-treated welds.
caustic equipment exposed to_caistic, primarily adjacent to
pmbrittlement) non-PWHT’d welds.
Cavitation Cavitation is a formeef erosion caused by the formation | Mechanical honeycomb or no API RP 571
and instantaneous‘collapse of innumerable tiny vapor | corrosion productvisible. Significant
bubbles. The collapsing bubbles exert severe localized pressure and extremely high local
impact forcesthat can resultin metal loss referred to as forces at work.
cavitationydamage. The bubbles may contain the vapor
phaSe of the liquid, air, or other gas entrained in the
liquid medium.

Chelant corrosion Corrosive attack caused by excessive chelants. Dosing by chelants in excess of ASM
requirements, (e.g., EDTA), general Handbook
and localized attack often linked to Vol|11,
flow irregularities. Failfire

Anallysis
and|
Preyention
Chieride—stress Surface—initiated-eracks—eaused-by-environmental AH300 SeriesSSarehishiysusceptibleARIRP 571
corrosion cracking cracking of 300 Series SS and some nickel-based alloys duplex stainless steels are more
under the combined action of tensile stress, resistant; nickel-based alloys are
temperature, and an aqueous chloride environment. highly resistant.
The presence of dissolved oxygen increases propensity
for cracking.
CO, corrosion Carbon dioxide (CO,) corrosion results when CO, Partial pressures of CO, are a critical | API RP 571

dissolves in water to form carbonic acid (H,CO3). The
acid may lower the pH and sufficient quantities may
promote general corrosion and/or pitting corrosion of
carbon steel.

factor and increasing partial
pressures results in lower pH
condensate and higher rates of
corrosion.
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Damage Mechanism Definitions (Cont’d)
References
Damage From
Mechanism Definition Attributes Section 16
Cold cracking Cracking in a weld that occurs typically during cooldown ASM
of the weld at temperatures below 600°F (316°C). The Handbook
cracks can form hours or days after welding. Vol. 11,
Failure
Analysis
and
Preventi¢n
Corrosipn fatigue The combined action of repeated or fluctuating stressand | An observed dependence of fatigue | ASM
a corrosive environment to produce cracking. Cyclic strength or fatigue life on frequency y Handbook
loading plus a corrosive environment. often is considered definitive in Vol. 11,
establishing corrosion fatigue asthe Failure
mechanism of failure. Beach-marks Analysis
and corrosion products. Similar to and
mechanical fatigue but‘eycles to Preventi¢n
failure often lessened:Usually
transgranular.
Corrosipn under Corrosion of piping, pressure vessels, and structural Damage can beaggravated by API RP 571
insulgtion (CUI) components resulting from water trapped under contaminants‘that may be leached
and dorrosion insulation or fireproofing. out of therinsulation, such as
undef fireproofing chlorides.
(CUF
Creep/qtress At high temperatures, metal components can slowly and | A ehange in dimensions that can result | API RP 571
ruptyre continuously deform under load below the yield stress. in failure. Long-term elongation of
This time-dependent deformation of stressed component. Can progress to stress
components is known as creep. Deformation leads'to rupture resulting in internal
damage that may eventually lead to a rupture. cracking. Material will elongate until
intergranular tears initiate which
can then join together to form a
stress. Temperatures greater than
0.4 times the melting point "softens”
alloys.
Crevice|corrosion A type of electrolytic concentration-cell corrosion at a | Any layer of solid matter on the surface | ASM
joint between two metallic sturfaces or between a of a metal that offers the opportunity Handbook
metallicand anonmetallic surface or beneath a particle for exclusion of oxygen from the Vol. 134,
of solid matter on/a~metallic surface. surface or for the accumulation of Corrosion
metal ions beneath the deposit
because of restricted diffusion is a
probable site for crevice corrosion.
Mechanism and appearance similar
to pitting attack.
Decarbyrization A condition where steel loses strength due the removal of | Loss of carbon from the surface of steel | API RP 571
carbon and carbides leaving only an iron matrix. can occur during heat treatment if
Decarburization occurs during exposure to high the furnace atmosphere is oxidizing.
temperatures, during heat treatment, from exposure to The surface will be soft and low in
fires, or from high temperature service in a gas strength.
environment.
Dissolveéd 'O%-attack | Corrosion thatoccurs as a result of exposure of a metal to | Differential oxygen concentration cells. | ASM
corrosion dissolved OXygen. Cocalized attack patches. Handboo
Vol. 134,
Corrosion
Electrical discharge | A pitting mechanism caused by passing electrical Typically found in bearings and shafts | ASM
currents between two surfaces. If current is high associated with electrical equipment | Handbook
enough, very localized melting can occur. such as motors or generators. Vol. 11,
Failure
Analysis
and
Prevention
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Damage Mechanism Definitions (Cont’d)
References
Damage From
Mechanism Definition Attributes Section 16
Erosion Destruction of materials by the abrasive action of moving | Horseshoe-shaped indentations, ASM
fluids. particularly for copper alloys. Other Handbook
alloys may have a scalloping effect. Vol. 11,
Special case turbulent flow Failure
accelerated corrosion (FAQC). Analysis
and|
Preyention
Erpsion/corrosion Erosion is the accelerated mechanical removal of surface | Generally a roughened surface with/NAPI RP 571
material as a result of relative movement between or flow patterning lines visible.
impact from solids, liquids, vapor, or any combination
thereof. Erosion/corrosion is a description for the
damage that occurs when corrosion contributes to
erosion by removing protective films or scales, or by
exposing the metal surface to further corrosion under
the combined action of erosion and corrosion.
Erpsion — droplets | Erosion accelerated by two-phase flow. Flow-oriented.patterning. ASM
Harldbook
Vol |11,
Failjire
Anallysis
and
Preyention
Erpsion — solids A form of erosion in which the suspended particles‘are’| Often a polished surface. ASM
solid. Harldbook
Vol |11,
Failfire
Anallysis
and
Preyention
Fafigue, contact Cracking and subsequent spalling of metal subjected to ASM
alternating Hertzian (contact) stresses Handbook
Vol 11,
Failfire
Anallysis
and|
Preyention
Fafigue, mechanical | Fatigue cracking is a mechanical form of degradation that | Characterized by incremental API RP 571
occurs\when a component is exposed to cyclical propagation of cracks until the cross
stresses for an extended period, often resulting in section has been reduced so that it
sudden, unexpected failure. These stresses can arise can no longer support the maximum
from either mechanical loading or thermal cyclingand | applied load; often mistakenly called
are typically well below the yield strength of the “crystallization.” Progress of crack
material. usually indicated by appearance of
“beach marks.” The majority of
fatigue cracks in welded members
initiate at a weld toe or at a
termination near a stiffener or other

attachments-such-as—ausset plates

S v T
Circular striations noted emanating
from the origin or point of the stress
concentration.
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Damage Mechanism Definitions (Cont’d)

References
Damage From
Mechanism Definition Attributes Section 16
Fatigue, thermal The progressive localized permanent structural change | Caused by a temperature change acting | ASM
that occurs in a material subjected to repeated or against an external or internal Handbook
fluctuating thermal stresses. Cyclic loading caused by restraint. Low cycle thermal fatigue Vol. 11,
thermal cycles. The cracking is often enhanced by failures may be characterized by Failure
oxidation. multiple initiation sites, transverse Analysis
fractures, an oxide wedge filling the and
crack, or transgranular fracture. Preventi¢n
Also, may involve differential alloy
expansion/contraction rates.
Fatigue| vibration A form of mechanical fatigue in which cracks are Typically start from areas of stress API RP 571
produced as the result of dynamic loading due to concentration such as notches, sharp
vibration, water hammer, or unstable fluid flow. edges, grooves, etc.
Filiforn] corrosion Corrosion that occurs under some coatings in the form of | Pattern — network surfaces effect ASM
randomly distributed threadlike filaments. often interacting series$\of.erisscross Handbook
lines. Thinned surfaces, cosmetic Vol. 13A)
problem. Corrosion
Flow adcelerated Thinning corrosion usually associated with high purity, | Loss in thickness.at'bends and regions | WRC 490
corrgsion (FAC) low oxygen steam condensate caused by the relative of localized turbulence.
movement of a corrosive fluid against the metal
surface. It does not involve or require the formation of
bubbles due to cavitation. Metal loss results from the
dissolution of the protective oxide film by localized
turbulence.
Flue gaf dew point | Sulfur and chlorine species in fuel will form sulfur API RP 571
corrosion dioxide, sulfur trioxide, and hydrogen chloride within
the combustion products. At low enough
temperatures, these gases and the water vapor in the
flue gas will condense to form sulfurous aecid, sulfuric
acid, and hydrochloric acid that candead to severe
corrosion.
Fretting Wear that occurs between tight-fitting surfaces subjected | Very clean surfaces, often noted in ASM
to oscillation at very small amplitude. This type of wear localized zones. Can also occur in Handbook
can be a combination of oxidative wear and abrasive aqueous environments, e.g., heat Vol. 11,
wear. exchanger tube bundle rubbing. Failure
Analysis
and
Preventi¢n
Fuel ash corrosion | Fuel ash corrosion is accelerated high temperature API RP 571
wastage of materials that occurs when contaminants in
thefuelform deposits and melt on the metal surfaces of
fived heaters, boilers, and gas turbines. Corrosion
typically occurs with fuel oil or coal that is
contaminated with a combination of sulfur, sodium,
potassium, and/or vanadium. The resulting molten
salts (slags) dissolve the surface oxide and enhance the
transport of oxygen to the surface to reform the iron
oxide at the expense of the tube wall or component.
Galvanic corrosion | A form of corrosion that can occur at the junction of | The corrosion is more severe near the | API RP 571

dissimilar metals when they are joined together in a
suitable electrolyte, such as a moist or aqueous
environment, or soils containing moisture.

junction of the two metals than
elsewhere. Galvanic corrosion is
usually the result of poor design and
selection of materials. Two different
metals in contact with an electrolyte.
Interfacial junction attack usually
within 3 to 5 diameters of a junction.
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Graphitization Graphitization is a change in the microstructure of Reduced ductility primarily in weld | API RP 571
certain carbon steels and 0.5Mo steels after long-term heat affected zones due to presence
operation in the 800°F to 1,100°F (427°C to 593°C) of flake graphite.
range that may cause aloss in strength, ductility, and/
or creep resistance. At elevated temperatures, the
carbide phases in these steels are unstable and may
decompose into graphite nodules. This decomposition
is known as graphitization.

High temp. H,/H,S | The presence of hydrogen in H,S streams increases the API RP 571

Corrosion severity of high temperature sulfide corrosion at
temperatures above about 500°F (260°C). This form of
sulfidation usually results in a uniform loss in
thickness associated with hot circuits in
hydroprocessing units.

Hdgt cracking Intergranular cracking in a weld that occurs during ASM
solidification of the weld. It typically occurs at weld Hanldbook
metal temperatures above 1,200°F (650°C). Vol |11,

Failjire
Analysis
and
Preyention

Hdt tensile Occurs when the stress in a component exceeds the at<{Discoloration and distortion. Materials | ASM

temperature tensile strength of the metal. have permanent and detrimental Handbook
change in properties. A mechanical Vol |11,
phenomenon. Failpre
Anallysis
and
Preyention

Hyfdrochloric acid Hydrochloricacid (aqueous HCI) causes both general and API RP 571

Corrosion localized corrosion and is vety aggressive to most
common materials of constfuction across a wide range
of concentrations. Damage in refineries is most often
associated with dew: point corrosion in which vapors
containing water ‘and hydrogen chloride condense
from the overhead stream of a distillation,
fractionation, or stripping tower. The first water
droplets.that’condense can be highly acidic (low pH)
and prembote high corrosion rates.

Hyfdrofluoric (HF) Corrosion by HF acid can result in high rates of general or API RP 571

hcid corrosion lecalized corrosion and may be accompanied by
hydrogen cracking, blistering, and/or HIC/SOHIC.

Hydrogen damageé Hydrogen damage occurs in high-pressure boilers, WRC 490
usually under heavy scale deposits, on the waterside of
the boiler tube. The damage develops first in the
highest heat-release zones of the furnace, often just
downstream of welded joints. Regardless of whether
the conditions are acidic or basic, hydrogen atoms are

produced by the corrosion reaction. The nydrogen 1s
trapped between the scale and the steel, and some

hydrogen penetrates into the steel. Since hydrogenisa
small atom, it can easily diffuse into the steel where it
reacts with iron carbide to form methane and iron.

Methane is a large molecule and cannot easily diffuse
and therefore collects at the grain boundaries within
the steel. When sufficient methane collects, a series of
intergranular cracks that weaken the steel are formed.
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Damage From
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Hydrogen A loss in ductility of high strength steels due to the The degree of hydrogen embrittlement | API RP 571
embrittlement penetration of atomic hydrogen can lead to brittle is highly dependent on the strength
cracking. Hydrogen embrittlement (HE) can occur level of steel. Primarily intergranular
during manufacturing, welding, or from services that low ductility fracture, generally
can charge hydrogen into the steel in an agueous, without corrosion products. Nascent
corrosive, or a gaseous environment. hydrogen evolved at cathodic
surfaces diffuses into matrix of alloy
and forms molecular hydrogen
leading to overpressure.
Hydroggn-induced Hydrogen blisters can form at many different depths | Nascent molecular hydrogen API RP 571
cracl] (HIC) from the surface of the steel, in the middle of the plate, transmutes after diffusion in alloy
or near a weld. In some cases, neighboring or adjacent | matrix.
blisters that are at slightly different depths (planes)
may develop cracks that link them together.
Interconnecting cracks between the blisters often have
a stair step appearance, and so HIC is sometimes
referred to as “stepwise cracking.”
Intergrdnular Preferential dissolution of the grain-boundary phases or | Susceptibility tojintergranular ASM
corrogsion the zones immediately adjacent to them, usually with corrosiofyis usually related to Handbook
slight or negligible attack on the main body of the thermal processing, such as welding | Vol. 134
grains. or stress relieving, and can be Corrosion
corrected by a solution heat
treatment or alloy trace additives.
Microscopic examination reveals
attack at grain boundaries.
Knife-lipe attack Intergranular corrosion of an alloy, usually stabilized | See “Sensitization.” Very well-defined | ASM
stainless steel, along a line adjoining or in contact with line, attack. Handbook
aweld after heating into the sensitizationtémperature Vol. 11,
range. Failure
Analysis
and
Preventi¢n
Lack-offfusion Weld fusion that is less than complete, also known as ASM
incomplete fusion. Handbook
Vol. 6,
Welding,
Brazing,
and
Soldering
Lack-offpenetration | Joint penétration that is less than that specified. ASM
Handbook
Vol. 6,
Welding,
Brazing,
and
Soldering
Liquid metal A form of cracking that results when certain molten Usually involves the softer alloys such | API RP 571
cracking (LMC) Tetals COme I contact with speciiic alloys. Cracking | as Pb, Hg, Cd, Cu, Zn, Al, etc., as the
can be very sudden and brittle in nature. liquid metal. Formerly called liquid
metal embrittlement (LME).
Liquid slag attack A process in which slag forms on the surface of a Molten slag usually, but not always, | EPRI CS-
corrosion component causing fluxing of the normally protective involves a sulfur or sodium bearing 5500-SR,
oxide scales on the alloys and results in accelerated compound. Boiler Tube
oxidation and metal loss. Failures in
Fossil
Power
Plants
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Metal dusting Metal dusting is a form of carburization resulting in API RP 571
(catastrophic accelerated localized pitting that occurs in carburizing
carburization) gases and/or process streams containing carbon and
hydrogen. Pits usually form on the surface and may
contain soot or graphite dust.
Microbiological A form of corrosion caused by living organisms such as | Most common attack is due to sulfite | ART'RP 571
nduced corrosion bacteria, algae, or fungi. It is often associated with the reducing bacteria. Very deep pitting,
MIC) presence of tubercles or slimy organic substances. high concentration rates.
Ngphthenic acid A form of high temperature corrosion that occurs The various acids which comprise’the | API RP 571
corrosion (NAC) primarily in crude and vacuum units, and downstream naphthenic acid family canshaye
units that process certain fractions or cuts that contain distinctly different corrosivity.
naphthenic acids.
Oxidation corrosion | Oxygen reacts with carbon steel and other alloys at high | Usually referred to aS.dry or high API RP 571
temperature converting the metal to oxide scale. It is temperature attack.
most often present as oxygen is in the surrounding air
(approximately 20%) used for combustion in fired
heaters and boilers.
PHenol (carbolic Corrosion of carbon steel can occur in plants using phenol API RP 571
hcid) corrosion as a solvent to remove aromatic compounds from
lubricating oil feedstocks.
PHosphate attack A continuous addition of phosphate to keep boiler watei\Linked to sodium phosphate water EPRI (€S-
Corrosion in specification could cause aboiler to operate in a Zehe treatment in boilers. Also known as 5500-SR,
that may result in acidic phosphate corrosion causing phosphate hideout. Boiller Tube
failures. Failfires in
Fossil
Power
Planjts
PHosphoric acid Phosphoric acid is most often usedas a catalyst in Corrosion rates increase with API RP 571
Corrosion polymerization units. It can_cause both pitting increasing temperatures. Corrosion
corrosion and localized cortgsion of carbon steels can penetrate a -in. (6.35-mm)
depending on water content. thick steel tube in 8 hr.
Pitting corrosion Extreme localized corrosion caused by a concentration- | Pitting can cause failure by perforation | ASM
cell that generally 'produces sharply defined holes; while producing only a small weight Harnldbook
occurs when afrarea of a metal surface becomes anodic loss on the metal. Vol |11,
with respect to’the rest of the surface. Failjire
Analysis
and
Preyention
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Polythionic acid A form of stress corrosion cracking normally occurring API RP 571
cracking during shutdowns, start-ups, or during operation
when air and moisture are present. Cracking is due to
sulfur acids forming from sulfide scale, air, and
moisture acting on sensitized austenitic stainless
steels. Usually adjacent to welds or high stress areas.
Cracking may propagate rapidly through the wall
thickness of piping and components in a matter of
minutes or hours.
Porosity Cavity-type discontinuities formed by gas entrapment ASM
during solidification. Handbook
Vol. 6,
Welding,
Brazing,
and
Soldering
Selectivie leaching Dealloying is a selective corrosion mechanism in which | Generally leaves.one of the phases of | API RP 571
(dealloying) one or more constituents of an alloy are preferentially | the metal withthe same geometry as
corrogsion attacked leaving a lower density (dealloyed) often the uncerroded metal. Results in a
porous structure. Component failure may occur significantloss of strength without a
suddenly and unexpectedly because mechanical visually apparent corresponding
properties of the dealloyed material are significantly | less in metal thickness. Matrix of
degraded. component often seems unaffected.
Sensitization In austenitic stainless steels, the precipitation of ASM
chromium carbides, usually at grain boundariesjyon Handbook
exposure to temperatures in the range of 1,000°F to Vol. 11,
1,550°F (550°C to 850°C). Leaving the grai Failure
boundaries depleted of chromium and, therefore, Analysis
susceptible to attack. and
Preventi¢n
Sigma gnd chi phase | Detrimental phase formation in austenitic alloys as a | Components in heaters and furnaces | ASM
result of long-term exposures in'the 1,200°F to 1,600°F exposed to the appropriate Handbook
(650°C to 870°C) range. SuscCeptibility is greater in temperature range for extended Vol. 11,
higher chrome-containing alloys. periods. Noted and identified after Failure
metallurgical examination under a Analysis
microscope. and
Preventi¢n
Sigma ghase Formation of aneétallurgical phase known as sigma phase | Sigma phase is an iron-chromium API RP 571
embrjttlement can result-in a loss of fracture toughness in some compound of approximately equal
stainless’steels as a result of high temperature atomic proportions of iron and
exposure. chromium. Itis extremely brittle and
hard. Noted and identified after
metallurgical examination under a
microscope.
Softenifgg (over Caused by exposure to elevated temperatures, generally ASM
agin less than 1,300°F (705°C), which lowers the tensile Handbook
T strength and hardness of the metal as well as Vol. 11,
mcreasing the ductility and reduction of area. Failure
Analysis
and
Prevention
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Sour water corrosion | Corrosion of steel due to acidic sour water containing H,S API RP 571
(acidic) ata pH between 4.5 and 7.0. Carbon dioxide (CO;) may
also be present. Sour waters containing significant
amounts of ammonia, chlorides, or cyanides may
significantly affect pH but are outside the scope of this
section.
Spheroidization Spheroidization is a change in the microstructure of The change from the laminar pearlitic J APLRP 571
steels after exposure in the 850°F to 1,400°F (440°C to structure to the spheroidized
760°C) range, where the carbide phases in carbon carbides generally produces a slight
steels are unstable and may agglomerate from their reduction in tensile and yield
normal plate-like form to a spheroidal form, or from strength and a corresponding slight
small, finely dispersed carbides in low alloy steels like increase in elongation.
1Cr-0.5Mo to large agglomerated carbides.
Spheroidization may cause a loss in strength and/or
creep resistance.
Styain aging Strain aging is a form of damage found mostly in older | Strain aging can produce an increase in | API RP 571
vintage steels and C-0.5Mo low alloy steels under the strengthtbut generally produces
combined effects of deformation and aging at an problems in deep drawing the
intermediate temperature. This results in an increase rimimed or capped steels.
in hardness and strength with a reduction in ductility
and toughness.
Stray current Corrosion typically caused when two pipes are in close ASM
Corrosion proximity of each other and one pipe is cathodically Handbook
protected. The other pipe can act as the anode andwill Vol |13A4,
corrode. Corfosion
Sulfidation Corrosion of carbon steel and other alloys resulting from API RP 571
their reaction with sulfur compoundsin’ high-
temperature environments. The presence of hydrogen
accelerates corrosion.
Suflfide-stress Cracking under the combined action of tensile stress and ASM
rracking (SSC) corrosion in the presence of water and hydrogen Handbook
sulfide. Vol 11,
Failfire
Anallysis
and
Preyention;
NACE
SPO}72,
ANY1/
NACE
MR(103/
1SO(17945,
NACE
MR{175/
1SO[15156
Suflfurie-agid Sulfuric acid promotes general and localized corrosion of API RP 571
Conrosion carbon steel and other alloys. Carbon steel heat-

alfected zones may experience severe corrosion.
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Temper Temper embrittlement is the reduction in toughness due | Temper embrittlement causes an API RP 571
embrittlement to a metallurgical change that can occur in some low increase in the ductile-to-brittle
alloy steels as a result of long-term exposure in the transition temperature but the
temperature range of about 650°F to 1,100°F (343°Cto condition can be reversed by
593°C). This change causes an upward shift in the retempering at a temperature above
ductile-to-brittle transition temperature as measured the critical range followed by rapid
by Charpy impact testing. Although the loss of cooling.
toughness is not evident at operating temperature,
equipment that is temper embrittled may be
susceptible to brittle fracture during start-up and
shutdown.
Under deposit A special version of crevice corrosion. Solution chemistry under the depesitis | ASM
corrosion different than the bulk solution. Handbook
Often occurs under depesits. Vol. 13A
Particulates may be‘transported Corrosion
corrosion products:
Unifornp corrosion | The deterioration of metal caused by chemical or Gross topographiic features are general | ASM
electrochemical reaction of a metal with its metal loss over'a large area, not Handbook
environment over a uniform area. localized Jike pitting. Can be Vol. 134,
attended) to by corrosion allowance. Corrosion
Weld d¢cay A band of intergranular corrosion next to a weld in the | Simjla¥,to intergranular type attack, | ASM
base metal of a nonstabilized stainless steel (e.g, 304 [, but localized close to weldments Handbook
stainless steel). because temperature from welding Vol. 11,
putslocal region in sensitizing range. Failure
Analysis
and
Preventi¢n
Weld njetal crater A crack in the crater of a weld bead. The crater, in arc ASM
cracking welding, is a depression at the termination of a weld Handbook
bead or in the molten weld bead. Vol. 6,
Welding,
Brazing,
and
Soldering
Weld njetal fusion | A crack at the interface between the weld metal and the ASM
line dracking area of base metalmelted (fusion line) from welding. Handbook
Vol. 6,
Welding,
Brazing,
and
Soldering
Weld njetal Cracking parallel to or along a weld. ASM
longifudinal Handbook
cracking Vol. 6,
Welding,
Brazing,
and
Soldermg
Weld metal root A crack in the root of a weld. The root is defined as the ASM
cracking points, as shown in cross section, at which the back of Handbook
the weld intersects the base metal surfaces. Vol. 6,
Welding,
Brazing,
and
Soldering
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Weld metal toe
cracking

A crack in the base metal occurring at the toe of a weld,
which is the junction between the face of a weld and the
base metal.

ASM
Handbook
Vol. 6,
Welding,
Brazing,

and|
Soldering

Weld metal
fransverse
cracking

Cracking across (perpendicular to) a weld.

ASM
Harnldbook
Vol|6,
Welding,
Brating,
and
Soldering

Weld metal
lLinderbead
cracking

Cold cracks that are most frequently encountered when
welding a hardenable base metal. Excessive joint
restraint and the presence of hydrogen are
contributing causes.

ASM
Harnldbook
Vol]6,
Welding,
Brating,
and
Soldering
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