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ABSTRACT

Inservice inspection can play a significant role in minimizing equipment and structural
failures. For many industrial applications, requirements for inservico inspection are
based upon prior experience or engineering judgment, or are nonexistent. Most re-
quirements or guidelines for these inspections are based on enginocrs' qualitative judg-
ment, and only impilcitly take into account the probability of failure of a component
under its operation and loading conditions, and the consequence of such failure, if it oc-
curs. This document reconunends appropriato methods for establishing a risk based in-
spection program for any facility or structural system. The process involves four major
steps: defining the system; performing a qualitative risk assessment; using this to do a
quantitative risk analysis; and developing an inspection program for components and
structural elements using probabilistic engineering methods.

Included: extensive bibliography
Companion document will detail specific risk based techniques for the inspection of
components of LWit nuclear power plants, applying methodology set out in Volume 1.
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EXECUTIVE SUMMARY
- - - . - -

. ...

$

1.t multi-disciplinary research effort, risk-based processes and methods for
e . pection guidelinas for facilities or structural systems are recom -nded
w> s

! -based inspection process is recommended to rank or classuy sys-
% or elements for inspection and to develop the strategy (i.e., the, , #

- d, and sample sizes; to perform the inspection. This process in-

(a) of the system;
(b) a .. # risk assessment;

'

(c) a ct;.u.t. se risk analysis that includes an enhanced failure modes, effects, and
criticz.12 y anr.g, ,is (FMECA);

(d)D e development of the inspection program for components and structural ele-
i eing decision risk-analysis methods.: e: s

This multi-disciplinary, top-down approach starts at the system level before focusing
ths inspection program at the component or structural element level. According to
tw recommended strategy, the results of the inspection should be continuoufy used
to "pdate the state-of-kr.owledge throughout the four parts of the approach so that
a living procesa is achieved.

A key step in defining a system for inspection is the assembly of information that
is needed for the risk-base approach. In particular, the interviewing of key person-
nel, who are knowledg3 o e f agre.dation mechanisms or errors that may not be 3

docurr.ented is vital to ths pm s.

The qual.tative risk assessment captures fundam ntal expert judgment and expe-
rience in prior:tizing syste as, components, or elements for inspection. A key element
of this assessment is to Coroughly define failure modes and causes, including de-
sign, oparational, and maintenance errors and a host of potential degradation mech-
anisms.

The FMECA capturc.s the information from the qualitative risk assessment and as-
signs probabilities of failure and consegiences for ezh component or element that
is eligible for inspection. Once again, the elicitation of expert opinion from knowl-
edgable parsonnel is a valuable source of inf]rmation. The probability of failure for
each element is multiplied by its respective consequence in order to obtain risk. This
process can be performed using single point estimates, or uncertainties in the prob-
ability and consequenco values can be treated with interval estimates by defining
lower and upper estimates for these values. Various plots are suggested to perform
the risk-based ranking of components or elements, which can then be grouped or
categorized to facilitate the estc.b!ichment of the inspection program.

A three-step process is recommended to develop the inspection program for each
group or category of components or elements. The process consists of:

(a) choosing candidate inspection strategies;
(b)E Geeting an inspection strategy and performing the inspection;
(c) deciding on appropriate action based on the inspection results and then updat-

ing the s ate-of-knowledge.

xi
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Decision analysis logic le recommended in order to understand the approach. Struc-
tural reliability and risk assessment (SRRA') models are recommended to be exercised
to determine the effect of inspection reliability, potential degradation mechanisms,
and potentialloadings on the probability of failure of the component. Inspections in j
themselves do not affect the a.tual failure probability of the component. Rather, in-

_

spection data provides a means of building up conndence in the level of safety of the
component being inspected,

A methodology for determining this effect is offered. The SRRA models should also
be exercised to evaluate corrective actions, relative to timing, potential for success,
and potential for damage to be introduced,11 significant findings occur. Regardlecs
of what path is followed, these results are used to update the FMECA and the in.
spectica strategy, and for some cases, redefinition of the system may be required.

A partial list of available software tools for performing parts of the risk-based in-
spection process is provided. Ilowever, it takes many tools to perform the entire proo-
ess, and tools will have to be developed to meet this need, including those to advance
the integration of cost-benefit analysis techniques with engineering risk analysis
methods for optimization of inspection programs. To support this development work,
further research needs to be performed for applications of interest to the engineeringe

community using the recommended risk based inspection process. Further efforts
are being performed first for nuclear power plant applications, which will be reported
in Volume 2, Applications to other industries, such as fossil fuel fired power plant
and petroleum refinery processing and storage components, are also expected to oc.
cur in order that_ appropriate tools are developed to meet the needs of these indus-
tries.

The primary benefit of the risk-based inspection approach is the focusin., of in-
spection efforts on systems and components associated with the highest risk. Addi-
tional significant benefits are the insights gained in working through these
processes, and the enhancement in communications among the many disciplines that
are involved to help maintain an adequate level of safety within the affected indus-
tries and society in general.

,
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FOREWORD

In 1985, the A merican Society of Mechanical Engineers formed a Risk Analysis
Task Force, chaired by Dr. Alan Moghisst under the d4ection of the Council on En-
gineering, in response to a need to initiate the use of risk-based methods in the for-
mulation of policies, codes, and standards. At the suggestion of that task force, the
ASME Codes ana Standards Research Planning Committee of the ASME Center for
Research and Technology Development recommended that a research program be
initiated to deter. tine how risk-based methods could be used to establish inspection
requirements and guidelines for systems and components of interest to the engl.
-eering community. The committee initiated the project out of recognition that re-
cent catastrophic structural failures, occurring across many industries, highlight the
need for society to relate risk more explicitly with inspection programs, particularly
as most industrics are forced into life-extension practices because of current eco-
nomic conditions.

The task force of recognized experts with the requisite background and experience
from a broad range of industries and applicatior ; vas formed during 1986 and 1987.
This group provided a means for a cooperativi- tulti-disciplinary research effort to
be performed that would have governmr. , university, ar.d industry participation.
The task force also provided an indepenant framework for developing and recom-
n,ending appropriate methods to other research programs and to codes and stan-
dards organizations of ASME and other engineering organizatiot n.

Direct financial sponsorship began with a U.S. Nuclear Regulatory Commission re-
search grant in late 1988 and was followed by seed money from the ASME Council
on Codes and Standards and the National Board of Doiler and Pressure Vessel In-
spectors in 1989. Indirect financial sponsorshh has been provided by the respective
organizations of each task force member since their efforts are only partially sup-
ported. Additional direct sponsorsh.g was obtained in early 1990 from the Pressure
Vessel Pescarch Committee - Welding Research Cc ncil, the American Nuclear In-
surers, Industrial Risk Inaurers, The Hartford Steam Doller Inspection and Insurance
Company, and the American Petroleum Institute to support the long-term needs of
the prugram.

The research task force has been meeting four times annually since late 1988. The
group has sought knowledge from several sources: ongoing research within the re-
spective organizations of each task force member (e.g., the inspection reliability pro-
gram for nuclear power components at the Dattelle Pacific Northwest Laboratory);
information from other domestic and foreign research programs (e.g., an advanced
risk-barsd inspection strategy, championed by Vic Chapman of Rolls-Royce and As-
sociates Limited, that has been implemented in the United Kingdom Nuclear Sub-
macine ? - Tram); experience from working with code committees that are developing
new inspo., tion requirements (e.g., ASME Section XI Subgroup on Core Supports and
Inter.nals Structures); and related technical literature. The applications that have
been explored range from inspection of power plant components to aircraft and ma-
rine ship hull structures.
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This general document, Volume 1. describes and recommends appropriate proo- '

esses and methods using risk-based information to establish inspection guidelines
for facilities or structural systems. This general document is to be used in conjunc-
tion with supplemental volumes that apply to specific types of systems and which are
currently under preparation for several applicatbus. All of these documents may be ,

employed by users in the development and implementation of their inspection pro-
grams. These guidelines may be used by code groups to prepare new or revised codes
and standards. HowcVer, further results from pilot applications may be required to

_

'

provide the technical basis for actual codes and standards changes.
'

;

It is hoped by everyone involved with the research project that code committees
and other engineering organizations find this work to be useful in the development
of inspection guidelines or requirements and in their own research efforts. Addition-
ally, we hope that the suggested processes enhance communication among the many ,

disciplines that are involved in developing and performing inspection programs for
structural systems.

,

..

Kenneth R. Lalkey
Cl> airman, ASME Research Task Force on

Risk Based Inspection Guidelines
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INTRODUCTION 1
i

1,1 O BACKOROUND

Inservice inspections (ISI) can play a signincant role in preventing equipment and
structural failures. All aspects of inspectior.s, i.e., objectives, method, timing, and
acceptance criteria, can affect the likelihood of component failure. Ilowever, for many
pressure-boundary components or others that are subjected to various service con-
ditions in the nuclear power, focsil fuel-Dred power, and petroleum and chemical
processing industries, as well as others, inservice inspection requirements are either
based upon prior experience and engineering judginent or f,re nonexistent. Most in-
service inspection r(quirements or guidelines are established with only an implicit
consideration of risk-based information and analysis (i.e., the probabilitt of failuro
for the plant-specino material, operation, and loading conditions, and of the conse-
quence if component failure occurred).

Qualitative'and que-titative approaches can be used for dealing with tl.e mncepts
of hazard ard risk. In the terminology of these approaches, risk is the measure of
the potential for harm or loss (i.e., hazard) that reflects both the likelikhood (e.g.,
frequency) and severity of an adverse effect to health, prop' rty, or environment.e

Much development work has focused on ymbabilistic risk assessment (PRA), which
is an evolving technique for scientincally evaluating the probability and the impact
of an adverse effect.This impact may be in the form of shock wave propagation, ther-
mal loading, health effects, and/or environmental damago. The probability of an ad-
verse effect is generally determined using " logic" trees (e.g., fault tree analysis) and
branching decision networks (e.g., event tree analysis). PRA methodology has been
primarily applied to the evaluation or facility-wide, or macroscopic, assessments as
compared to the assessment of individual components of a system, or microscopic,
assessment. The main benent of PRAs has been to identify design or procedural
changes to avoid safety hazards and prevent losses.

PRA technology, which has been used quite er.tensively in the nuclear industry
following the U.S. Nuclear Regulatory Commission (NRC) Reactor Safety Study
(WASH-1400) (1975), has been successfully applied in several other industries, as dis-
cussed by Moghissi, et al., in Mechanical Engirjeering (1984).

During the past ten years, pobabilistic structural mechanics (PSM) is another
technique that has emerged as a tool for asscssing the structural risk and reliability
of components and structures in many industries. One promising application of PSM
methods is the establishment of nondestructive examination criteria. In contrast to
PRA, PSM relates to the microscopic assessment of components to address the me-
chanistic uncertainties, such as those of stress, load, and material properties. (See
Balkg Meyer, and Witt in Mechanical Engineering (1080) for further discussion of
PSM.] PRt. and PSM methods ere interrelated and may be used most advantageously
in combination.

EDTTORIAL NOT*: Definitions are provided in Section 3 of thte document for terms or words shown in
italles that appear for the nrat time in the text.

1
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ASME has recognh ed the need for risk-based methods in the formulation of poll-
cies, codes, and standirds. In 1985, under the direction of the Council on Engineer-
ing, a Risk Analysis Taik Force, headed by Dr. Alan Moghissi, was formed by the
Society to provide recommendations on how this need could be met. Recent cata-
stropMo structural failures, such as pipe ruptures in fossil fuel-fired generating sta-
tica, ta'1k failures in the processing industry, collapsing bridges, and the breakup
of major aircraft components, highlight the need far the Society to relate risk more
explicitly with inspection programs.

At the suggestion of the Risk Analysis Task Force, the ASME Codes and Standards
Research Planning Committee (CSRPC) recommended in 1986 that a research pro-
gram be initiated to determine how risk-based methods, such as PRA and PSM, could
be used to develop inspection requirements and guidelines for systems and compo-
nents of interest to the engineering community. During 1987, Mr. Kenneth Balkey,
working with the ASME Center for Research and Technology Development and i

CSRPC, Fuggested a research program to meet this goal. The program was approved
by the ABaiE Board on Research and Technology Development ud the ASME Council
on Codes and Standards in the fall of 1987. The Research Task Force members jointly
developed a work plan in early 1988 that was put in place in late 1988 upon receipt
of financial support from the project's first sponsor, the U.S. NRC.

Facility life extension is taking a greater importance in all industries due to the
current economic climate. Since inservice inspections can play a significant role in
preventing equipment and structural failures. they can also play a major role as part
of residual life or 11% tension assessments. For example, an ASME Code Section XI
Working Group has tmen formed to define Code changes that may have to be made
to accommodate nuclear power plant life extension using traditional deterministic
analysis me*5ods. However, research by the NRC and others has made extens''e use
of risk-based methods to addrec.' bues related to plant Lging and life extension.
Although both life extension estions and the research program go beyond tra-
ditional ASME codes and standards applications relative to construction materials
and techniques, ASME is becoming increasingly involved in this work.

Finally, other engineering societies and organizations in other countries have work
underway to apply risk-based methods in the defelopment of codes and standards for
the inspection of bridges, offshore platforms, and aircraft. The research program
makes as much use as possible of this work.

o

1.2 O OBJECTIVES AND SCOPE

The fundamental objective otthis ASME research program is to determine appro-
L priate risk-based methods for developing inspection guidelines. Furthermore, in cer-

tain areas, tbese methods will be used to define risk-based inspection programs for
recommendation to ASME and other codes and standards bodies. These methods
should be applicable to all' areas where structural failures have the potential to result

L in loss or damage. These areas include systems and components in nuclear and fossil
! fuel-fired power stations, aircraft structures, civil engineering and marine struc-
|- tures, and many other industrial applications.

This research program is principally concerned with the structural integrity of sys-
tems and components or elements and not with operational requirements. Plants and
facilities are designed and constructed so that, in general, risk is dominated by fail-
ures of active, operational components. Structural component inspections are per-
formed to ensure that the risks from structural failures are maintained much lower
than risks from operational component failures. However, many of the principles of
the risk-based inspection processes could give insight to the analysis of operational
considerations as well.
2
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This general document, Volume 1, describes and recommends appropriate state of-
the-art processes and methods using risk-based information to develop inspection
guidelines for facilities or structural systems. These methods assist in the identifi-
cation of the need, swpe, objectlyes, timing, and acceptance criteria for inservice
inspection of systems and components designed and constructed to ASME or other
industry codes and standards. Additional supplemental volumes will provide guide-
lines for the application of risk-baned methods to specific areas of interest where
structural integrity failures may pose sigidficant risk.

Many of the concepts presented in this general document were hrst presented in
a paper entitled, "Probabilistically-Based Inspection Guidelines," by Dalkey, et al.
(1980), which was presented at the Risk Analysis Forum as part of the 1980 ASME
Winter Annual Meeting and served as a technical starting point for the project. The
paper provided a summary review of current inspection requirements for systems
and components in several industries and identified some of the risk-bssed methods
that are currently available for the development of guidelines for coa 6-effective in-
spections.

In accordance with the research plan, Appendix A of this document presents a re-
-- view that builds on the above-cited paper of current inspection .equirements and

related developments in the areas of nuclear power through industrial insurance ap-
plications. A comprehensive risk-based process has been developed for outlining the
scope of inspections for components in any given system. This process, outlined in
Section 2, uses an enhanced failure modes, elTects, and crlUcality analysis (FMECA)
methodology. The method for prioritizing components or system elements for in-
spection by combining the probability and consequences of component failure to cal-
culate associated risk is discussed. A deofsion analysis proceu for defining the

- timing and approach that should be used to perform the inspection of an important
component is also included in Section 2. Some needed definitions are given in Section
3. Some available software tools for developing a risk-based inspection program are
summarized in Section 4. Recommendations for application of these methods and for
further research work are given in Section 5. References to other reports and tech-
nical literature are given in Section 6, followed by additional appendicea that provide
more details on methodologies for further consideration.

This ASME research effort is thus using an interdisciplinary approach by inte-
grating technologies from a broad base of applications to identify risl<-based proc-
esses and methods for developing inspection guidelines that will benofit society in
general. Use of risk-based inspection methods for applications including nuclear and
lossil fuel-fired power plants, aircraft structures, civil engineering knd marine struc-
tures, and industrial insurance applications typify some of the technology that is

- being explored in the research effort. Examples are provided throughout this general
document.

1.3 El IMPLEMENTATION

This general document, Volume 1, recommends appropriate risk-based process and
methods for use in developing an inspection program for any facility or structural
system. This general document is used in conjunction with supplemental volumes

= which apply to specific types of systems. For example, an ASME Volume 2 - Part i
document,8 which recommends specific methods for light water reacter (LWR) nt.-
clear power plant components is currently being prepared.

' Expected to be published in early 1992.

3
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Future efforts that are planned for this project include the development _of addi-
tional volumes to recommend specific methods for fossil Atel-Cred power plants (Vol.
-ume 3); petroleum _ refining processing and storage . facilities (Volume _ 4);
noncommercial nuclear factittles (Volume 5) and other applications given the increas-
ing interest for use of this technology. A Volume 2 - Part 2 document is also being
planned to recommend a risk-based inspection program for LWR nuclear power
plants, includirig the tachnical basis,- for consideration by the appropriate groups of -
Section XI of the ASME Boiler and Pressure Vessel Code.

Figure 1 1 displays the organization and use of the reports for the research project.
All of the documents that are prepared in this research effort may be employed by
users in the development and implementation of their inspection programs. These
documents may also be'used by code groups to prepare new or revised codes and
standards. However, further results from pilot applications may be required to pro-
vide the technical basic for actual codes and standards changes.

i

_

L

!

L

,

I

I.

!

L
!

'4' -
,._

e -4 m , + .-.e-m ,.g. -n m.-.wew,m . ww>.



GENERAL PRINCIPLES

METHODS - TECHNIQUES

U

GENERAL GUIDELINES

VOL. 1 - GENERAL DOCUMENT

'
q

'
SPECIFIC GUIDELINES

VOL. 2 - LWR NUCLEAR POWER
PART 1 PLANTS

VOL. 3 - FOSSIL - FUEL POWER

VOL. 4 - PETROLEUh REFINING
PROCESS PLANTS

VOL. 5 - NON-COMMERCIAL
NUCLEAR FACILITIES

o
O

VOL. X

'
I

RECOMMENDED RISK-BASED
INSPECTION PROGRAMS FOR
CODES AND STANDARDS
CONSIDERATION
(ASME AND OTHERS)

VOL. 2 - LWR NUCLEAR
PART 2 POWER PLANTS

1r
-

L2VELOPMENT AND IMPLEMENTATION OF +

INSPECTION PROGRAM

FIG.1-1 OVERVEW OF ASME RESEARCH PROJECT ON
RISK BASED INSPECTION GUIDELINES

: 1

5

1



.- - . .. . - - . - .- - - - . -- --

i
,

OVERALL PROCESS FOR
RISK-BASED IMSPECTION $

2,1 O OVERVIEW

The development of a risk-based inspectio ; process should inch.de the prioritization
of systems, subsystems, components, or elements for inspection using risk measures,
and the definition of a strategy (i.e., the frequency, method, and' sample sizes) for
performing the e.ctual inspections. The prc, cess should also include logic for making
repair, replace, or do-nothing decisions following inspection, Finally, there should be
a strategy for updating the inspection plan for a given structural system, subsystem,,

component, or element using the results of the inspections that are performed,
The important features of a risk-based inspection process should include:

o the use of a multi-disciphnary top-down approach that ctarts at the system level
before focusing the inspection at the component or structural element level;

e the use of a "living" process that is flexible, strives for completeness, and can be
easily implemented in order to control risk;

e the use of quantitative risk measures;
* the use of offective and efficient analytical methods that provide results that are

readily reviewable and that are familiar to those involved in inservice inspc<: tion
technology.

Figure 21 outlines the overall risk-based inspection process based on the needs
defined above. The process is comprised of the following four parts:

* definition of the structural system that is being considered for inspection;
e use of a qualitative risk assessment that captures fundrmental expert judgment

and experience h. identifying failure modes, causes, and cont.equences for initial
rankirg of systems and components for inspection;

* application of quantitative r'sk analysis methods, primarily using an enhanced
FMECA and treating uncertainties, na necessary, to focus the inspection efforts
on systems and components associated with the highest calculate.1 risk;

* development of the inspection program for the components, using decision risk-
snalysis methoda, beginning with an inithd inspc.ction strategy and ending with j
an update of that strategy based on the findings from the inspection that is per-
formed.

Several feedback loops are shown to represent a living process for the definition of
the system, the ranking of components or structural elements, and the inspection
strategy for each component or element. A key objective is to develop a risk-based
inspecticn process that is fhrt established and th; n maintained up-to-date for the
facility of interest.

The see ne below provide information and examples for each part of the recom-
monded pri: cess.

7
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SYSTEM DEFIN! TION

o Define System Boundary _ '

and Success Criteria
o Assemble Information '

u j

QUALITATIVE RISK ASSESSMENT l

o Define Failure Modes
o- Define Feilure causes -

o Identify Consequences
o Rank Subsystems ;

o Rank Components / Elements

y

s' (1)FAILUREMODES, EFFECTS,5NDCRITICALITYANALYSIS
i
' .o Redefine Failure Modes
| o Redefine Failure Causes
t o Redefine Failure Consequences- '

| * o Assess Failure Probabilities'*

i; *o Assess Consequences
*o Risk Evaluation

i * o Risk-Based Ranking

QUANTITATIVE-
RISK'

ANALYSIS p
a

: (2) INSPECTION PROGRAM DEVELOPMENT
.I
I- **'o Choose. Candidate Inspection Strategies
8- '(Frequency | Methods, Sampling Procedures)

--o -Define Potential For Damage States;'

_| o Define Potential .For Inspection Damage.
o- - Define Reliability of Inspection Methods,
o Estimate-Effect of; Inspection on Failure Probabilities

** 0: Choose. Strategy ~and_ Perform Inspectionr
,

L
- ** o. Perform Sensitivity Studies.

p
' ** o Choose Appropriate Actionq

.

y Update State. of Knowledge-
,

' * With and Without Uncertainty
** Decisict. Risk Analysis-

,.

FIG. 21 - RISK BASED INSPECTION PROCESS
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2.2 O SYSTEM DEFINITION
2.t O Define system 130undary and success criteria

In order to develop an inspection strategy for any facility, the system must be defined
and bounded, and its functions must be identified. Degradation must also be consid-
cred, and criteria must be specified that ident' & the minimum level of performance
at which the system function is accomplished. The boundaries of the system are de-
termined based on the nature or type of the f:,cility, class of failures under consider-
ation, and the objectives of the analysis.

In a general engineering sense, a physical system can ba d "ined in the following
two ways, according to Blanchard and Fabrycky (1981):

(1) an assemblage or combination of elements or parts forming a complex or unitary
whole (e.g., a piping system); and

(2) an assemblage or set of correlated members (e.g., presnure vessels).
A system or subsystem can be described by its elements, wnich comprise the following:

* Components - the operating parts of a system which can be dem 4 bed by input,
proceso, and output variables.

* Attributes - the properties of the components and/or characteristics of the system
parameters.

,
o Relationships - the links between components and attributes.

The Institute of Electrical and Electronics Engineers (IEEE)(1984) defines electrical
and mechamcal systems in Nuclear Power Stations using all three of the above ele-
ments, i.e., on the basis of the System Function, System Description, Mode of Oper-
ation, Major Inicrfacing Systems, and Major Equipment included in the system.

Other entities characterize syatems using only one or two of the above system de-
,

scription elements. For example, jurisdictional authorities are interested in pressure ,

veasels, or Grefighting systems, or environmental protection systems, etc. One object,
or set of objects, may belong to one system or another deynding on the definition
and the scope of the system. Attributes of the same parameter may differ depending,

on the system definition. A nonpresnure vessd, for example, containing Pazardous
material doea not belong to the jur*.sdictionally defined system of pressure vessels and ,

needs no inspection from that point of view. Envimnmental consequences may cate-
gorize this vessel to a different uystem with completely different attributes.

System definition is, therefore, the first step in identifying what components shouhl
be inapected and what the purpose thoukt be of the inspection.

,

2.2.2 O Asumble Information4

A proper inspection program requires an adequate base of inn.,rmation. A major
benefit from application of a detailed risk-bated methodology is that the user is re-
quired to talk to the individuals who have ". ret-hand knowledge and dfrect access to
the information about the faci'ities, systems, and coniponents to be inspected. Table
2-1 lists activities that are associated with this information gathering effort. This
effort represents a large part of the risk-based planning process, and its successful
completto , requires the participation and support of a wide range of people from the
organizatwo responsible for 'he facility of concern.

The first step is to perform an inventory of the' relevant systems and components at
the facility This step has received considerable emphasis in recent discussions of
inspection planning according to Clevenger (1989) and Dana, Sharp, and Webb (1989).
For some facilities, such inventory lists may already exist, while in many cases, the
list may need to be constructed. The objective is to systematically des-ibe all the

0
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items ofinterest that may often be located at widely scattered sites within the overall
boundaries of the facility.

As a rule, field surveys are required both to complete the inventory process and to
verify data from available records. In so no cases where records are limited, the field
survey could be the primary source of f nformation used to develop the inventory of
systems and components.

The next step is to screen the inventcry list for those items with structural impli-
cations, such as components that girovido containment of high-energy fluid or hazard-
ous material. This screen will iden;ify the components of concerr from the standpoint
of this general document.

Once the inventory is completed, engineering records and documented operating 1

procedures must be collected with the usistance of personnel at the facility. This '

includes engineering records that document the design,01,arating history, inspection,
maintenance, repairs, and alterations. In some cases, results of prior risk studies (e.g.,
PRAs) may be available, and this information would also be most valuable in devel-
oping a risk-based inspection program.

Once a preliminary base ofinformation has been collected and assimilated, in-depth
interviews with cognizant personnel begin. These interviews selve to fill inevitable
gaps in the engineering documentation. This step identirles potential failure modes
and degradation mechanisms that could lead to structural integrity failures. Such
information is used to perform failure modes, effects, and criticality analyses. The
interview process also assists in making estimates of the consequences of structural
integrity failures.

The final step indicated in Table 2-1 is to compile information that describes the
experience at other sites with similar facilities. Structural integrity failures are gen-
erally rare events. Therefore, statistical estimates of failure probabilities require his-
torical experience covering many years of operation for a large population of systems
and components. This experience must additionally consider the potential for long-
term aging effects. Potentially useful sources of information include both published
literature on structural reliability, and statistical databases maintained by industry
groups and regulatory agencies. For a given system or cu.nponent, engineeringjudg.
ment must be exercised in the application of generic information on failure probabil-
itles, taking into account the operating history at the facility, age of the components,
and the operating and maintenance experience for the component being addressed.

While the assembly of information represents one of the initial steps in the devel-
opment of a rink-based inspection program, cfforts to obtain information continue
throughout the evaluation. Furthermore, once the inservice inspectiou is performed
on a periodic basis, it is important to update the inservice inspection plan using new
information. Such information comes from findings of the inspecticos as they are
performed, accumulated service experience, maintenance and repair activities, and
other sources such as industry databases and professional contacts.

2,3 0 QUALITATIVE RISK ASSESSMENT

2.3.1 O Introduction

The no::t step in developing riok-based inspection guidelines for a given system or
subsyctem of components is to develop r. inspection ranking model. Because of the
costs associated with performing inspections, a need e :Ists to focur inspection efforts
on systems and compor ents associated with the higheat risk.

10
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TABLE 21 1

STEPS FOR ASSEMBLY OF INFORMATION TO BE USED IN !
RISK BASED INSPECTION

o t.lst systems, subsystems, and components of potential concern.

* Obtain fluid system chamstry information, system environment, and system
arrangement (Isomettk) to revkw system rigidity.

e inventory components for the systems of interest at the facility,

identify thuso components for which structural integrity failures could havee

potential safety and/or eronomic consequences.

* Collect enginer.!"9 records (dasign data, risk studies, operating history,
inspection, maintenance, repairs, and alterations) and documentud
procedures,

e Conduct field surveys to verify enginecting records, est,tb;ish as-built
confi0uration, and look for oevlatiom/degradstion from design conditions.

* Interview cognizant personnel to compile nonrecorded information and
establish operational practices.

* Compile operation 61 and feliure experience at other sites and faci!! tics (from
literature, industry groups, professional contsets, regulatery agencies, etc.).

Most of the methods used for assessing risk of complex systems are based on a
combination of analytical (i.e., quantitative) and judgmental (i.e., qualitative) ap-
proaches. For certain objectives and systems, however, a quantitative risk analyds
can be too expensive, time consuming, or inconvenient. In such cases, a qualitative
assessment can be more appropriate, especially where insurncient data is available to
analytically assess the system. Its addition, qualitative methods can be used to perform
a pre-assessment of the system (i.e., betcre performing a detailed quantitative and
qualitative evaluation of the system). Engineeringjudgment and experience are con-
aldered to be the bases of the qualitative analysis of consequences and likelihoods of
failure. Therefore, the results are dependent on the background and expertise of the
analysts and the objectives of the analysis.

2.3.2 O Qualitative Analysts Ms thodology

The process of qualitative analysis is divided into five r..ain categories:
* (1) system identincation and description;

(2) identification of initiating failure events; -

(3) identification of consequences;
(4) qualitative estimation of risk levels considering both consequences and likell-

hoods of failure;
(5) ranking of subsysteras and components for inspection purposes.
The first three categories are considered to be parts of a learning loop. For these

categories, a qualitative flow chart can be constructed in order to model a system for '

the purpose of ranking its failure moces, components, and subsystems. The qualitative
flow chart can be of two types, bottom-up or top-down. General flow charts repre-
senting the two types are shown !n Figs. 2 2 and 2-3, respectively.

-
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In the bottom-up approach, failures of individual components we initially identified,
then the effects of these failures in certain sequences on the system, as a whole, are
assessed. In the topfown approach, identined gross losses of system functions are
decomposed to failure sequences of individual components of the system.. Depending
on the application, eitner approach or a combination of both may be appropriate.

Before performing the qualitative analysis, according to one of the two types of flow
charts, the system should be defined as previously described h Sectica 2.2. In the
case of the bottom-up type (i.e.. Fig. 2-2), the first step in the analysis to to establish
limits on consequonees (e.g., in terms of casualties and economic loss). These limits
depend on the objective of the analysis and any mnstraints imposed on the analyst.
The limits provide upper and lower bounds on the consequences. Then, all possible
initiating events that lead to def *d failure modes should be identified. The definition
of the inhiating events and failure modes is expected to be heavily based on available'

performance records of the system, and tho judgment of experts and personnel who
are intimately knowledgable of the system. The consequences of failure should be
qualitatively assessed and compared to the established limits, Desed on this analysis,
the system may require redennition and refinement through a learning loop. The
subaystems should then be aefined along with any redundancies. Sbnilarly, the com-
ponents within each subsystem should be denned. Any redundancies within the sub-
system based on 'he composition and interaction of its components should be
identified. The nnal task is to perform the qualitative-based ranking of the compo-
ments according to their failure modes and the qualitative-based ranking of the sub-
systems. An add.itional product of the process is a dannition of the failure modes of
the system, which is discussed later in this section in detail.

In the case of the top-down strategy (i.e.,- Fig,2-3), the nrst step in the analysis is
to idNtify all possible failure modes of the system under investigation. Then, subsya-
tems and redundancy in the subsystem level should be identified. For each subsystem,
the failure modes should be identified. Choosing a failure mode and denning the com-
ponents of that subsystem is the next step. For each component, the failure modes
should be denned. Selecting a component failure mode and defining its k.itiating
events and consequences can be used as criteria for ranking the failure modes of the
components. The susbsystems and the failure modes of the subsystems can be ranked
according to the likelihood of failure, consequences, or risk when consequence esti-
mates have been completed .or all subsystem failure modes. Figure 2-4 offers a sug-
gested presentation that has been adapted fro n approaches used by the U.S.
Environmental Protection Agency (EPA) (19S7) and oy Lercari (1089) for the State of
California Office of Emergency Services.

4:

2.3.3 [] Define Failure Modes and Causes

Before an inspection strategy can be established, it is first necesaary to identify the
potential modes and causes of failure for the structural components of concern. Fur-
thermore, one must relate failure modes to possible safety and/or economic conse-
quences. At this stage of the ev tluation, the foremost objective is to ensure that all
signincant failure modes and associated causes are addressed for later use in the risk-

12-
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1
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FIG. 2-3 TOP-DOWN OUALITATIVE ANALYSIS FOR INSPECTION RANKING
AND CONSEQUENCE DEFINITION

14

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ - - - - _ - - _ _ _ - _ _ - _ _ - - - - - _ _ _ _ _ _ _ _ _ _ _ _ . . - _ . _ _ - - .. _



---__ _ - _ _ _ _ _ _ _ _ - _ _ - _ - _ _ - _ _ _ _ _ _ _ _ - - .

d

5
E

u
$
$

-

5 E

. h $
a
$

!!! ! !! .!!
{!{ ;;;! 'j!{!!

! !!

[IIIlli}:ll
;

LOW MEDIUM HIGH

>
SEVERITY OF CONSEQUENCES

b ''' Combinations of Conclusions from Qualitative Analysis that
identify Situations of Highest Concern'

Combinations that Identify-Situations of Considerable Concern

" "$ ne which may Require Inspection for16%R1 C dib e Events

* Adapted from State of California's-Guidance for the, preparation of a Ri:k
Management and Prevention Program by Lercari (1989), which was modifieo f rom
EPA Technical Guidance for Hazards Analysis _(1987).

FIG. 2 4 QUALITATIVE RISK BASED RANKING MATRIX *

15- .. _ _ _

- _____ - _-_____ _



_ . _ _ _ _ _ ._ _ _ -. -

based process that will rank inspcotton priorities. On the other hand, judgment raust
be exercised to ensure that the evaluation is not unnecessarily diverted to consider-
ation oflarge numbers of failure scenarios with very low likelihoods of failure.

Exampics of simple structural failure modes that can lead to loss of structural in-
tegrity are:

e fracture
o excessive distortion !
e cracking- )
* thinning )

The consequences of such failure modos will be situation dependent. For example, a !

through-wall flaw that results in leakage of toxic or Dammable fluids could have severe
consequeneca. On the other hand, the consequences of this same 9tructural integrity
failure could be quite insignificant if a nenhazardous fluid is being contained.

Table 2 2 lists a number ofimportant failure causes that should te considered in an
assessment. Each of these can result in degradation of structural integrity. In the
qualitative risk assessment process, the most likely failure modes an 2 causes must be
identified based on experience and engineering judgment. The speciflo locations and
components within the system or cubsystem where the degradation mechanisms are
expected must also be identified.

In many cases, this selection process is influenced by considerations of uncertainty.
For crample, when the details of the design and conatruction are either undocumented
or suspect, or when there may be specific reasons to believe that components have
been operated at temperatures, loads, or pressures beyond their original design limits,
additional failure modes and causes may need to be considered. As a rule, the aelection
is based largely en general considerations of potential degradation from such causes
as corrosion, cycho stresses, wear, and high temperature creep.

Since structural ictegrity failures are rare events, historical data on actual failures
is likely to provide htt% guidance to identify the potential failures to be addressed by
the risk-based inspection program. Therefore, engineeringjudgment is needed to first
define the factors that can contribute to potential fallares, and then to identify those
factors that are of sufncient importance to warrant further consideration for the spe-
cific systems and components of concern.

2,3.4 0 Example

A generic example of how the qualitative risk-assessment process works, using the
top-down approach, is illrstrated by evaluating the failure of the hydraulio brake sys-
tem in an automobile. The hydraulic brake system can be divided into two main sub-
systems, front and rear brake subsystems. The subsystems in this case are redandant
such that in order for the automobile brake to fail, the two subsystems must fail
simultaneously. Each subsystem can be divided into several components. The com-
ponents can include the wheel cylinders, brake lining, master cylinder, connecting
lines, and brake fluid. The first component (the wheel cylinder) can be divided into
two subcomponents, i.e., left and right wheel cylinders. The failure of a subcomponent
can cause the failure of cylinder function. Failure modes can include insufficient brake
fluid, cut of the fluid lines, and seal failure in the master cylinder. Establishing con-

l sequences for each failure mode, component, and subsystem can be used as criteria
| for ranking them for insnection purposes.
; This example could also be evaluated using the bottom-up quantitative analysis
'

approach, but the process would begin with the definition of consequence of failure
for the hydraulic brake system.

16
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TABLE 2 2
EXAMPLE FAILUFIE CAUSES

Operation at loads and/or pressures exceeding design*
limits

Operation at temperatures over design limits*

* Operation at temperatures below brittle fracture limits

e improper design and fabrication

* Improper repairs and alterations

* Structural damage from maintenance

improper or deDraded supports for componentse

Structural damage from eMernalevents (impact, crushing,*

etc.)

* Excessive vibration

improper or degraded overpressure protectione

* Material or weld defects

* General corrosion

* Flow-assisted corrosion (crosion/ corrosion)
* Wear (excessive maintenance)

* Thermal fatigue cracking

* Vibrational fatigue cracking

Strest corrosion cracking*

* High-temperature creep

* Long-term embrittlement

* Loose or missing fasteners

17
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2,4 [] QUANTITATIVE RISK ANALYSIS

Quantitative risk-analysis methods are used to integrate the numerous engineering
disciplines to pri~itize emd develop programs for the inspection of components and
structural elements. Some of the engineering disciplines include nondsatructive ex-
amination, fracture mechanics analysis, probabilistic analysis, failure consequence
analysis, system and component design, and operation of facilities.

Risk based models are developed by expanding on the logic that is used in the qual.
itative risk-assessment process to quantify the direct and indirect consequences of
failure. Probabilities of ccmponent failure that are based on component material, po-
tential degradation mechardsms, and loading conditions are also factored into the
model. Information h om the design analysis and experience databases is also used in
the risk-based prioritization model. The overall model is then used to identify the most
important components or subcomponents for inspection using quantitative measures.
A quantitative methodology, which can be based upon safety and/or economic risk, is
then used to prioritize all the components or elements of interest. When the compo-
nents are prioritized, inspection models are applied to evaluate appropriate inspection
strategies for the components or structural elements of interest. Theso models are
used so evaluate the reliability of inspection techniquee and inspectors relative to
potential failure criteria, e.g., leaks or catastrophic rupture.

The overall approach is essentially comprised of two basic steps:
(1)the application of risk-analysis methods to prioritize components for inspection;

and
(2)the application of decision risk-analysis models to evaluate the appropriate fre-

quency, methods, and acceptance criteria for developing inspection programs. '

Section 2.5 discusses enhanced falhare modes, effects, and criticality analysis (FMECA)
model that has been altered to deveiop component inspectica priorities. Decision anal-
ysis models for developing inspection programs are discussed in Section 2.0.
- The FMECA model has been expanded beyond traditional FMECA models used for

evalaating system effects from operational component failures. This enhanced FMECA
methodology illustrates in a straightforward way how risk is used to prioritize com-
ponents for structural inspection. Rather than using qualitatitve values or weighting
factors that are applied in traditional FMECA models, numerical failure probabilities
and consequences are assigned in this enhanced method. Approaches for treating
uncertainty in the assigned vahics are also offered.

Strictly speaking, the FMECA approach is only appropriate where single failures
are linked directly to specific consequences. Where combinations of independent fall-
ures are required to cause the undesirable consequences, this method must be en-
hanced or replaced by more sophisticated analysis methods. In that case, the
probability of component failure must be combined with the probabilities of other
failures to determine the probability vf achieving the consequences.

Thua, where safety aystems exist to respond to component fe.ilures, and in particular
wh 3re independent, redundant systems exist, fault trees may be used to quantify prob-
abilities. Where time-sequencing of events must be considered, i.e., accident sequence,
event trees may be used (often in combination with fault trees) in probability deter-
minations. Both of these techniques are used in probabilistic risk assessments (PRA),

; which are extensively used in the nuclear industry for making probability determi-
| -nations where these complications exist.
' Where PRA mformation exists, more sophisticated measures of rinkimportance may

be used to prioritize component inspections, as is discussed in Section 2.6.2. Never-
| theless, the FMECA model is appropriate for use in less complicated situations, and
I it is particularly appropriate for the purposes of this document - to provide a straight-

forward illustration of how risk can be used to prioritize components for inspection.
-
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2,5 O FAILURE MODES, EFFECTS, AND CRITICALITY ANALYSIS
METHODOLOGY

2.5.1 O FMECA Information Sources

The FMECA methodology provides an efncient way to integrate the information that
is required to perform a cisk-based prioritization. Figure 2-5 depicts how several
sources of information are used to construct the FMECA model. The following para-
graphs summarize each of these inputs.

Design Information. Design information is used to identify the subsystems and
components within a given structural system. This information is pertinent to denning
functional requirements and expected loadings for components and structures. In-
sights can be obtained as to dennition of the potential failure modes and causes from
this data. For instance, locations in piping systums that are susceptible to fatigue or
erosion can be determined by noting thoso locations where frequent thermal tran-
sients or high flow rates occur, respectively.

Operating Experience Databasos. An excellent source for determining single and
multiple failure modes and failure causes for some componento .md structures is op-
erating experience dsta. [For example, Bush (1988) provides useful data on pressure
vessel and piping failures.] For many components and structures, however, a dearth
of data exists on actual service-induced failures. Engineering analysis should be used
to extrapolate data'so failure probabilities for these components can be assigned,
particularly when estimating long service times, as needed in life-extension evalua-
tions. Inferences can be drawn from these sources to denne general trends.

Expert Opinion. Elicitation of expert opinion of the personnel who have nrst hand
Deld experience from operating and maintaining the facility of interest is another
valuable source. These persons usually know of failures, malfunctions, degradation,
and human ermrs that tre not documented, but are important to the failuro probability
estimation. Winterfeldt and Edwards (1980) provide general methods for eliciting ex-
port opinion or judgment. If expert opinion is being sought in order to encode prob-
abilities for analytical purposes, methods such as those presented by Spetzler and Von

- Holstein (1975) must be applied. Many pitfalls exist when eliciting expert opinion for
analytical purposes. Mosleh, Dier, and Apostolakis (1988) highlight some of those
concerns in their review of current practice for use of expert opinion in probabilistic
risk assessment. Use of a well-documented systematic process that is facilitated by
experienced practitioners to obtain this valuable source ofinformation avoids wasting
time and resources.

Potential Degradation Mechanisms. Studies of potential degradation mechanisms
can help to denne potential failure modes and causes, which were previously discussed
in Section 2.3. Such studies have been performed in support of life-extension efforts
and can provide useful insights into predicting failures that have not yet occurred in
operation. Once agd the knowledge of personnel with field experience can onen be
used to identify undocuuented degradation mechanisms.

Prior Inspection Results. Review of prior inspection results further supplements
the above information when attempting to define the potential for component failure.
The experience range, from finding nothing to having to repair or replace the com-
ponent ofinterest because of significant Daw indications, should be taken into account.
Flaw indications exceeding acceptance standards that have been found in comparable
components may usefully supplement these results. Given the void in databases for
most components and structures, this source of data can have a signincant influence
in assigning probabilities of failure for the components or elements of interest.
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SRRA Results. Prior structural reliability and risk assessment (SRRA) methada can
he used to integrate the above information wnen predicting the probability of failure
for a given component, particularly where a dearth of failure da'.a exists. Thcse moth-
ods address the uncertainties associated with naws, material properties, and loadings.
They can also be combirnd with traditional probabilistic risk assessment (PRA) results
that denne the frequency of loading over.ts on components and structures. SRRA
results have been generated for a number of components over the past decade and can
be of use in assigning failure probabilities. On Section 2.0 this technology is further
discussed in detail, relative to the development of inspection strategies for compo-
nents.)

PRA and Reliability Analysis Results, available PRA consequence and reliability /
availability systems analysis can assist in determining effects of component failures
for the consequence portion of the FMECA. PRA evaluations provide useful data rel-
ative to safety consequences, such as the potential for damage and undesirable re-
leases. Sys* ems reliability analyses provide useful information regarding unplanned
shutdowns as a result of failures, particular2y those that may result in extended facility
shutdown with minimal safety consequences. These tools provide a good source for j
the FMECA; however, onu should include uncertainty n the results since these anal-
ysis methods do not currently include time-related degradation.

2.5.2 O Estimation of Failure Probabilities (Prob)*
To estimate failure probabilities for the components or elements of interest for the

FMECA, approprir.te failure data must be used in combination with available SRRA
and/or PRA results. For most applications, however, this information does not exist
and the estimation has to be made by engineering judgment using the other sources
discussed above.

One of the challenges with estimating failure probabilitics is converting statements
in the spoken word to actual probabilities. For example, suppose that a facility, which
has a lifetime measured in tens of years and where a particular event may be expected
to occur during the lifetime of the facility, then what probability rate (i.e., frequency)
would be applied to that event? Or suppose that another event is rarely expected, but
could not be ruled out completely, then what probability rate s.ould be applied to this
event? Table 2-3 gives some definitions that have been generally agreed to be equiv-
alent to these types of staterrents. This table can help in thooe situations where the
data is scarce or nonexistent and is relied upon to make judgments using these types
of statements. However, undertaking these translations from the spoken word c,f an
expert to a probability value is a procesa with pitfalls and should be approached most
carefully, as previously discussed in the elicitation of expert opinion in Section 2.5.1.

The probabilities provided in Table 2-3 are presented on a per-year basis and are
applicable to components whose lifetimes are measured in tens of years. These num-
bers must be adjusted for short-lived components, such as rockri engines whose life-
times are measurt d in minutes. Another consideration when t oting probabilities is

i

that some situations call for a per-demand basis. This would apply to a component,
such as a fire pump, that is seldom in use, but which becomes very important when
the situation calling for its use arises.

* AbbreviaGon used u FMECA output.
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TABLE 2 3
DEFINITION OF FAILURE PROBABILITY ESTIMATES (PROB) FOR

COMPONENTS WITH LIFETIMES IN TENS OF YEARS

Failure
Probability

Definition (per year)

An off normalinitiating event which individually may be expected 10~'
to occur more than once during the lifetime of the component.

An off.normalinitiating event which inoividually may be expected 10-8 l
to occur once during the lifetime of the component. |

|An off. normal initiating event which individually is not expected 10-d |
to occur during the imponent lifetime; (however, when
integrated over all system components, an event in this category
has the credibility of happen!ng once).

An off normalinitiating event of such low probability that an event 10''
in this category is rarely expected to occur.

An off normal initiating event of such extremely low probability 10''
that en event in this category is considered to be incredible.

2.5.3 O Conse.quence Estimation

The consequence portion of the FMECA should be represented by both safety and
economic consequences given component failure. Emironmental consequences can be
included in either of these categories, or perhaps addressed separately. Safety effects
should consider direct as well as indirect consequences since these effects are gen-
erally not considered in PRA evaluations from a structural integrity point of view.
Otherwise, available PRA and systems availability analysis results are the best source
for the assignment of the consequence estimate. No generally accepted method exists
for ccmbining safety and economic consequences to perform a risk based ranldng or
prioritization for inspection. Therefore, it is reconunended that they be considered
separately as appropriate to the application of interest.

Safety. For the general methodology, the safety consequence should be defined in
terms of the potential for adverse effects (e.g., the number of casualties, both on-site
and off site, that would be expected to occur given the failuro of the component or
element of interest, particularly for a significant release). Safety consequences can be
defined for specific applications, e.g., core damage for nuclear power plants or size of
toxic release clouds for process facilities, but these will be specified in later volumes,

L - for the application 'of interest. The safety consequences can sometimes be obtained
I from PBA consequence evaluations, such as dispersion analysis and release conse-
| quence analysis. Once again, however, this data is generally not readily available.
! Therefore, the safety consequence estimate is made based on engineering judgment

for most cases.

E.sonomic Loss. The consequence of economic loss will have to be estimated, but
! experience usually exists from other related failures that can be drawn upon for the

estimation, even for very serious accidents. Economic loss entails the repair or re.
placement of the component or element that has failed, the repair or replacement of
other equipment that was affected by the failure, the loss of availability of the overall

22
,

_ - ~ .



_,

_ _ _ _ _

|
l

I
i

| |

TABLE 2-4
EXAMPLE VALUES FOR ECONOMIC LOSS CONSEQUENCES

Estimated Economic
Definition Loss,8

Feilure causes significant potential off site and facility or 10'
system failute costs and potential for significant
litigation

Failure causes indefinite shutdown, significant facility or 10'
system failure costs, and potential for litigation

Failure causes extended unscheduled loss of facility or 10' >

system and significant component failure costs

Repair can be deferred until scheduled shutdown, some 10'
~ component failuro costs will occur

insignificant effect on operation 10*

system or facility, business interruption, and in some caces, damage to the public or
environment. Some suggested economic loss values, which can be renned using expert
opinion for the application of interest, are presented in Table 2-4.

A more universal way can be established to quantify the consequences of property
damage using a units-of-damage measure renecting well-donned components of a sys-
tem and renecting parameters that modify the cost of such consequences. Among these
paramaters one can include the following:

(1) transportation;
(2) installation, including special technology methods and resources needed;
(3)mndincstion oflinked components of the system because of new technology ad-

vancempt of the object being replaced;
(4) cost of expediting the repair or replacement;
(5) business interruption; and
(6) legal and jurisdictional expenses.

The basis of the evaluation of the tratal cost could be the direct replacement cost of
the system (vendors price lis" 3quated to 100 units. Any partial damage of the system
would be linked to a cost of a number of units (less than 100) modined with the number
of units renecting the above parameters applicable in the site-specinc case. Total dam-
age would renect a cost of at least 100 units.

The advantage of this method is the independence of damage cost prediction from
currency changes (innation, exchange rates for foreign-made equipment, etc.) and
technological advancements such as new processes or new equipment. The disadvan-
tage is the need for normalization of the damage units if the cost of the damage is the

,

basis for comparison and ranking of systema.-

2.5.4 O ltisk Evaluation
As previously shown in Fig. 2-5, the risk of failure is obtained by multiplying the

. probability of failure by the consequence of that failure for aach component oc struc-
tural elerrent ofinterest. To perform the prioritization for inspection, each component
or element can be ranked from highest to lowest according to its safety or economic
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risk._ A useful way to evaluate the risk of failure, however, is to develop risk plots in
addition to just preparing a tabulated ranking of the risk.

The probability and consequence of failure for each component or element in a given
system are plctted on a log-log risk plot using single point estimates. One plot is
made for safety risk and another for economic risk, depending on the interest of the
user. Ranking can be done via lines of constant probability of failure (Fig. 2-Oa), lines
of coastant consequence (Fig. 2-Ob), or lines of constant risk (Fig. 2-Oc). Generalized
contours can also be drawn to place emphasis on failure probability or consequence
when ranking or grouping components (Fig. 2-Od), Special cases of the generalized
plots can be generated such as for insurance evaluations (Fig. 2-Oe). Typically, in-
spection of components or elements associated with hrge consequence are performed
to verify that some unknown degradation mechanism is not taking place.

Groupings are used to classify or rank components. For example, all the components |
or elements in Category "A" may receive full examination at a frequent inspection '

interval using the best inspection methods available. SRRA models may also be de-
veloped for these elements in order to denne the optimum inspection strategy and to
assure correct categorization. (This is discussed in more detail in the next section.)
In Category "B," samples may be uscri for the inspection, but the frequency and meth-
ods of inspection may be similar to those in Category "A." Finally, in Category "C,"
only visual inspections may be performed on a routine basis to ensure that major |
degradation or minor failure (e.g., small leaks or bulging) is not taking place. <

This document does not denne " acceptable risk" levels since it is up to the user of
this technology (i.e., the owner, vendor, regulatory body, insurer, etc.) to define those
risk levels for the application ofinterest.

Figures 2-Oa through 2-oe use single point estimates to evaluate risk. In discussing
the input to the FMECA, significant uncertainty can exist, however, within the prob-
abilities and consequences of failure as previously mentioned. The quantitative risk
analysis may be carried to a higher level by treating uncertainties, as is discussed and
exemplifled next.

2.5.5 O Treatment of Uncertainties |

The main motivation behind the evaluation of safety and risk in engineering is to
deal with uncertainties for the purpose of risk assessment and risk control. Therefore,
a comprehensive and complete treatment of uncertainties in engineering systems is
needed in order to obtain realistic estimates of risk. Generally, uncertainties concern-
ing engineering systems are commonly attributed to:

(1) physical ranchmness in system parameters;
,

(2) statistical uncertainty due to the use oflimited information to estimate the char-
acteristics of these parameters;

(3)model uncertainties that are due to simplifying assumptions in our analytical |

and prediction models, simplified methods, and idealized representations of reality; I

(4) vagueness in the definition of certain parameters, e.g., system performance (fail- |
ure or survival), quality, deterioration, skill and experience of operators and engi- |

= neers; and

(5) ambiguity and vagueness in denning the relationships between the parameters
of the problems, especially for complex systems.

Figures 2-Ta through 2 7e are replots vf the data in Figs. 2-ca through 2-Oe, taking
uncertainty into account using interval estimates on the probability of failure and the

; consequence. That is, the probability and consequence data is represented by rectan-
, gles rather than single points to display the risk and inherent uncertainty of each
j element, Risk rankings can be established to prioritize components for inspection;
'

however, elements with large uncertainty (i.e., large or stretched rectangles) will be ;

;
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ranked higher than in the grouping based on single point estimates. Elements, rep-
recented with rectangles, with risk estimates that fall at borderlines between groups |
can bo ranked in a group of higher inspection priority.

The next section discusses the methodology and provides examples using interval
estimates as a recommended way to quantify uncertainty if the user prefers to go
beyond the use of single point estimates for the risk-based inspection process. More
complex uncertainty measures are available in the literature.

Uncertainty measures discussed here are classified into the following three major '

caterogies:
,

(1)information measures based on crisp sets and probability theory;
(D) uncertainty and information measures based on fuzzy sets and possibility theory;

and
. (3) uncertainty measures within the framework of belief and plausibility measures,
!< i.e., the theory of evidence. *

In the first category, there are two principal measures of uncertainty: the Hartley_ '

measure, which is based solely on the classical set theory, and the Shannon entropy, -
L which is formulated in terms of probability theory. In the second category, there are

two principal measures of uncertainty: the U-uncertainty, which is a possibilistic coun-
terpart of Shannon entropy and, at_the same time, a generalization of the Hartley ,

measure, and the ' measure of fuzziness, which is based on fuzzy set theory. The third _;

category consists of dissonance and confusion measures that are based on the theory 1

of evidence. These uncertainty measures are summarized in Table 2-5 for information.
,

2.5.6.0 Risk Based Ranking Methodology

| Based on the criteria se't by the task force, a methodology for risk based ranking of _
components or elements for inspection is developed. The methodology is based on the
assessment of fMhtre modes, element failure probabilities, consequences, and the un.

| _ certainties associated with them. Single and multiple element failure modes are con-
sidered since, for some elements, several failure modes may exis' , Safety and economic

L consequences are included; As part of the uncertainty analysis, interval risk estimates
are considered for failure modes, elements, and systems.

Several additional examples are used to illustrate the suggested methodology for
._

: ranking failure modes, elements, and systems for-inspection purposes. 'I5vo ap-
proaches are considered in this analysis. They include; single point estimate of risk
and interval estimate of risk. The selection of the method depends on the application -
and the availability ofinformation.=

The objective of the analysis is to construct an inspection priority list. The priority
list is determined using safety and economic riska for all the failure modes, elements,
and subsystems of the eystem under investigation. Generally, for both single and- 4

multiple failure modes; the ranking is based on the severity potentini of safety and
. economic risks. In the case of tied rankings, the statistically appropriate approach for i

determining the ranking of the tied elements la to average the ranks of these elements.-
In this section, however, the ranking of tied elements is taken as the least rank among

- them. The next available rank is then taken as the least rank plus the number of tied
elements. This practice is commonly used in the development of ranks.

Single Point Estimate. In the single point estimate, values are assigned to the prob-
I.- abilities of failure of the modes and elements, and the magnitudes of safety and eco-

nomic consequences. The resulting estimates of risk are point values. The er.fety and
- economic risks are the products of the probabilities of failure and the corresponding
magnitudes of safety and economic consequence, respectively. Ranking of the safety
and economic risk estimates for the elements and systems are performed from highest
to lowestc
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TABLE 2-5
UNCERTAINTY MEASURES

,

A B C D E F G
1 Uncertainty measure Type of uncertainty Type of sets or event < Theory type CommerHs Uncertainty range Reference
2 A basic discrete measure.
3 . Hartley ambiguity crisp set A larger number of outcomes [0. ) Hartley [1928]
4 rneans larger uncertainty
5 set The doser the outcomes
6 Shannon Entropy ambiguity crisp and to an equal hklihood, the [0,=) Shannon [1948]
7 probability larger the uncertainty
a set Possibilistic counterpart
9 U uncertainty ambiguity crisp and to Shannon entropy and [0,=) Higashi and Khr [1983]
10 possibility generalization to Hartley
11 measure
12 vagueness set Measures the lack of Deluca and Termini t

13 Fuzziness measure , and fuzzy and distinction between a set [0,=) [1972,1974,1977]
'14 ambiguity fuzziness and its complement

15 confilct set Measures conflict of
16 Dissonance measure and crisp and endence using theory of [0,=) Yager [1983]
17 ambigulty evidence evidenc ,

18 confusion set Measures confuseon of
19 Confusion measure and crisp and evidence using theory of [0. ) Hohle [1981] i

20 ambigulty evidence evidenc

?
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Interval Estimate. An interval value is a range of numbers with lower and upper
limits that is assigned to como or all the parameters considered above to account for
the uncertainty in these parameters. For example,

1 = [a,b] (21) .

. is an interval value ranging from a lower limit (a) to an upper limit (b). The numbers
' in the interval, i.e., from a to b, can have olther a uniform or non-uniform likelihood
distribution as shown in Fig. 2 8. In this study, it is assumed that the numbers of an
interval have uniform likelihood distributions.

The operations of interval analysis can be used to determine uncertainty propaga+
tion in the analytical process. The safety and economic risks are the products of.the
interval probability of failure and the intervals of the magnituGes of safety and eco-
nomic consequence, respectively.

p - The algebraio operations on interval values are extenslons of operations on real
nutnbers as discussed by Moore (1906). For example, if

l = [a,b] (22)i

and

I, = [c,d] (2-3)

are two interval values where d > c and b > a, then the following operations are
defined:;

,

[a,b] x 0 = 0 (2-4)

. [a,b] + [c,d] = [a + c, b + dj -(2-5)

[a,b] - [c,d] = [a - d, b - c) (26) _

[a,b] x [c,d] = [ac,bd] (2-7)

[a.b]/[c,d] = [d,b] x [1/d 1/c) if 0 does not belong to [c,d] . (2 8)

The distribution shape of the resulting interval from any operation on two intervals
can vary from the original distribution shapes. The resulting shape depends on the
shapes and the magnitudes of the original intervals. For example, the addition of two
uniformly distributed intervals results in a non uniform interval. The distribution

_

types are not considered as part of the analysis in this study.
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In order to rank the safety or economic risk estimates where their magnitudes are
given by interval values, for example

l = [a,b] (2-9)i

and
I, = [c d] (2-10)

the following logic operations should be conducted;

IF d > b Ti!EN I, > l (2 11)i

IF d = b AND IF c > a TliEN I, > l (2 12)i

IF d = b AND c = a T11EN I, = l (2 13)i

Otherwise I < I. (2-14)

2.5.7 O Risk Based Ranking Examples

In this section, two simplified examples are discussed to illustrate the process of
risk-based ranking. The first example is based on elements with single failure modes.

-Both single point and interval estimation methods are used to illustrate the method-
ology. In the second example, multiple failure modes for elements are considered using
both estimation methods. The elements are assumed to be in series for both examples,
and the probability of more than one element failure is assumed to be negligible.

Prior to showing these numerical calculations, Table 2 6 illustrates the basis for the
failure probability and consequence estimates that are used in the FMECA of the
general structural system being evaluated in the two examples. The consequence es-
timates for the examples are based on the potential number of casualties and economic
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TABLE 2-6
FMECA RISK-BASED INSPECTION OF GENERAL STRUCTURAL SYSTEM ..

PROBA81LITY'

f SYSTEM . ELEMENT FAILURE MODES TAILtRE CAUSE OF FAtttAE FAltt*E EFFECTS CASUALTIES .DAMAT REMMtKS

- . - - .

1' |1 | Distortion that. . Excessive te v retures 1.00E-14 Localized damage, no. 0.00E+00 0.00E+00. sone

" teads to weakening - significan. dynanic effect on petic ora

lof redJndant member , event, e.g., large- operation

earthg;ake
2 - Fracture that Corrosion, mechanical 1.00E-14 Potentist threat to. -1.00E+C3 1.00E+03 mone

'results in leakage .' wear, poor welding 'dr. inking simply in

: of hazardous process' local area, minor .

material effeet on operations

-3 suckling that leads Erosion - significant 1.00E-14 majoe reteese of toxic ~1.00E+06 1.00E+06 ' Redundant an 6er
to total collapse of dynarnic event - material to population could be easily

' system within radius of 20 instetted to
,-

1 miles, toss of further prewmt the

facitity and. failure from ever

operations occurring-

4

.

.

h ' Fracture that Corrosion, mechanical 1.00E-02 no ef fect on phtic, 0.00E+00 0.00E @ Significant

results in minor wear, vibrational negligible effect on 'crecking has te

.tenkage fatigue-cracking frors operation , observed on

nearby pirp p evious
inspections of

similar systeaus

.

$
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loss or damage from the potential failures that are considered to obtain human and
economic risk, respectively. These consequence definitions are used only for the pur-
poses of illustration.

Example 1: Single Failure Modes
Single Point Estimate. Single point estimates for the probabilities of element fail.

.

uve, casualties, and damage are assumed as shown in Table 2 7, columns C, D, and E,|

respectively. Table 2 7 shows two sy3tems with nine elements each. The probabilities
of element failure are selected to range from 1.00E 14 to 1.00E-02. The magnitudes
of casualty are selected to range from 0 to 1 million in some units. The magnitudes of
damage are selected to range from 0 to 1 million in some units. The human risk
(column F), due to an element failure, is the product of the probability of element
failure (column C) and the magnitude of casualty (column D). The economic risk (ool-
umn G), due to an element failure, is the product of the probability of element failure
(column C) and the magnitude of damage (column E).

The probability of failure of the system is bounded by lower and upper limits. The
lower and upper limits correspond to statistically correlated (positive) and statistically
independent failure events of the element, respectively. The limits are based on the
assumption that the elements are in series. The limits for the probability of system
fauure can be determined as follows:

im9 (w9
Max P <P3 < 1 - v(1 ,P ,) (2 15)3

where

Pu = the probability of failuro of element i
Pn, = the probability of system failure |

The estimated probability of system failure can be assumud to be the geometric
,

average of the two system failure limits, where the geometric average of Y, Ys ..,Y,, -|
1s defined as the nth root of the pmduct of all Ps, i.e., !

geometric average = (Y Y ...P,)"' (2-16)i 3

|

The risk estimates for a system are determined as the summation of all the riska of -|,

'

its elements as shown in Table 2-7. The human risk values are shown in cella 15 F l

and 28-F for systems 1 and 2, respectively. The economic risk values are shown in. .j
cells 15-G and 28 G for systems 1 and 2, respectively. The elements and systems can
be ranked according to human and economic risks as shown in columns H and I,

| respectively, Fct system 1, the magnitude of casualties for each element is set equal
! to the damage magnitude in order to illustrate the effect ofinterval analysis as shown

in tha next section.

Interval Anaksis. In order to perform an interval analysis for Example 1, the
probabilities of mement failure, and the magnitudes of casualty and damage are ex-
pressed in the form of intervals as shown in Table 2-8. Table 2 8 is similiarly con-
structed to Table 2-7 El order to facilitate a comparison between the two solutions as
discussed In the next section. The resulting estimates of human and economic risk .

. are expressed in the form of intervals. The mathematical operations that are used for
this purpose are given by Eqs. 2-4 through 2-8.
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TABLE 2-8
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES j

u
*

'A D C | D | E F | G | H I:
1- System Element Probabi!ity of Failure Magnitude of Casualties Magnitude

;2 Lower Best Estimate Upper Lower Best Estimate Uoper Lower !

'3 1
<

-4 1 1.00E-18 1.00E-14 1.00E-10 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5 2 1.00E-16 1.00E-14 1.00E-08 1.00E+02 1.00E+ 03 1.00E+05 2.00E+02
6 3 1.00E-16 1.00E-14 1.00E-06 1.00E+03 1.00E+ 06 2.00E+06 5.00E+03
7 4 1.00E-09 1.00E-05 .1.00E-03 0.00E+00 1.00E+ 00 1.00E+ 02 0.00E+00 ;
8 5 1.00E-12 1.00E-05 1.00E-04 5.00E+02 1.00E+03 2.00E+ 03 5.00E+02
9- 6 1.00E-06 1.00E-05 1.00E-04 1.45 E+ 03 1.00E+06 1.50E+06 1.00E+05

;10 7 1.00E-09 1.00E-02 1.00E-01 0.00E+00 0.00E+00 0.00E+ 00 0.00E+00
i 11 .8 1.00E-05 1.00E-02 1.00E-02 1.00E+01 1.00E+ 03 2.00E+03 3.00E+02

12 9 1.00E-03 1.00E-02 1.00E-01 5.00E+02 1.00E+06 1.10E+06 1.00E+04
[13 Upper Umit 1.01 E-03 + 1.99E-01 : A :

-Ad[q [

>

14 Lower Umit ^ T.00E-03 ' $9*y 1.00E-01 Q" * % ' + - h'-~~ - i+ ' m +
15 Best Estimate 1.00 E-03 O- w 1.99E-01

^

: i: !*

16 2

|17 1 1.00 E-13 1.00E-10 1.00E-07 0.00E + 00 0.00E+ 00 0.00E+ 00 1.00E+00 -

18 2 1.00E-10 1.00E-07 1.00E-07 2.00E+00 1.00 E403 3.00E+03 5.00E+01 ;19 3 1.00E-10 - 1.00 E-0 8 1.00E-04 2.00E+02 1.00E+ 06 1.10 E+ 06 1.00E+03 t
20 4 1.00E210 1.00E-08 1.10E-07 0.00E+00 1.00E+00 1.00E+02 2.00E+01 |21 5 1.00E-08 1.00E-07 1.00E-04 9.00E+02 1.00E+ 03 1.20E +03 0.00E+ 00

{22 6 1.00E-04 1.00E-03 1.00E-02 1.00E+05 1.00Es 06 1.10E+06 0.00E +00
,

23 7 - 1.00 E-07 1.00E-06 1.00E-04 0.00E+00 0.00E+00 0.00E+00 1.00E+05
24 8 1.00 E-13 1.00E-08 1.00E-05 5.00E+02 1.00E+03 7.00E+03 1.00E+03 ;
25 9 1.00E-14 1.00E-09 1.00E-05 1.00E+05 1.00E+06 1.10E+06 9.99E+02 '

1.03E-[[ v - ' - - - - - ~ ^ + = -26 Upper Umit 1.00E-04 &~ "-

f27 Lower Umit 1.00E-04 % 1,. ; 1.00E-02 .m. , e' ;'~

28 Best Estimate 1.00E-04 1.03E-02 i

!

;

_ _ - _ _ _
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TABLE 2-8
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES (CONT'D)

J | K L | M N | O P | Q

1 of Damage Human Risk- Economic Risk Rankina according to

i 2 Best Estimate Upper Lower Upper Lower Upper Human Risk Economic Risk

3
4 0.00E+00 0.00E+0a 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8 8

5 1.00E+03 2.00E+03 1.00E-14 1.00E-03 2.00E-14 2.00 E-05 7 7

6 1.00E+0G 1.50E+ 06 1.00E-13 2.00E +00 5.00 E-13. 1.50E+00 4 4

7 1.00E+00 1.00E+02 0.00E+00 1.00E-01 0.00E+00 1.00E-01 6 6

8 1.00E+03 5.00E+03 5.00 E-10 ' 2.00E-01 5.00E-10 5.00E-01 5 5

9 1.00E +06 1.90E+06 1.45E-03 1.50E+C2 1.00E-01 1.90E+02 2. 2

10 0.00E+00 0.00E+ 00 . 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8 8

11 1.00E+03 7.00E+03 1.00E-04 2.00E+01 3.00E-03 7.00 E+01 '3 3

12 1.00E+06 .1.80E+06 : 5.00E-01 1.10E +05 1.00E+01 1.80E+05 1 1

I]g f i jfff g- u- .g : 4~'
- ,

13 m.j y y
[f f ~ W

,,

14 ~ ffM J*[
}j ,y| g;. .j|kRi ,&|g $ j j%;. Mf h-L [L: *|,

15 %F * 5.02E-01 i.10E+05 1.01 E+01 1.80E+05 1 1

16
17 1.00E403 - 1.20E+03 ; 0.00E+00 0.00E+00 1.00 E-13 1.20E-04 8 7

18 1.00E+02 1.00E+03 J 2.00E-10 3.00E-04 5.00E-09 1.00E-04 6 8

19 5.00E+03 6.00E+03 2.00 E-08 1.10E+02 1.00E-07 6.00E-01 2 4

20 1.00E+03 5.00E+03 0.00E+00 1.10E-05 2.00E-09 5.50E-04 7 6

21 1.00E+00 1.00E+ 02 . 9.00E-06 1.20E-01 0.00E+00 1.00E-02 4 5

22 0.00E+00 0.00E+00 1.0DE+01 1.10E+04 0.00E+00 0.00E+00 1 9

23 1.00E+0S 2.00E+06 0.00E+00 ' O.00E+00 1.00E-02 2.00 E+02 8 t

24 1.00E+06 2.00 E+06 ' 5.00E-11 7.00 E-02 - 1.00E-10 2 00E+01 5 2

25 1.00E+03 1.00E+05 - 1.00E-09 1.10E+01 9.99E-12 1.00E+00 3 3 !

; A, ~ ' % C$ { ~ ? :V M1 LL : ca g , " A ig
$pW26 @,yg $jp ;j f y

d h :w "* . ' 5'#* * ** * : :? Y
~ 3 SLL*' M'W h27 x & 'Wil S T -M d - 53 ' * * '"~4 "S''' % -*@M NA " 4*N SE ' '

-

-$<Qi
- '' 7:4 .; 5

*~*".00 E+ 01 1.11 E+04 1.00E-02 2.22E+02 2 2A Pt'
g 28 44

.

E -c & 1-

|
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. The probability of system failure is expressed in the form of an interval with upper
and lower limits. These limits are determined such that they cover all the uncertainties-

and correlation levels of the elements. The lower limit of the system's probability of
failure is determicd as the smaller value in the lower limit interval, as shown in the
crossing of column C by rows 15 and 28 for systems 1 and 2. respectively, whereas
the upper system limit is determined as the larger value in the upper limit interval as
shown in the crossing of column E by rows 15 and 28 for systems 1 and 2, respectively.
The ranking of elements and systems are determined using the logic of Eqs. 2-9
through 2-14, as shown in columns P and Q for human and economic risk, respectively.

Comparative Discussion. Figures 2-0 and 210 show a ranking comparison for
system i elementa according to single failure modes for human and economic risks,
respectively. Figures 2-11 and 2-12 show a ranking companson for system 2 elements
according to single failure modes for human and economic risks, respectively. Figure
2-13 shows a comparison of system ranking for human and economic risks. The results
shown in these figures demonstrate the effect of the method of analysis on the re-
sulting ranking of elements and systems. The inclusion of uncertainty in the evalua-,

tion using the interval analysis can result in a change of the ranking of the elements'

or systems for inspection purposes.
,

Example 2: Multiple Failure Modes. In the case where some elements exhibit dif-
ferent failure modes, element ranking can be based on the complete ranking of all
failure raodes of the elements. In such cases, failure modes of all the elements are
compiled in one evaluation process, and they are ranked based on either the single

'

point estimate or uc interval analysis. The evaluation is similar to the single failure
modes as described in the previous section.

Single Point Estimate. Table 2 9 shows a system composed of six elements. Some *.

of the elements exhibit single failure modes others exhibit multiple failure modes.
Each mode of failure has a single point estimate for the probability of failure. The
magnitudes of casualty and dan age are represented using single point estimates for
each mode of failure, The human and economic riaks for each mode of failure are
assessed as the product of the failure probability by the magnitude of casualty and
the magnitude of damage, respectively. The results are single point estimates. The
failure modes are ranked accordingly. '

Interval Ana'ysis. Table 210 shows the same example in a similar format to Table
2-9. In this case, the occurrence probabilities of failure modes, and the magnitudes of -
cacualty and damage are repreeented by intervals. The risk calculations are performed
using the same approach for the single failure mode case. The resulting ranking of

- the risk intervals is shown in columns P and Q nccording to human a'id economic
risks, respectively.

Comparative Discussion. Figures 2-14 and 2-15 show a ranking comparison for
multiple failure modes based on single point estimate (Table 2-9) and interval analysis -

- (Table 2-10) according to human and economic risk, respectively.
After ranking the failure modes for the components, a prioritized list of components

| . can be developed. This component list can be established based on ranking the com-
ponents ececrding to the inspection priority of their failure modes. Therefore, a com-
ponent with a higher ranked failure mode would have a higher ranking than other
components.

Mathematie31 expressions for evaluating the entries in Table 2-7 through 2-10 are
provided in Appendix B.

|
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I

Gmup Ranking In many cases, the analyst is more interested in ranking elements I

or systems in groppa, where the elements nr systems in each group have relatively
equal estimated attributes, rather than ranking them individually. The group ranklug

- can be based on the probability of failura, consequences, human, and/or voonomic
risks. The group ranking results in establishing a priority list for inspection.

As an example of group ranking, the elements of system 1 introduced in Example
1 for single failure modes with single point estimates are ranked in groups according
to the probability of failure, the magnitude of damage, and the economic risk as shown
in Figs, 210, 217, and 218, respectively. For example, in Fig. 2-18 the top inclined
arrow line separated and grouped elementa 8. O, and 6 in group A, which has an
economic risk greater than 1.5. It should be noted that all points, which lay along one {
line, have the same economic risk. Figure 2 10 is a summary of different group ranking I

based on the probability of failure, the magnitude of damage, and the t>conomio risk.-

I
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TABLE 2-9
POINT ESTIMATE METHOD FOR MULTIPLE FAILURE MODES

A B C D | E | F | G H | I
1' Element i: allure Probability Magnitude of Ranking according to
2 Mode of Faliure Casualties Damage Human Risk Economic Risk Human Risk Economic Risk
3 1 Mode 1 1.00E-13 ~ 0.00E+00 2.00E+02 0.00 E+00 2.00E-11 8 10
4 Mode 2 1.00E-04 0.00E+00 1.00E+02 0.00E+00 1.00E-02 8 1

5 2 Mode 1 1.00E-07 1.00E+05 1.00E 04 1.00E-02 1.00E-03 1 2
6 3 Mode 1 1.00E-10 1.00E+03 3.50E+03 1.00E-07 3.50E-07 7 7
7 Mode 2 1.00E-08 3.00E+02 2.00E+02 3.00E-06 2.00 E-06 3 5
8 4 Mode 1 1.00E-08 3.40E+01 7.00E+02 3.40E-07 7.00E-06 6 4 !

9 Mode 2 1.00E-12 0.00E+00 5.00E+02 0.00E+00 5.00E-10 8 9
10 Mode 3 1.00E-08 5.00E+01 9.00E+01 5.00E-07 9.00E-07 4 6
11 5 Mode 1 1.00E-05 7.50d+02 4.50E+01 7.50E-03 4.50E-04 2 3
12 6 Mode 1 1.00E-10 4.00E+03 4.30E+02 4.00E-07 4.30E-08 | 5 8

,

L

!

i

i



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ . - _

-

TABLE 2-10
$ INTERVAL ANALYSIS FOR MULTIPLE FAILURE MODES

A B C | D | E F | G | H ,

1 Element Failure Probability of Failure Magnitude of
2 Mode Casualties
3 Min Best Estimate Max Min Best Estimate Max
4 1 Mode 1 1.00E-16 1.00E-13 1.00 E-08 0.00E+00 0.00E+00 3.00E+01
5 Mode 2 1.00E-06 1.00E-04 1.00E-03 0.00E+00 0.00E+00 0.00E+00
6 2 Mode 1 1.00 E-09 1 ' 00E;07 ' 1 ~.00 E-0 5 3.00E+03 1.00 E+05 5.00E+05.

7- 3.. Mode 1 1.00E-12 11.00E-101 1.00E-07 3.00Ejo1 ' 1.00_E+03_ _5.00E+04 :.
;

8L M5de 2 1.00E-10 1.00 E-0 8 " : 1 ~.00 E-06 2.00E+02 3.00E+ 02 3.50E+02 *

9' 4 Mode 1 41.00E-09 11.00E 08; :1.00E-05 2.00E+01 3.40 E+01 5.00E+02
. ,

10 Mode 2 1.00E-12 1.00E 12 -- 1.00E-09 0.00E+ 00 0.00 E+00 1.20E+01
11' Mode 3 1.00E-12 ' 1.00E-08 ~ ' 1.00E-06 ~4.00E401 5.00E+ 01 " ' 6~.00 E + 01 "

12 5 Mode 1 1.00E-10 1.00E-05 1.00E-04 | 5.00E+02 7.50E+02 7.00E+04
13 6- Mode 1 1.00E-13 1.v0E-10 - 1.00E-09 i 2.00E+ 03- --4.00E+03 - 8.00E +04 ~.

-

.. - .- - - - -- - - - . . . .-

1 | J l' K | L' | M | N | O P 'l O:
1 ' Magnitude of Rankina'according to+

2 Damage L Human Risk - Economic Risk ' _ . Human,. Economic *

3- Min - Best Estimate Max i Min Max Min Max ^ ' Risk 3 Risk
4 7.00E+01 2.00E+02 3.00E+03 0.00E+00 3.00 E-07 7.00E-15 3.00 E-0,5 _,8_t

_.

0.00E+00
. _ ..

9
5 9.00E+01 1.00E+02 1.50E+02

..

0.00 E+00_. .9.00E-05 1.50E-01 10 2
6 2.00E+03 1.00 E+04 - 1.00 E+ 05 3.00 E-06 5.00E+00 2.00E-06 1.00E+00 2 i 1

7 7.00E+02 3.50E+03 4.00E+03 3.00E-11 5.00E-03 7.00 E-10 4.00E-04 4 7
8 2.00E+01 2.00E+02 5.00E+02 2.00E-08 3.50E-04 2.00E-09 5.00E-04 5 6

'

9 5.00E+02 7.00E+02 7.00E+03 2.00E-08 5.00E-03 5.00E-07 7.00E-02 3 3
10 4.00E+02 5.00E+02 5.50E+02 0.00 E +00 1.20E-08 4.00E-10 5.50E-07 9 10
11 1.00E+01 9.00E+01 1.00E+02 4.00E-11 6.00E-05 1.00E-11 1.00E-04 7 8
12 3.00E+ 01 4.50E401 3.00E+02 5.00E-08 7.00 E+ 00 3.00E-09 3.00E-02 1 4

. 13 4.00E+02 4.30E+02 1.00 E+06 2.00E-10 8.00E-05 4.00E-11 1.00E-03 6 5

i
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u.o O INSPECTION PHOultAM DEVELOPMENT
2.0,1 O overview

Once components or structural elements are ranked or o.aegorized in the nrst part
of the quantitativo risk analysin, the next step in the overall process is to develop an
inspection program for each group of components or elements. This process, which
is shown tn Fig. 2 20, can also be used to establish an inspection program for an
individual component or system, as necessary. The recommended process is divided
into a series of three basic steps.

(1) Choose Candidato inspection Strategles That Denne the Frequency, h!cthod, and
Sampling Pmeeduto Ibr Inspection. The method of inspect'on includes the pm oduro,
tool, and level of personnel qualification to perform the inspection. The inspoetion
strategy muy also take advantage of monitoring systems (o g., for thermal effects) and
maintenance testing programs. Critical uncertainties associated with this step are the
potential for damage atates to exh4 in the component or element, the potential for
inspection damage (which also includes the potential for danger to the inspector), and
the re!! ability of the inspection method, including the potential for falso caha.

For example, if a situation exists for a component where the chance for potential
damage is remoto, the inspection requires the movement of heavy equipment and
sauses the insoector to be exposed to a hazardous environment, and where the rella-
bility of the best available method for finding the damage stato is 50/50 and usually
results in falso calls, common sense indicates that "no inspection" is a viable alter-
nativo until less throatening and more effectivo inspection techniques are developed.

(2) Choose an inspection Strategy and Perform inspection. From the candidato in-
spection strategies, defined in Step 1, the effect of each of theno strateglos on the
falharo probability of the component or element of interest is estimated, The key un-
certainties to be considered in this estimato are the inspection reliability, the chance
that certain degradation mechanit.ms are occurring, the potential for certain levels of
loads to occur, and the potential failuro modo of the component or element. Structural
reliability and risk assessment (SHRA) models can be used prior to and following the
inspection in order to 6 unto the sensitivity of these uncertainties relative to the
impact of the candidate inspection strategies on the failure pmbabilities. An inspection
strategy is chosen based on them rcaults, and the inspection is performed.

(3) Choose Appmpriate Acuan and Update State-of Knowledge. Following the per-
,

formance of the inspection, another critical decision is facod. That is, should the com- i

ponent or element be repalrod or replaced if significant findings occur, or should
nothing be dono except to redenne the inspection strategy back in Part 17 If a repair
or replacement is required, another decision that is faced is whether to take the action
now or later. This depends on whether this action will indeed be successful for the
intended period of operation, and whether the potential exists for now damago to bo
introducod. TI e SRRA process can be used once again to determint, the effoots of
findings and potential corrective actions on the failure probabilities.. In any case, all
of the results related to the inspection should be used to updato the FMECA infor-
mation on a periodic basis to rcrank the components or elements based on risk and
redonne the inspection strategy in Part 1, providing a "living proooss" as long as the
component or element is in service.

The subsections given below discuss more details on each of those throo parts of tho
inspection program development through the use of decision risk analysis logic trees,
The logio appears complex ~at Drat, but once one walks through the proooss, an ap-
preciation is obtained for the critical questions that must bo addressed when estab-
lishing an inspection program. A brief overview and almple tutorial example of
decision analysis are provided next to help better understand the logic prooose.
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6 /mblon Ann de Approach.' Decision analysis la a prescriptive methodology
0;. e a 16v ho r ,ances of making rational choices in the face of uncertainty and

a s % reetc in Bayesian probability theory, decision analysis also provides a'

c

e.> - ,4 agunge for talking about " chances," " preferences,"" risks," and the hke -
e he aat should bo of interest to those seeking a holistic, cross-disciplinary ap+
y# .no development of h,spection programs possesses all the attributes of a good
deelsion analysis problem - namely, complexity, uncertainty, and risk. Doubtless,
much of the uncertainty can be resolved or reduced through further research results,
but one usually does not have the luxury of waiting for scientino breakthrough.

The argument for including decision analysis in the risk based inspection process
rests on the method's demonstrated ability to deal with a generic problem; to wit,
much of the objective data required to make really strategic decisions is often un-
available when it is needed. Decision analysis has proven to be a powerful technique j

for making such " choices under uncertainty'' in a variety of problem domains. [ Brown, '

et al. (1074) provides an accessible exposition on decision analysis and its applica-
i tions.)

Decision analysis focuses on nnding a decision that is " rational" in the sense ofI

incorporating a decision making unit's state-of knowledge about uncertain quantities
and its attitudo toward risk. The process by which this goal is reached can be described
in terms of a "docision analysis cycle" consisting of four sequential stages: (1) problem-
structuring, (2) deterministio (e g., systems engineering) modeling, (3) probabilistic

,

analysis, and (4) evaluation.
The first stage identines the problem in terms of alternatives, decision criteria,

uncertainties, and the sequence of decisions to be made. A tool called the "innuence
diagram" is used to fully specify the algebraic representation of the problem (l.o., the
model). A decision troo is constructed which concisely displays the technically feasible
alternatives and the range of possible scenarios. The second stage involves construc-
tion of a model which deterministically calculates the value of the decision criteria for ;

any chosen scenario (i.e., path through the tree). The subsequent probabilistic i,tago
involves the following:

(a) encoding uncertainty as a discretized probabihty distribution at each of the tree's
"chanco nodes," primarily from olicitation of export opinion:

(b)1dentifying major uncertainties via probabilistic sensitivity analysis;
(c) solving the decision tree to obtain probability distributions and expected (or, if

neccasary, risk-adjusted) values for the decision criterion.
The nnal or evaluation stago helps the decision-maker decide whether action should
be taken now or postponed in favor of further information gathering and analysis.
Tools hero include 3e "value of information" and "value of control" techniques bore
rowed from statistical decision theory.

Figure 2 21 provides a simple tutorial example in which a plant is considering adopt-
ing a "new" inspection method for detectmg repairable fatigue damage in a section of
high pressure steam piping. A strategy of "no inspection" is evaluated so that a po-
tential relaxation from the current method is also considered. The new method has a

*

higher detection probability than the " current" method, but also a higher implemon-
tation cost for inspection. No inspection obviously has a nil detection probability and
no implementation cost.

The decision tree illustrates the sequence of decisions and uncertainties involved in
the choice between current methods, new methods, and no inspection. Following any
particular path through the tree leads to a single value of the decision criterion (total
cost). The probabihties attached to the branches at each chance nodo represent tho

'Adupted from paper by Perdue (198st
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likehhood of following that path, liy starting at the top of the tree and following a
process of taking expected values at chance nodes and optimizing (i e., choosing the
highest expected value) at decision nodes, the tree is usually " averaged out and folded
back" to yield an expected total cost for each method. For the sake of example, the
numerical calculations are shown to the right of the tree along with the path scenario
probabilities, many of which can be used to evaluate an acceptable failure probability
level by the user. In this case, the new method is seen to have the lowest expected
cot ;$370K) versus the current method ($53210. The strategy of"no inspection" yields
the highest expected cost ($700K) and is dropped from fut ther consideration. This
strategy also yields the highest failure probabilities. Examination of the ttee reveals
that the probability of a " Rupture Before End of Life" is high enough that the new
method avoids sufficient " consequential costs" to offset its higher " inspection cost."
Further analysis would reveal the decision lumped on the uncertainty at the " Rupture
Def re End of Life" (or some other uncertainty) and could even provide estimates of
the dollar amount that the plant should invest in information gathering activities
directed toward resolving the critical uncertainties. Finally, t he decision maker's " risk
aversion" (e g., to the possibillty of following the path to the $20 million consequential
cost) could be formally incorporated into the nnal decision.

The failure probabilities, even for the new inspection method, may be considered to
be unacceptable by the user. Additional etrategies, possibly considering more frequent
inspeutons or including monitoring systems, may be developed in an attempt to yield
acceptable failure probabilities. If acceptable failure probabilities cannot be achieved
by any inspection strategy, the user now faces repair or replace decisions before car-
rying the inspection process any further. For many applications, SRRA tools are
needed to evaluate the failure probabilities, particularly when these valuco are below
those that can be reasonably obtained from expert opinion.

In summary, prudent management of inepection programs requires that the tech-
nical information resident in SRRA and other engineering tools be integrated with
nnancial, r egidatory, and other information into a comprehensive framework for eval-
uating alternatives and conununicating results to management. Decision analyals can
provide that framework.

2.0.2 O Choose Candidate Inspection Strategies
-

(See Fig,2 22.)

Inspections are performed to identify and track the degradation of systems and
components. This knowledge allows repair or remediation before the degradation pro-
gresses to failure. Depending on the situation, failure may be a Daw exceeding a
denned critical Daw size, a leak of a certain size, or catastrophic rupture. Also, one
must consider how the fa!)ure progresses, e g., leak before break or break without
leak. Since continuous monitoring of all potenthd failure siten is generally not feasible,
stratc gies have been developed to infer this information from less complete informa-
tion. This involves sampling, both among potential failure sites and in time. Thus,
inspection strategies are actually strategies for sampling degradation information,
which are optimized to provide a high-detection probability at an acceptable cost.

Figure 2-23 depicts the role of inspection over the service life of systems and com-
ponents, and indicates how the inspection strategy can change over this time period.
The linear path across the lower part of the diagram describes the strategy as proj-
ected at the beginning of service life. The original design and construction is expected
to assure reliable operation to the end of life, and periodic inspections are performed
only to gain added assurance that there is no significant degradation of structural
integrity. The other paths through the diagram indicate actions and revised inspection
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strategies that result if new information reduces conndence in the integrity of the
system or component. Such now information can como from such sources as premature
failures, inspection findings that suggest potential failures, an awareness of more
severo operating conditions than projected during design, identification of new deg-
radation mechanisms, and results of research studies.

The probability of detecting degradation before falluto depends on three primary
factors. These are the time between inspections, the probability that the inspected
samplo contnine the degrading component, and the probability that the inspection
method detects the degradation in progress. Purthermore, idt failures are not equal
from a risk standpoint, so there is an incentive to bias the sampling proecos toward
components whose failuro is associated with a high risk. Finally, the consequences of
some failures may be so high that they cannot bo accommodated (e g., financial ruin
of a company or an industry), leading to a different blasing of the sampling process.

The timo between inspections must be shorter than the time required for degrada. -

tion to failure. Laboratory and field data, in combination with design and predictive
analyses, can be used to determine intervals allowing multiple inspection samplings
before failure la reasonably expected. in some cases, however, failuro may occur rap-
idly after the onset of an adverso environmental condition (e.g., leaks in piping sys-
tems experiencing str(es corrosion cracking). In such caaee, more frequent
environmental monitoring may be required betwoon the regularly scheduled inspoo-

. tions. It may also be advantageous to vary the interval between inspections if failuro
rates are dependent on component aging.
. In general, an inspection addresses a fraction of the components whose condition

= needs to be wonitored, it is assumed that if the conditions of the inspected components
are noceptablo, this result is representativo of the remainder of the components, Tlus
assumption is based on the enpectation that components subject to similar physical

- ar.d environmental effects will exhibit similar rates and patterns of degradation. Sim-
11arly, if the condition of any of the inspected components is unacceptable, the sample
of inspected componentt, should be enlarged, with complete inspection required if -

successivo failures are exhibited. Factors involved in determining the fraction of com-
ponents to be inspected include the variability in the environmental conditions and 4

stress values, the variability in the degradation rates found among components sub- *

jected to similar stress conditiens, the time between inspections, and the economic
impact of the inepection process on operations (e.g., a process shutdown to allow -

a

inspection may by itself have a largo economic impact, with little cost difference bo-
tween a partial and a complete inspection once the shutdown occur >).

The sensitivity of the inspection procene is of central importance to determination
of the laspection strategy, A highly sensitivo inspection process provides a high prob.
ability that incipient failures are detected. In addition, it allows the early detection
and monitoring of degradation, providing confirmation that inspection intervals are
adequately ahort, and that degradation in proceeding at expected rates. While a more
sensitive inspection process does not provido assurance that a particular inspection
sample size is adequato, the improved understanding of component status that it pro-
vides helps improve the effectiveness of any given sample size.
} A less sensitive production oriented inspection process, which can only detect deg-

. radation to the point of incipient failure, requires more frequent inspections. This is
because the inspection must occur during the shorter period of time between the
detection threshold and component failure. It may also requiro a larger sample. size,

-- to anhance the probability of early detection, as degradation approaches the threshold
of detection. In this regard, a more sophisticated inspection at higher cost can increase
the period of time by detecting degradation at a lower threshold,

Several factors are involved in selecting the sample of components to bo inspected.
- Accessibility and potential hazards to the inspectors are two. Whore interpretation of
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the inspection results may be ambiguous, there is reason to inspect the same samplo
during subsequent inspections so that successive results can be compared to detect
changes. Where stressor conditions vary between components, there is reason to vary
the inspected sample to attain complete coverago over several inspection cycles.

The risk of an ultimato undesirablo consequenco (o g., structural collapse, reactor
core meltdown, catastrophic environmental damago, largo toxio relenne) to which com-
ponent failures may contribute is a measure which can be used in selecting the sample
of components to be inspected. Thus, if a largo fraction of the total risk involves
failures of a few components, there is reason to specincally include these components
in the sample to be inspected so that as much specific information about the condition
of theso risk important components is generated.

This common senso approach is straightforward to apply when risk is calculated
using the FMECA approach described in Section 2.5. In sit uations where combinations
of failures cause the undesirablo consequences, a more sophisticated approach is re-
quired. Ono example is the Fussel Vesely (F V) Hisk Importance Measuro used by risk
analysts, as discussed by Vesely, et al. (1983). For each component, its F V importanco
is simply the fraction of the total risk to which its failures contritrato. The F-V impor-
tance is calculated using the results of a probabilistic risk assessment (PRA). The 14tAd

identiften specific combinations of component failures that lead to an undesired con-
sequenco (cui sets), and calculates the probability of each cut set coeurring per year
(cut set frequency), The F V importance of any component la calculated by identifying
all of the cut sets that involve the component, totalling the frequencies of these cut
setsi and dividing by the sum of the frequencies of all cut sets. !

Depending on the PRA methodology, each cut set may have a different consequence.
This is the caso in the analysis of reactor core damago accidents, when the radiation :

release due to coro damage depends on the timing and sequencing of events. In this '

caso, each cut set frequency is multiplied by its associated consequence, yielding a j

risk value for the cut set (e.g., person rcr" year). The P V importance of a component
is then the fraction of the total rink contributed by cut sets involving the component. !

When selecting a samplo of components for inspection, then, the selection process
would be biased to include more of the risk important components than would be the
caso for random selection. Several methods for this aro possible, including propor-
tional weighting, or weighting nocording to the order of magnitudo of the risk in-
volved. ;

Another consideration in denning potential inspection strategies is whether an in-
spection plan is being developed for structural components in one facility or for struo-
tural components in a set of similar facilities. In this case, the elements of the
inspection plan are likely to differ as discussed below. Discussion of inspection of
structural components of an individual aircran versus a ibet of aircran in usod first
to exemplify theso special considerations.

Individual Versus Set of Components, in the military aircraft industry, the life of |i

| -individual aircraft is determined by tracking the crack growth behavior of a number
of critical points at which inspections are conducted on a periodio basis, Each aircran'

has the same set of critical pointu, however, the crack growth rate, and hence the age
of each aircran, are different. This is due to the differenco in how each aircran is

| : nown.
|- The aircraft design is based upon a baselino load spectrum, The aircran must exhibit
! a given number of hours of life under the influence of this baseline spectrum. The

actual night usage of the aircran is typteally quito different from this baselino, do-
_

pending upon the types of missionc flo'vn and the characteristics of the particular
pilot. To ensure the integrity of the structure,inupections must bo conducted on each
aircraft to determine the existence of cracks at the critical locations. Rather than
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Inspect each ahvran at specined usage or timo intervals, it is more emetent to monitor
the usage of each alteran and mnko uso of this in determining when inspections should
be perfonned. In this way, inspections can bo sninimited and conducted at times when
most needed (800 Fig. 2 24K

Strain gages are used to monitor peak strain conditions, and counting acceloro-
meters are used to keep track of the noceleration peaks. Flight parnmeters such as
nngle of attack and hinch number are recorded for each night of the aircran. All this
information is used to determino the differences between the basolire spoetrum and
how the nircraft is botng nown in service. Flight parnmeters provido a backup method
to the direct process of measuring strain and nocoloration peaks, The baselino spoo-
trum produces a known crack growth behavior at each critical point and, henco, a
baselino lifo for each of thoso points. Calculation of the crack growth under the actual
night spoetrum prmiucos a projected crack growth life which ti then compared to the
esselino life for each critical point. The ratio of baselino life to projected lifo is calhx1
the usage factos. The usage factor enn then be used to determino at what timos in the
notuallife of the nircraft inspections should be dono. For examplo, if the requirements
call for nn inspection at half of the design lifetimo, the usage factor for a partkmlar

- ahcrnit can be used to determine when that should occur in terms of real hours on
the aircraft. Depending on the neverity of usage, it may occur earlier or later thnn hnif
of the baselino lifo.

llistorio information about the relationship of cortnin night regimes to structural
damago nro used in two ways. First, during the design of an aircran stnmture, ento
is taken to ensure that the structure has the ability to withstand the projooted load
spectnnn. Frequently, the historio data points up certain portions of the night regimo
that causo spocino structural difnculties. The etnicture can bo designed to withstand |

these conditions, Booond,- during the operattomd lifo of the airantit, the flect com-
'

mander placants (places nn upper limit on) the usago of the noot to minimizo risk, as
schematically shown in Fig. 2 24. This in of benent when unexpected failures occur
nnd decisions are required about the continued operation of the floot until the full
extent of the problem is assessed. Continued operation at a reduced usago lovel fro-
quently reduces the risk of failure uufnciently, such that timo is mado avnlinble for
completo assessment of the problem, Control of usage is also bonoficial in avoiding
routino operation in parts of the Hight regimo that nro known to be particularly sovoro
for some failure modos.

These principics can be applied to other applicationse For cantuplo, although overy
nuclear power plant la unlaue, thoro are simihtrities in the basta reactor systems
design from ono plant to the next. This results in similarities in the behavior of sys-
tems. Illstorio information can be used to provido an awareness of problem areas. Tids
is agnin useful in the design of pinnte as wolt as in tho operation, maintenanoo, and
inspection of oxisting pinnte. The design can be consitive to problem arena that havo
been documented historically, in addition, the historio information can be used to
determino a prollminnry operating regimo for the plant, hionitoring of critical loca-

-- tions within the plant allows the operational envelopo of the plant to be nno tunod to
renoct the epocitio characteristics of the plant. In this way, generalinformation from
netros the industry can be used to reduco risk, and the general information can be
modined to tako into account the behavior of the particular plant from the on lino
monitoring of the critioni locations.

Wolds, for examplo, ohnro common factors in geometry and matorint that allow largo --
numbers to be grouped together with their primary differences being the load envi-
ronment. The load envhenment must include temperature, pressure, and flow offects.
(Rooent work has been -lone in the nircra!\ industry to study the offects of combined
thennal and mechanical loadinga on crack growth This could be coupled with the
results found from studios in the nucionr industry.)
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Methods must be developed which allow a usage factor for each critical location in
the plant to be determined f rom the operating paratneters that are tuonitored and
recorded as a matter of course, This is necesnary as a backup to the direct methods
of monitoring, as well as providing the operators with the ability to control unage
should that become neces.sary from a risk standpoint. In addition, normal operation
can be controlled to avoid conditions that ato known to cause accelerated daunage or
greater rick of fathn e.

"
The plant operating profile in terms of the reactor conditions, power output, and

others must be related to the crack growth conditions at the critical locations where
structural monitoring is being conducted. This allows the development of an operating
(or load) profile from which the usage of each criticallocation could be determined or
controlled. As in the case of aircraft the usage information is benef cial in determining
when and where to conduct inspections. If detailed tuonitoring shown that a particular
location is experiencing more severe operating conditions than previously anticipated,
inspections are focused in this area to reduce the risk associated with unexpected
failure.

A synergy exists between the historic information that provides a general backdrop
for the design and operation of a plant, the detailed monitoring of pressure, flow, and
temperature at speciflo critical points that provides the unique behavioral character.
1stics of a given plant, and the plant operating parameters that are controlled by the
operators. These all come together to provido a basis for establishing inspoetion strat-
egles, along with controlling operation, and thereby anticipating and averting prob-
lems rather than just reacting to t.ncidents that occur unexpectedly.

Denne Potential for Damage States and Inspection Damage, (See Fig. 2 25,) Sco-
tion 2.3.3 of this document provides insights into determining the potential for dam-.

ago states to exist in a given system, component, or element.'

Relative to denning the potential for damago (or personnel danger) to occur from a
defined inspection strategy, the following aspects should be considered, an a raini-
mum:

* exposure ofinspection personnel to a threatening environment, including hazard-
ous material; radiation; excessivo dust; extremo temperatures, pressures and
wind; dangerous heights or elimbing of scaffolds and unsteady platforms; rotating
equipment or machinery; and falling objects

e degree of success in placing back together systems, components, or elements that
have to be taken apart or taken off line to do the inspection, including the potential
for loose parts to occur

o movement oflargo equipment or structures that can damago adjacent equipment
or structures

Define Reliability of Inspection Methods (See Fig. 2 20.), The effectiveness of al-
ternative inspection methods can vary widely, and it is therefore important to considor
inspection reliability in the development of an inspection program. This section pro-
sents examples of data that quantify the effectiveness of some typical inspection meth-
ods, with the parameter " Probability of Detection (POD)" used as tho measure of
inspection reliability.

An inspection method incorporates the aspects of procedures, tools, and !cvel of
personnel gaal!rication and training, all of which impact tho ability to detect the struc-
tural degradation of concern for the component. Inspection tools can range widely;
for example, Fig. 2-27 shows early work by Packman (1008) that developed a reliability
index for characterizing nawa in aircraft structures for various nondestructivo ex-
amination (NDE) methods. Some inspections may require only purely visual exami-
nations, whercan in other cases, the application may call for "high technology"
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;

ultrasonics to detect snudl cracks buried beneath tho surface of the component or
structure. In many cases, a combination of two or more methods may be the most

,

effective strategy. [

lt is important to select an appropriato inspection method, sinco the most sophis- !

ticated technology may not always be needed for an effective inspection strategy. For j

example, a visual insp?ction can give a vety reliable detection of general corrosion, j

provided that the inspections are performed on a timely basis and the inspection pro- i

cedures permit visual access to all surfaces of the component that are subject to cor- i

sosivo attack. A visual walkdown can also detect leaks that may bo occurring. !

The selection of inspection methods should be closely coordinated with requiro- !

ments for inspection frequency. In many cases, frequent inspections of lower senst. !

tivity can provido a greater impact on the integrity of the structure than can be
obtained by a more sensitive inspection, which can only be rarely performed during
the service life of the component. On the other hand, inspections with very low detec-
tion capability are of little valuo since they only create a falso level of confidence in
structural integrity and result in the diversion oflimited resources from other more ,

worthwhile inspections. |
Tho sensitivity and reliability of NDE method = (in particular ultrasonic examina-

tions) have been the subject of research in the Programmo of Inspection for Steel
Components (PISC)' (1080) and by Taylor, et al. (10M) nnd Doctor, et al. (1983) for ,

the U.S. Nuclear Regulatory Commission. Extensive databases have been generated
from round robin type inspection trials, and thin data has been reduced to statistically

'

based chrves for probability of crack detection. Such curves can bo very useful in,_

| ovaluating the potential benents of alternativo inspection plans. !

Figure 2 28 shows recent results from Doctor, et al. (1000) for the detection of >'

cracks in reactor pressure vessels that are obtained from inspection trials performed j

under the PISC-11 program. The detection capability is best for the larger defects and
'

approaches 100% when the very best procedures are utilized. With less sensitive pro-
codures, the detection probabilities are greatly reduced, down to levels of less than

'50% in some cases.
'

Figure 2 20 summarizes data from several sources [11arris, et al. (1081), F. A. Bi-
monen and Woo (1984) and F. A. 81monen, et al. (10bo)] for the detection of crack-like
Haws in forritic sts.) components such as reactor pressure vessels and thick walled
piping. While all caves of Fig. 2 20 show increased ultrasonio detection capability
(approaching 00%) for larger cracks, all cases show a 50% probability of missing

| relatively small cracks of 0.1 in. In depth. Tho large spread in the detection cmves
- indicates the variability and uncertainty in estimates of NDE reliability. The variability'

la in part due to significant differences in the inspection methods, but is also stronglyI
'

dependent on the characteristics of the component being inspected (e.g., tight vs. open
~

cracks, rough versus smooth surfaces at the interface between the transducer and
component, material type, etc.). ,

POD must also be addressed in conjunction with the concept of falso call probability |
'

(FCP). h Fig,2 30 from work by Doctor, et al. (1088), the data applies to ultrasonic
- detection of stress corrosion cracks in stainless stool pipe weldments, which are rol-
- atively dilacult to examino by ultrasonica. The aguro depicts the performance of six
inspection teams examining a common sample of test specimens. Curves result from
different interpretations of data (i.e., threshold level of responso signal needed to call -

- a marginal indication a crack).

The P!So research effort in conducted under too " umbrella" of the Nuclear Energy Agency of the Organi-
ration for Economic Cooperation and Development and the Commisalon of European Communities (CEC).
Countries in addition to the CEC. such sa the Umtod States of America, Japan, and others. are fuH members
and participante la PISC.
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Thero are elcar differences in the performanco achioved by the different teams of
inspectors. A given team can also achiovo various balances between improved detoo- t

tion and falso calls by changing their judgmental criteria used to interp et the signals |

obtained fmm naws during the ultrasonio examination. Iluman factors, which impact
the discrimination of flaw signals, also play a signincant role in inspection perform-
ance. Clearly, the poorer teams of Fig. 2 30 typically detected relatively few cracks
whilo, at the same time, making many falso calls by " detecting" many nonexisting
cracks in the specimens. The best teams are capable of an " acceptable" level of per- !

formance as defined by the region of the upper len hand corner of Fig. 2 30 within
'

which the PODS ato greater than 80% and the corresponding FCPs are less than 20% <

,

The best teams can also approach an ideal 100% detection capability, but only at the
expense ofincreasing levels of falso calls, which can lead to the unnecessary repair or
replacement of a component. ;

While the above discussion has focuted on the detection of defects, an equally im-
portant consideration is that of defect sizing and, hence, sentencing. If ono is still
seeking to minimize the probability of signincant defects entering servico, i.e., main-
tr.ining a high integrity, then it is reasonable to nasume that a plot not unliko Fig. 2-
30 would again emerga That is, ono can only approach a low probability of allowing
a signlucar.t defect to paos through, at the cost of an increasing number of unneces-
sary repairs for inalgnincant or, even at tbo extremo, no existing defects.

This does not pruent an issue for any theoretical analysis, but does have a signif).
cant impact on management. This impact comes from the implicit cost of these un-
necessary repairs. If pressuro is put on the inspection teams to drive down these oosts, ,

without giving them the necessary equipment and training, this goal will probably be |L

achieved at the cost of plant !ntegrity.
Hosearch to improvo the sizing and characterization of flaws is currently needed to

improve the effectiveness of inspection. If .mdersizing of defects can be minimized,
then there will be a reduction in unexpected service failures. On the other hand, thoro
will be fewer cases of unnecessary repairs if oversizing of defects occurs less fro-
quently.

In summary, the selection of candidato inspection methods is an important stop in
the development of any inspaction program. These methods must be outliciently roll-
able to moet the goals of the program. In addition, both the strengths and limitations
of alternative methods need to be realistically assessed if cost-effective inspections are'

to be prformed.

2.0.3 O Choose an Inspection Strategy and Perform Inspection
(See Fig. 2 31J ,

Structural reliability and risk annessment (SRRA) is a process that can provido a
best estimate of tho probability of component failure, given various ranges of conso-
quence, as a function of a presumed initial damage stato, the reliability of the NDE

_

method, the potential degradation mechanisms and associated lor ding conditions, and i
,

!L the life of the component or facility. The results from this effort can help in ranking
| components or elements for inspection and for evaluating inspection strategies.
L For example, probab& tic tracture mechanics eniculations can be a useful BRRA

tcal in relating an improved NDE reliability method to reduced failuro probabilitme ,

for inspected components, compared to using t raditlonal pr ocedures. Figure 2-32 from
E. P. Simonen, et al. (1980) shows that an increase in NDE rollability can reduce
estimated failure probabilities for a reactor pressuro vessel by a factor of about 10.
The less reliablo inspection (i.e., "old" ASME Codo Inspection in Fig. 2 32) has only a
modest impact on failuro probabilities, and then only for the extremo caso of an older
vessel that has been signincantly embrittled by a high level of neutron nuence.
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'

m Fig. 2 33 from F. A. Simonen and Woo (1084), the impact ofinspection on com-
ponent reliability is markedly dif1'erent for the two situations, even though the method
and frequency of inspection is exactly the same for both cases. Caso A addresses a
situation where the failures tend to occur early in the eporating hfo of the component,
and littic reduction in risk is achieved by inspection since most failures occur prior
to the time of the first porlodic inspection (o g., aner 10 years of operation). Case Ll
pmvides a contrasting example whereby signiQcant benellts of inspection nre
achieved. In this case, most failures occur later in the life of the component, and thus
m o more readily detectable with the prencribed inspectlan frequency of onco every to
yonts. The benefits of inspection becorre tnercasingly apparent as the age of the com+
ponent increaces. Specifically, the inspection program provides an overall factor im.
provement of about 10 in reliability over the 40 year design life of the component.
Figure 2 34, which is also from F. A. Simonen and Woo (1984), shows an extension of
this philosophy to actual piping issues related to fatiguo crack growth in carbon steel
piping and intergranular stress corrosion cracking in sustenitio stainless steel pipingf.

As mention.ed earlier in the quantitativo risk analysts section, SRRA results,if avall-
able, can also be used up front in the risk based ranking process, llowever, the more

Iimportant use of the SRRA process is in the incorporation of NDE results following
an inspection. The SHRA process can be applied to assist in making repair, replace, |
or do-nothing decisions if damage is found during inspection and in updating the !
strategy for the next inspection. Following a summary of the SRIM process, consid-
erations are presented for rousing the SRRA process following an inspection.

Structural Reliability and Risk Assessment Procean, The benefits ofinspection and .

resulting corrective actions in reducing the actual probability of failure aro key inputs
,

to a risk based inspection process. Such benefits are estimated by the steps shown '

j schematically in Fig. 2 35, which summarizes a general approach that considers strue.
tural degradation due to accumulation of damago. The rato of damage accumulation,
the critical level of damago, and the probability of detecting damage by inspection are
the required components of the procedures.
- Examples of damage models melude initiation and propagation of cracks (by moch.

anisms of fatigue, creep, or stress corrosion), general corrosion, fretting, and wear.
Analyttral procedures are probably most highly developed for the growth of cracks !

,

d due to cyclio loading (fatigue), and the items in sqvaro brackets in Fig. 2 35 provido
examples specific to a fracturo mechanics analysis of fatiguo crack growth.

The underlying procedures for analysis of darrage accumulation can be based on
deterministic models, with certain inputs being random variables, rather than deter-
ministically denned values. An example is the initial crack size, which is seldom pre-
cisely defined, but cracks can be considered as being present with a probability that ,

depends on their size. In principle, the failure probabi!Wes are generated from the
tmderlying deterministic proceduro, considering some of the inputs to be random
variables. A variety of procedures for obtaining actual results are available and have
been used. Monte Carlo simulation is usually the most straightforward to implement,
but may not be the most computationally efficient. Uncertainties in the values or
randomness of some input variables onen exist, Widely accepted means of treatment -
of such uncertainties are not availablo. The treatment of uncertainties, as discussed
in beetion 2.5.5 of this document, also applies here. Sensitivity studies are onen useful
in treating uncertainties, which are discussed later in Section 2.0.4.

The effect ofinspection enters into the problem through a consideration of the prob-
ability of detecting damago as a function of damage state. An important consideration,

is the action taken once damage is detected, as this has an important effect on the'

post inspection damage state. The difference betwenn the pro inspection damage state
| and the post-inspection damage state is a primary factor influencing the benent of

_
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inspection (i.e4 the change in failure probability in future operation due to the in.
spection) and asse, lated corrective action.

Fairly general results for the effects of inspection on failure probabilities are gen-
erated from a "first principles" approach as described above. In many instances, there
may be voluminous past experience on a specific component which may also provide
inform , tion on the benefits of inspection. In such instances, results from past expe-
rience are all too often lxking for a specific problem of interest, and a combination
of "f%st prineinles" and past experience provides a better approach to the assessment
of inspection benefits.

Figure 2 35 shows schematically a comparison of"first principles" failure probabil-
ity predictions with service experience. Such comparisons provide " calibration" of the
"first principles" model, thereby increasing accuracy and confidence in prodletions.
Such calibrations consist simply of adjustments to lesser known inputs, or Bayeslan
updating of portions of the model.

The above discussion is an example of one approach to the assessment of the benefits
of inspection. Other approaches are uvallable. The above discussion considers the
benefit ofinspection to result from the actual detection of damage and its subsequent
removal and replacement with undamaged mater'.al. This occurs with a probability
that depends on the statistical distribution of daJnage present at the time of the in-

,

spection and the probability of damage detection as a function of damage state. An i

alternative approach that is discussed in the following sections is to consider the
benefit of inspection to follow from the information that it provides concerning the
state of the element. Ifit is inspected more often, then we know more about its state,
which increases our confidence that we can evaluate its reliability. This increases our
conadence that we can assess its capability to perform its intended function. ,

Once the effects of inspection / corrective action on the failure probability are avail-
able, the benefit ofingpection can be assessed by comparing the cost of the inspection
with the corresponding cost of failure. Models such as discussed above allow various
inspection procedures and schedules to bo studied in search of the optimum procedure
that minimizes costs.

2.0.4 O Choose Appropriate Action and Update State-of Knowledge
(See Fig. 2-36.)

Following an inspection, a decision must be made regarding a redefinitien of the
inspection strategy or taking corrective action if damage is found. However, before
any decisions are made, it is recommended that the SRRA process be exercised
whether or not findings occur (refer to the logic diagram in Fig,2-31) in order to
better determine the confidence in the level of safety. As shown in Fig. 2-30, the SRRA
process should clearly be exercised in order to evaluate appropnate corrective actions
if damage is found. This sensitivity study is discussed next, including the impact of
having to take corrective action, and followed by recommendations for updating the
state-of-knowledge, regardless of what path is followed.

Sensitivity Study Following Inspection. Inspections in themselves do not affect the
probability of failure for a component or element to demonstrate an acceptable risk. _
Rather, inspection data provides a meana of building up confidence in the level of
safety of the component being inspected. The value of the inspection is measured
directly with the SRRA process, as shown by Chapman (1989). There remains, how-
ever, the basic question of how much confidence can be placed in the SRRA predicted
failure probabilities, and, hence, in the safety justification. The objective of the in-
spection policy must, therefore, be to build confidence in the original probability anal-
ysis. This implies that the effect of the inspection on the probability of failure is not
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the key concern. True, any inspection must affect the probability, but if a sample
inspection is to be put forward, it is doubtful that this will signincantly affect the
overall plant safety. For example, if 80% of the risk is contained within the sample,
and here it is assumed that the ranking has correctly identined this sample, then
reducing the probability of failure by two decades for this sample only gives a factor
of 6 improvement to the overall probability of failure. Despite the above, it would be
imprudent not to inspect the high risk areas. Furthermore, these areas are the ones
most likely to give a positive outcome. But, the basic justincation for a sample size
inspection must lie in its role as a conndence-bunding exercise and not a failure rate
reduction procedure.

At this point, SRRA is reused to investigate the effect of changing the basic as-
sumptions originally used to build up the failure probability. A statistical method, as
given in Appendix C from Chapman (1983), can be used to evaluate the benefits of
inspection for future strategic decisions. The method is based on Bayesian logic using
the information obtained from inspection on a particular family of components to
update a vague prior belief about that family. The vague prior belief consists of a
collection of what are called "probabihty failure sets" (PFSs). Each PFS consists of
separate sets of defect density, defect sizo distribution, innervice crack growth, and
critical crack size. From this basic data, a specific probabdity of failure is determined
that is uniquely linked to each PFS. The basic data in each PFS is now used to predict
what hanpens to the defects as a function of time, and, hence, what results would be
expected from a given inspection program of work It is the comparison of these
predicted outcomes with the actual outcome that is used to identify which of tu PFSs
it most likely to be true. For exansple, if no defects are found during inspection, the
method builds up conndence that the true probability of fanure for that family is very
low. If defects are found, the method indicates which of the sets is most likely to be
correct, and, hence, what the true distribution of failure probability is for that family
of components. The changing probability associated with each PFS is now used as an
indicator as to the reasonablenesa, or otherwise, of original analysis, which is dis-
cussed further by Chapman (1985).

The PPSs must cover a wide range of probabilities, from the most optimistic to the
most pessimistic; a range which must, by dennition, encompass the best estimate (if -

it exists) and the target or acceptable probability of failure, A distinct advantage in-
herent in this is that it is not necessary to be able to identify what the actual, or true,
situation is; only that it lies within the range of the chosen PFSs. It is the inspection
data that is used to try to identify the true situation, as shown in Fig. 2-37.

The model can be used retrospectively on inspections carried out to date. It can then
be used as an ongoing method of ancessing the most likely trun situation regarding
the probability of failure of any given family of components,-and thus direct future
inspection programs in the most effective way.

Since the model assumes that a given family of components is amenable to a statis-
tical interpretation, it is necessary only to consider a sample of that family to provide
information about the whole. This in turn implies that only a limited or reduced in-
spection program is required to provide the necessary information. It should, however,
be clearly understood that if the outcome of a limited inspection program indicates
that the probabiUty of failure is too high, increaslag the number of inspections or the
sample size per inspection does not necessarily change the situation. The inspections
provide more data which increases the confidence in the failure distribution, but this
may only serve to confirm that the situation is unacceptable. If this becomes the sit-
uation, the basic premise of +.he analysis must be changed to ask how does inspection
affect the probability of failure? It would be possible to develop the model toward this
objective.

f
'
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The model does not implicitly include any form of consequence rankieg. This can
only be applied to the model by designating different acceptable levels for the failure
probability for different family groups. But here, it must be realized that the model
attempts to determine the true situation and cannot therefore be artincially made to
meet a given target, without corrupting the inspection results input to the model.
Thus, it must be concluded that the question of consequence is external to the model,
but can be included in the analysis. If the modelis to be used to plan and optimize a

~

future inspection program, assumptions about the outcome of the inspection must be
made. In this context, the consequence of failure must be used in order to determine
the probability of failure that is acceptable to any given family of components. The
model can then be used to optimize the inspection program against a given conndence
level for the prescribed failure probabilities. Note that this does not mean that the
conndence level is reached, since this depends on the realization of the inspection
program. It does, however, provide a meaningful way of planning.

The method of analysis proposed in Appendix C is still under development. It is,
however, at a point where it can be used to provide initial estimates of the benents of
inspection and to plan a future inspection program. The future development will not
change the basic principlea laid out in this report. The authors believe that the pro-
posed method provides a meaningful way of interpreting the findings of an inspection
program and making decisions based on the results.

If the above process shows that corrective action is required, the same process is
app!!ed. After potential corrective actions are identined and basic questions regarding
the time of implementation, the success in mitigating the damage, and whether or
not new damage may be introduced, the basic assumptions can be altered in the SRRA
process to evaluate the effect of the corrective action. For example, crack growth rates
may be drastically altered if new components with different material are belag intro-
duced for replacement. Experience in repairing aged structures shows that more un-
certainty is usually introduced with corrective actions since little data generally exists
relative to the structural analysis input assumptions. This condition emphasizes the
need for the use of the SRRA process to address these uncertMattes before making a
selection. One corrective action or combinations of corrective actions may be chosen.

Update State-of. Knowledge. The above results are now used to update the FMECA
information to rerank the components or elements based on risk. The risk evaluation
plots given in Figs. 2-6a through 2-6e or in Figs. 2-7a through 2-7e are now revised.
Figure 2-38 exemplifies an update to Figs. 2-6c and 2-7c, respectively. From these
results, the inspection strategies are redefined (see Fig. 2 22), raaking a "living proc-
ess."
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DEFINITIONS 2 3
_

accident sequence - a combination of events leading from an initiating event that
* hallengea safety systems to an undeelred consequence. The sequence is ordered,c
starting with the initiating event, through sequential failures leading to the conse-
quence. Event tree analysis is often used to identify and quantify the probability of
accident sequences. Dominant accident sequences are those associated with the high-
est risk (probability times consequence).

. Bayesian updatingSayesian foglo - a process of updating or modifying an assumed
probability distribution for some parameter (e.g., crack size distribution) using infor-
mation from events which depend on the parameter (e.g., inspection results and/or
fractures). The updating calculations use equations derived by the Reverend Thomas
Bayes in 1763.

consequence - the impact (results) of a structural failure or release (i.e., gas cloud,
nre, explosion, evacuations, injuries, deathe, environmental' impacts) and the ultimate
results of the structural failure or release in terms of impacts on public and employee
health and safety, impacts on the environment, costs or damage to the facility, or loss
of capability to produce a product.

cut set - a particular combination of failures of specillo components due to specific
failure modes, which yields an accident sequence leading to an undesired conse-
quence. Generally, there are many cut sets associated with each accident sequence,

'

since a variety of component failure combinations may result in the same loss of system
functions. A minimum out set is one having the minimum number of failures necessary
to lead to the undesired consequence (i.e., having no redundant failures), Generally.

- only minimum cut sets are analyzed, and the word minimum is often not stated,

decision analysis - a prescriptive methodology for improving the chances of making
rational choices in the face of uncertainty and r,isk. The methodology consists of four

- sequential stages: (1) problem-structuring, (2) deterministic systems modeling, (3)
probabilistic analysis, and (4) evaluation.1niluence disgrams and decision logio trees
are generally used to construct and execute the process.

deterministic analysis - an analysis approach that uses bounding calculations and
safety factors to deal with variability and uncertainty. The conventional engineering
approach to analysis is deterministic, in which the result of a calculation is compared ,

i.with an established acceptance criterion,

dispersion analysis -. the evaluation, by means of a computer model, of the ambient -
' concentrations of a hazardous material after its release. It takes into accovnt physical

and chemical states and properties of the hazardous material and the geographical,
topographical, geological, and meteorological characteristics of the environment. It .
also considers the physical characteristics of the hazardous material, which influence

' Adapted from Lercart (1989) for the State of California Omet of Emergency Services and from the U.S.
Nuclear Regulatory Commission NUREG-105o neport (1984), i
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the migration, movement, dispersion, or degradation of the hazardous material in the
environment,

external events or external forces - eveuts resulting from forces of nature, acts of
God or sabotage, or such events as neighboring fires or explosions, neighboring haz-
ardous material releases, electrical power failures, earthquakes, and intrusions of ex-
ternal transportation vehicles, such as aircran, ships, trains, trucks, or automobiles.
External events are usually beyond the direct or mdirect control of persons employed
at or by the facility.

event tree analysis - an analytical tool which organizes and characterizes potential
accidents in a methodical manner. The analysis process begins with the identification
of potential initiating events that challenge facility safety systems.

Functional event trees are developed for each type ofinitiating event. These trees
display safety functions which "eed to be provided aner occurrence of an initiator to
maintain the facility in a safe condition. When the functional relationships have been
established, the functional event trees are developed into systematic event trees. That
is, the events are expanded to depict the facility response in terms of the specific
systems that perform the safety functions. The systemic event trees define specific
system responses and requirements that are then used as top evuts for the system
fault tree analyses.

facility - all buildings, equipment, structures, and other stationary items that are
located on a single site or on contiguous or adjacent sites.

failure modes, eiTects, and criticality analysis (FMECA) - a specifically designed anal-
ysis to identify the conceivable failure modes of each component and the impact of the
failure on operations, the system, and surrounding components. Failure moues and
causes are determined for the purpose ofinspec; ion ranking from design information,
operating experience databases, prior inspection results, prior risk-analysia results,
and expert opinion from those with experience in operations, maintenance, and in-
spection, etc.

The FMECA begins with a qualitative analysis and is translated into a quantitative
analysis when probabilities and consequences are estimated. Results of an FMECA
yield data on each system component, failure modes, failure causes, impact on other
components, and consequences. The FMECA allows systems and components to be
ranked based on the probabilities and consequences, i.e., risk.

An FMECA does not serve well to identify multiple failures that lead to incidents.

fault tree analysis - a fault tree is a model of a system that shows the logical rela-
tionship between the elements of the system, and how failures of these elements can
cause failure of the system. Fault tree analysis is the technique of deducing these
interrelationships starting from specincation of the system failed state, determining
subsystem failure combinations that Will cause system failure, and progressing step-
wise into a more and more detailed specification of what can cause subsystem failure,
until the failures identined are of basic components which need no further subdhri-
sions. A fault tree is a qualitative model of the system until probabilities are assigned
to the component failures involved; then the model becomes quantitative and system
failure probability can be calculated.

frequency - probability over a specined time period,

hazard - a physical condition or a release of a hazardous material that could result
from component failure and result in human injury or death, loss or damage, or en-
vironmental degradation. Hazard is the source of harm. Components that are used to
transport, store, or process a hazardous material can be a source of hazard. Human
error and external events may also create a hazard.
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human error - f.ny human action or omission which deviates from established or
generally recognized acceptable procedures, the results of which could result in an

'
event,

inservice inspectica (ISI) - an inspection performed aner preservice inspections and
test runs are satisfactorily pompleted, and a facility, system, or component has been
certilled or accepted for normal service operation. The objective is to detect degra-
dation induced by extended periods of operation.

Interval esthnate - a range of numbers with lower and upper limits that is assigned
to some or all the parameters considered in the estimate to account for the uncertainty
in these parameters.

hkahhood - probability, frequency, chance, etc. For the purpose of the risk-based
inspection process, likelihood is generally used with qualitative measures.

probabulstic &acture mechanics (PFM) - a specialized fleid of probabilistic structural
mechanics related to calculating the probability of component failure from fracture.

probabiHstic risk analysis (FRA) an analysis that:
(J)identifles and delineates the combinations of events that, if they occur, will lead ,

to a severe accident (e.g., major explosion) or any other undesired event;
(2) estimates the frequency of occurrence for each combination; and
(3) estimates the consequences.
- The PRA integrates into a uniform methodology the relevant information about

facility design, operating practices, operating history, component reliability, human
actions, the physical progression of accidents, and potential environmental and health
effects, usually in as realistic a manner as possible.

A PRA uses logic models depicting combinations of events that could result in
severe accidents and physical models depicting the progression of accidents and the
transport of a hazardous material to the environment, The models are evaluated prob-
abilistically to provide both qualitative and quantitative insights about the level of risk
and to identify the design, site, or operational characteristics that are the most im-
portant to risk.

PRA models generally consist of event trees and fault trees. Event trees delineate
initiating events and combinations of oystem successes and failures, while fault trees
depict ways in which the system failures represented in the event trees can occur,

_

These models are analyzed to estimate the frequency of each accident sequence,p

probablustic structural mechanics (PSM) - an analysis methodology which combines
: deterministic analysis modcls' with probabilistic representations of unknown or_una

certain parameters. For example, random variations in Icading conditions, flaw siten,
the mechanical properties and chemistry of structural materials, and the effect of
degradation mechanisms may be represented by distribrtion functions which are com -

,

bined to provide information on the reliability of the structure. Various methods for -|
! - combining the random variables to estimate reliability are available, including Monte

'

|, Carlo simulation, in which the variables are sampled randomly from their prospective
p distributicns to obtain inputs for mult_iple simulations (deterministic calculations).

The probability of failure is thea determined from the fraction of simulations whose
results indicate structural failure (e.g., unconstrained crack propagation),

- probabluty - a mathematical basis for prediction that, for an exhaustive set of out-
comes,'is the ratio 'of the outcomes that would produce' a given event to the total of
possible outcomes.

release consequence analysis - evaluation of the potential health and environmental
impacts from a release of a hazardous material. This is determined by dispersion anal-
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ysis and comparison of projected concentrations of a released hazardous material with
potential impacts. Historical events can provide some information on potential con-
sequences. The hazardous material release rate, characteristics, dispersion rates, pre-
valline meteorological conditions, and unusual complicating factors (e.g., fire) are
critical to this analysis,

risk - the measure of the potential for harm 'or loss (i.e., hazard) that reflects the
likelihood (e.g., frequency) and severity of an adverse effect to health, property, or
environment.

riskimportance - a measure of the undesirability of an undesired consequence. Many
risk importances have been denned, but they generally belong to two categories. The
first ca'egory addreases the absolute or fractional risk to which failures or a given
component (or system) contribute. The second category addresses the conditional risk
associated with assumed failure of the component. Consider two components, each of
which contributes 10% to the total risk (failure probability times consequences) of an
operation. According to the first category, they have the same risk importance. How-
ever, the failure probability of one component is low and the consequence high, while
the opposite is true for the other component. According to the second category of risk
importance measure, the components have different risk importances. The component
with the high associated consequences, given that it is assumed to fall, has a higher
risk importance.

signillcant release - any release or potential release of hazardous material that poses
a significant hazard to public health and safety or the environment. This concept
includes releases at, or from, fixed facilities; covers employees; and includes trans-
portation-related releases or potential releases.

single point estimate - representation of a variable that may have a distribution of
values with associated probabilities. The single point estimate is usually r. "best" es-
timate and is often a median value,

structural reliability and risk assessment (SRRA) - a method for evaluating compo-
nent reliability, which takes into account information (e.g., failure data, analytical
models such as for probabilistic structural mechanics analysis, expert opinion) or
assumptions on the initial state of the component, degradation mechaniums, loading -

conditions, component lifetime, and the results and reliability of inspections. SRRA
results can be used for risk-based prioritization of components for inspection, both
prior to and subsequent to inspections. They can also be used in decision analysis in
determining preferred actions (e.g., repair / replace vs. continue observation) if damage
is found during inspections.
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LIST OF SOFTWARE FOR
RISK-BASED '

INSPECTION PROGRAMS 4

The computer software listed in Table 41 is a partial list of tools, some of which
|- may not be conunercially available, that the research task force suggests may be uceful

to those establishing inspection programs using risk based information. Other tools'

are obviously available and should be applied accordingly to meet the needs of the
user, It takes several tools in combination to carry out the entire riek-based inspection
process. Additional software needs to be developed to fully i ,alement and facilitate
the processes that are recommended in this document.

,

|

|
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TABLE 41
SUGGESTED SOFTWARE FOR RISK BASED INSPECTION PROGRAMS

Purpose Software Name Source Description

Database development dBASE Ill PLUS' Ashton Tate, Torrance, CA General software for
establishing and sorting
databases, useful for FMECA
database generatlon

Lotus 12 3* Lotus Development General software that integrates
Corporation, Doston, MA spreadsheet, database and

graphics; useful for risk based
ranking calculations

Probabilistic risk assessment CAT Constructs fault trees for simple
systems usin0 decision tables

IRRAS, Version 2.0* Idaho National Engineering Uses fault' event trees as input;
Laboratory, Idaho Falls, ID quantifications include: system

and component failure rates,
system and component
prioritizations, and uncertainty
analyses

SARA, Version 2.0* Same as above Sama es above

Statistical evaluations MATH TOOL - Statistics l' Gulf Publishing, Houston, Performs statistical treatment of
TX data to determine appropriate

SRRA models, e g., flaw and
material property distnbutions

STATGRAPHICS* Statistical Graphics Same as above
Corporation, Rockville, MD

UNIFIT' Simulation Modeling and Same as above
Analysis Co., Tucson, AZ

Structural reliability and risk PROBAN* DNV Industrial Services. Performs probabilistic analysis
assessment - general Inc., Houston, TX of general stractures and
application components; can assist in

definition of inpsection strategy

SRRA* Westinghouse Electric Corp., Same as above
Pittsburgh, PA

SRRA - Vessels COVASTOL CEA, Euratom, and Performs probabilistic fracture
Frametome, Paris, France mechanics analysis of reactor

vessels for radiation
embrittlement using histograms
for simulation

.

OCA-P Oak Ride National Lab, Oak Same as above except uses
Ridge, TN Monte Carlo for simulation

* = FC based software

00
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TABLE 41 (CONT'D)
SUGGESTED SOFTWARE FOR RISK BASED INSPECTION PROGRAMS

Purpose Software Name Sourse Description

SRRA - Vessels PFM Westinghouse Electric Corp., Same as above except uves
Pittsburgh, PA Monte Carlo with importance

sampling for simulation

VISMI' Battelle Pacific Northwest Similar to Westinghouse PFM
L abs, Richland, WA Code

SRRA - Piping PRAISE-0, FRAISE CC' Failure Analysis Assoc,Inc, Performs probabikstic fracture
{FaAA) for Lawrence mechanics (PFM) for analysis of
Uvermore National Lab, piping systems for fatigue-crack
Uvermore, CA growth (PRAISE 8) and

intergranular stress corrosion
cracking (PRAISE CC) and
includes the effects of ;

inspection |

PRAISE FBR FaAA, Menlo Park, CA Same as above except
evaluates creep / fatigue
degradation

PEPC FaAA, Menlo Park, CA Performs PFM analysis of high-
temperature piping under creep |
fatigue conditions

SRRA - Turbine SAFER /PERL Same as above for Electric Performs PFM analysis of
Power Research Institute, steam turbine rotors for fatigue,
Palo Alto, CA creep-fatigue, and stress

corrosion cracking

SARA - Other BOPPER FaAA and Electric Power Performs probabilistic crack
,

Research Institute, Palo Alto, initiation and fracture
! CA mechanics crack growth for
i high-temperature piping and
| boiler components

|

| PERL Same as above Performs PFM calet,!ations of

| lifetime of low-pressure steam
' turbine blades

PACIFIC Fa AA, Menlo Park, CA Performs PFM calculation of
lifetime for wide range of crack

j geometries and stress systems;

|
considers initial crack size,

|_ fatiguo crack growth properties,
i and fracture toughness to be -
'

random variables

Decision analysis ARBOR!ST' Texas instruments, Inc., Solves decision tree by

|
Dallas, TX averaging out and folding back

j the input data

* = PC based software
._

01
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TABLE 41 (CONT'D)
SUGGESTED SOFTWARE FOR RISK BASED INSPECTION PROGRAMS

Purpose Software Nome Source Description

Decision analysis DAVID * Duke University. Durham, An Influence diagram
NC processing system for the

Macintosh

INDIA' Decision Focus,Inc Palo An influence diaDram
Alto, CA processin0 system for the

M cintosh

@ RISK' Pahsade Corporation, Add in for Lotus 12 3 for
Newfield NY performing Monte Carlo

simulations

Supertree' Strategic Decisions Group, Performs decision analysis
Menlo Park, CA using decision trees for

complex issues

* = PC based software

v
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SUMMARY AND
RECOMMENDATIONS 5

A multi-disciplina 7 research effort has been performed to describe and recommand
appropriate processes and methods using risk-based information for developing in-
spection guidelines for facilities or structural systems. In certain areas, these methods
should be used to denne risk-based inspection programs for recommendation to ASME
and other codes and standards bodies. These methods should be applicable to all areas
where structural failures have the potential to result in loss or damage.

A review of current inspection requirements and related research developments has
been performed in order that an interdisciplinary approach for the risk-based inspoo-
tion process could be developed by integrating technologies from a broad base of
applications. Applications that have been explored range from nuclear and fossil fuel-
nrod power plant systems and components to aircran, civil engineering, and marine
ship hull structures. Applications ofinterest to the nuclear and conventional insurance

'

industry have also been reviewed.
From this information, a four part, risk based inspection process is recommended

to rank or classify systems, components, or elements for inspnotion and to develop the
strategy (i.e., the frequency, method, and sample sizes) to perform the inspection. This
process includes:

(1)a dennition of the system;
(2)a qualitative risk assessment;
(J) a quantitative risk analysis that includes an enhanced failure modes, effects, and

criticality analysis;
(4)the development of the inspection program for components and struccural ele-

ments using decision risk-analysis methods.
' Inia multi. disciplinary, top-down approach starts at the system level before focusing
the inspection program at the component or structurs) element level. The strategy
recommends that the results ofinspections are continuously used to update the state-
of knowledge throughout the four parts of the approach so that a living process is
achieved.

A key step in defining the system for inspection is the assembly of information that
is needed for the risk-based approach. Some of this key assembly includes collecting
engineerir.g records, conducting field surveys, compiling experience from other sites
and facilities, and interviewing cognizant personnel who operate and maintain the
facility of interest. It is recommended that appropriate effort be placed on the inter-

. viewing of key personnel since they usually are knowledgable of degradation arm
errors that are not documented but are of utmost importance to the riak-based prem.

Ia line with this human element, the next part of the process recommends the uv
of s qualitative risk assessment to capture fundamental expert judgment and experi-
ence in prioritizing systems, components, or elements for inspection. Bottom up and
top-down approaches are suggested to identify initiating failure events and conse-
quences and to qualitatively estimate risk levels and ranking of components for in-
spection. Once again, a key element of the process is to thoroughly efine failure

!~ modes and causes, including design, operational, and maintenance errors and a host
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of potential degradation mechanisms. This qualitative information facilitates the quan-
titative risk analysis.

The quantitative risk analysis is recommended to begin with an enhanced failure
modes, effects, and criticality analysis (FMECA). The FMECA captures the information
from the qualitative risk assessment and assigns probabilities of failure and conse-
quences, in terms of safety and economic impact, for each component or element that
is eligible for inspection. Operating experience databases and analytical models are
recommended to be used to assist in the probability and consequence assignments.
Once again, the elicitation of expert opinion from knowledgable personnelis a valuable
source of information. The probability of failure for each element is multiplied by its
respective consequence in order to obtain the risk. This process can be performed
using single point estimates, or uncertainties in the probability and consequence val-
ues can be treated with interval estimates by defining lower and upper limits for these
values. An interval analysis methodology is offered and recommended to perform the
risk based ranking. More cornplex uncertainty analysis methods are referenced. Both
the single point estimate and interval analysis methods are exemplified for both single
an-1 multiple failure modes. Plots of the failure probabilities and consequences are
suggested to perform the risk-based ranking. They include grouping components or '

elements based on failure probability only, consequence only, lines of constant risk,
generalized risk contour lines, or special cases of the above (e.g., for insurance eval-
uations). Groupings or categories are suggested in order to facilitate the establish-
ment ofinspection programs for these components or elements.

A three-step process is reconunended for the next part of the engineering risk anal-
ysis to develop the inspection program for each group or category of components or
elements. This process is:

(2) choose candidate inspection strategies;
(2) choose an inspection strategy and perform the inspection; and
(3) choose appropriate action and update the state-of-knowledge.

Decision analysis logic is recommended in order to understand the approach. The
choice of candidate inspection strategies must consider whether the components be-
long to an indhridual or set of facilities, the potential for damage actually exists, the
potential for inspection damage will occur, and the reliability of the inspection method,
including the potential for false calls and incorrect sizing if damage is found. In choos-
ing an inspection strategy from the available candidates, structural reliability and risk
assessment (SRRA) models are recommended to be exercised in order to determine
the effect ofinspection reliability, the potential for degradation mechanisms to exist, i

and the potentialloadings on the failure probability of the component. Once a strategy
has been selected and the inspection is performed, the SRRA models are exercised
once again to choose appropriate action and to update the state-of-knowledge. Purely
random inspections will have no real effect on the probability of failure of any facility
or system. While the effect can be increased by concentrating the inspections into key
areas, the primary value in a sample inspection rests in its ability to increase one's
conildence in the safety of that facility or system. A methodology for determining this
effect is offered. The SRRA models should also be exercised to evaluate corrective
actions, relative to timing, the potential for success, and the potential for damaFe to
be introduced, if significant findings occur. Regardless of what path is followed, theso
results are used to update the FMECA and the inspection strategy, and for some cases.
redefinition of the system (i.e., Part 1) may be required.

A partial lis; of available software tools for performing parts of the risk-based in-
spection process is provided. However, it takes many tools to perform the entire proc-
ess, and tools will have to be developed to meet this end. Some of the key tools that
require further development include: database development (with appropriate graph-
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ical displays), simp 1111ed decision analysis and SRRA models to evaluate inspection j
strategies, and models to readily integrate inspection results into the process for up- I

' dating the state-of-knowledge, Research for advancing the integration of oost-benent
analysis techniques.with the eng!neering risk analysis methods also needs to be per-
formed for optimization of inspection programs.

To support this development worit, it to recommended that pilot studice be per-
formed using the recommended risk-based inspection process to applications of inter-
-est to the engineering community. The 11rst studies are being performed for light
water reactor nuclear power plant components and will be reported in Volume 2, which )
is to be used in conjunction with this general document. Application to other indus-
tries, such as fossil fuel nrod power plat components, petroleum rennery processing
and storage components, and others, are also expected to occur so that appmpriate i

tools are developed to meet the needs of these industries. |
The primary benent of the risk-based inspection approach is the focusing of inspoo. .I

tion efforts on sywtoms and components associated with the highest risk. Additional j
signincent banento ae the insights that are gained in working through these pmo-
esses and the enhancement of communications among the many disciplines that are

. involved to maintain an adequate level of safety within the affected industries and for
society in general,
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APPENDIX A
SUMMARY OF CURRENT INSPECTION

REQUIREMENTS AND RELATED
DEVELOPMENTS IN GENERAL

,

This Appendix reviews risk-based methods and current inspection requirements as-
they are practiced in the various industries of interest to this document. Examples

__

are cited that show increasing acceptance and use of risk based approaches in the
development of inspection programs. The discussion shows that past inspection prac-
tices have often made use of implied considerations of risk in a qualitative sense, in
combination with engineering judgment. More recently, quantitative risk methods
have begun to see selective applications to guido decision-making in the area of in-
spection planning This information provided a starting point to build the recom-
mended risk based inspection process given in the main body of this general
document.

.

%

s

4

105

..



. - .. . . - - - . - - . . - ~ - - . - _ . - . - - . - _ - . - _

1

NUCLEAR APPLICATIONS M
,

i

A1,1 OINSPECTION OF PRESSURE BOUNDARY COMPONENTS

The nuclear power industry has been the subject of strict regulatory requirements
as well as intense concern for public safety. Accordingly, the inspection of structural

__

systems and components has been part of the generally high level of oversight given
to all aspects of the construction, maintenance, and operation of nuclear power
plants. The discussion here specincally focuses on insenice inspections (ISI) of pres-
sure vessels and piping systems. Such inspections are performed in accordance with

| the Rules for Inservice inspection of Nuclear Power Plant Components as specL'ied
by Section XI of t,he ASME Boiler and Pressure Vessel Code (DPVC) (1989 Edition),!-

These rules have been accepted by the U.S. Nuclear Regulatory Commission (NRC),
and it is required that all operating nuclear power plants perform periodic inspeo-
tions in accordance with ASME DPVC Section XI requirements, with these inspeo-

, tions supplemented by additional NRC-directed inspections to address specific
' concerns with service-induced structural degradation.

The philosophy and approach behind ASME BPVC Section XI has been documented
by Bush and Maccary 0972). Prior to the first publication of ASME BPVC Section XI
in 1970, there were no requirements for inservice inspection because:

* ISI was considered impractical due to radioactivity levels;
* ISI was considered unnecessary due to the enhanced criteria applied during de-

L sign and construction'[i.e., ASME BPVC Section III (1963));
e No special provisions for accessibility were provided to enable ISI.

After publication of ASME.DPVC Section III in 1963, the former Atomic Energy
Commission (AEC) recognized in 1906 that enhanced quality standards did not justify

|

L omission of ISI. A jaint AEC-industry effort subsequently produced a " Draft Code for
! Inservice Inspection of Nuclear Coolant Systems" in 1968. The initial draft cods was
l .- basically limited to pressure vessels, but its overall scope was sufficient to actm.

modate its present broader . coverage of nuclear power plant componer:ts. The major'

requirements and features of ASME BPVC Section XI, as first published in 1900, in-
cluded:

e a recommendation for the future design of nuclear systems to accommodate ISI
and possible repairs;,.

|- e pre-service (baseline) examination prior to startup;
| e a wide range of prescribed nondestructive examination (NDE) techniques, (rang-

ing from ultrasonic methods to visual examinations) based on the particular com-
ponent to be inspected and the relative importance of the inspection to plant
safety;

e acceptability of new NDE techniques for ISI (when validated);
e timing and extent of inspection for each component based on assumptions rela-

tive to the safety significance and consideration of expected degradation;
e inspections performed using representative, statistical sampling plans with major -

attention directed to welds;
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e wpetitive inspection intervals of to years, with the required inspections per-
formed throughout this interval.

Legal and regulatory requirements dictate the inspec*lons of nuclear facilities. Nu.;
'

elear power plants are required by the NRC through Appendix A of 10 CFR 50 [1088
(latest edition)) to ensure that all structures, systems, and components important to
safety be desigraid, fabricated, erected, and terted to quality standards commensurate
with the irnportance of the safety functions to be performed. In the specific case of
the reactor coolant system (RC3) pressure boundary, Section 10 CFH 50.05a states-

that ASMl? requirements for Class 1 components nre applicable This is a direct ter-
erence to the ASME DPVC approach of defining the most stringent requirements for
Cints 1 components, and less stringent requirements for Class 2 and 3 components,

'

respectively.
For Class 2 systems. U.S. NRC Regulatory Guide 1.20 (1074) acknowledges 10 CPR

60.S$a. ,tnd elaborates on it by req iiringf that ASME rules for Class 2 components
be n et by certain systems or portions of systems isnportant to safety that are de-
eigned.k:

e en.orgency core ivooling
a post.recident heat removal
* post-acaldent nauton product removal
+ reactor shutdown
a residual heat removal
e steam and feodwater systems

Simhrly, ASME Class 3 requirements must be met by other specined systems or
portion 0 Of wystems that have a lower level of safety signincance.

! M though the development of the present 181 standards used in the nuclear industry
did not include formal conalderations of risk, it is apparent that perceived risk was
ensidered, since the most thorough inspections are reserved for those systems and
couponents for which the consequences of failure are the greatest. Similarly, while
ASME DPVC Section XI requires that only about 25% of the welds be sampled in the
181 progtum, these requirements specify that this sample include those welds which

;

are belloved to be most likely to fail (e.g., high-static stresses, high fatig A usarre,
diasitrSarinctal welds, terminal ends of piping runs, oto.). A sequential capaneic. ofi

'

the samph is required in those cases * hat the inspections find indiceMns or flas
during & 25% sample.

.' In describing inspection efforts for nuclear power plants, ASME DPVU GectLn L
he provided a basoline of minimum requircraents for periodio inspection. "'bese in-
spectione have greally enhanced the general level of confidence in the sounaness of
th( tigital destgrm and fabrication quality, In some cases, plant operating experi-
ence han led the ').8. NRC to require additional inspections beyond minimum code
tNputernents, main)y for specific systems and components where the original de-
s'gns have proven to be inadequate dus to unanticipated stresses and material deg-
r tdatim.

At suine plants, cracking, e.g., thermal fatigue, as presented by Bamford, et al.
(1080), has ot ;urred at locations where no ASME DPVC Section XI inspection was
requimd. At other plants, cracking, e.g., stress corrosion cracking in stainless steel
piping, as reported by Hazelton and Koo (1988), has occurred at inspected welds, but
thn coco inspection methods (ultrasonica) proved to be ineffective in detecting this
or takmg. The nuclear industry has responded to regulatory authorities and devoted
cer.tMorable effort and expense both to performing extra insp~:tions and to upgrad-
h:g inspect. ion rehability For some componente, inspection saiaple sizes and inspeo.
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tion - hequencies ,have also been dramatically increased in response to certain !
recurring servloe issues. For example, the eddy current inspection of steam gener-
ator tubos naponded to lesues associated with the tubes. Formal changes to h.*ucc. '

' tion regnirements have been implemented into ASME BPVC Bootion XI, often rather
quickly, to respond to needs and to correct known denciencies, llowever, a system-

,

atto review and updating of codo inspection phms has not, occurrod as industry
knowledge and operating experience has increased over the years.

,

%hile there has been a growth in 181 requirements over the yeare, it should also '

be noted that certain codo-mandated incpoetions have been dolotad from inspecSn
'plans with tho approval of regulatory authorities (relief nqueots), when such n-

spections havo proven to be impractical. Lack of physical accer.s to welon and lack of ;

suitable techniques to detect defects have been the masons for deleting the inspeo. j

tions at locations which otherwise have had favorable service experience with no cyl- |
dence of degradation. In future years, relief requests may become more difncult to
justify, as concerns with the structural integrity of older planta must be addressed. .

The philosophy and assumptiens originally used in developing ASME DPVC Section
,

XI have generally proven vNid. However, major advances have since boon made in j
the available methods to quantify the underlying risk based concepts of consequence ;
and probability. Specifically, the nuclear industry is a loading user of probabilletto

.

risk assessmsnt to calculate risks associated with accidents Similarly, probabilities !

of structural failures can now be better estimated from the growing database from I
'

many years of plant operating experience. There are also computer codes (using
probabilistic fracture mechanics) for estimating probabilities for the types of cata- !

strophio structural failurce that are too low to estimate from historical operating ex. '

perience, ;

- There is a growing interest in the nuclear industry to review the assumptbne and
detailed requirenwnts of ABMS BPVC Section XL The formation of the ASME Ro-
search Task Force charged with writing this report is a diroot outcome of this in- i

terest. Along similar lines, the Electrio Power Research Instituto and the U.S. -
.

Nuclear Regulatory Commission have cach funded a research project directed ai de-
veloping improved inspection requirements, The Pressure Vessel Research Commit-i

tee is also performing an in-depth review of both ASME DPVC Sections III and XI
with an empasis on simplineation and clarincation of requirements, .

The accumulated results of181 Dndings and the lack of severo accidents from vessel
rupture and pipe breaks tends to connrm PRA studies, which conclude that potential

!structural integrity failures are a relatively small contribution to overall plant risk.
,

I Functional failures of active components (e.g., valvos) give greater contributions,
Such failures are outside the scope of this report The fact that failures have occurred
at loaations not inspected by current 181 plans has suggestod that current 181 re-
quirements for pressure boundary integrity should be reexamined. The goal is to
optimize inspections with decreased inspections where the consequences and/or the "

estimated probabilities of failure are small, and increnood inspections for higher
|

,

L priority systems and components. !

In general, the nuclear industry has expertened a rapid growth in the quantined i

L applications of risk based methods as a guide to improvod safety requirements, A r

notable application has been the use of PRA as an aid to the NRC personnel who'

serve as on site inspectors at nuclear power plants, as discussed in the next section,
In "walkdown" type inspections,-limited time and personnel must be carefuRy alkw

- cated to check items of the highest pterity to tho safo operation of the plant. N!!C *

|=
h has been using PRA based information to develop inspection guidance, as shown by
' Vo, et al (1980),
L In contexts other than mapection, there are extensive applications of rink-based

methods in the nuclear industry. For example, the issue of the possible fracture of
;
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reactor yearets duririg pressurized thermal shock events was addressed using PRA
methoda to estimate event frnquencies and severity, as evidenced in U.S. NRC Reg-
ulatory Guido t.154 (1987). In such studies, probabilistic frr.cture mechanics has
been app!!ed to estimate vessel ard piping failure probabilitica for different event
scenmtos. Aleo, NRC routinely appUes riak based methods to review the appropri-,

atoness of potential changue in the regt lations to be imposed on the nuclear power
industry, by performing a "value impact analysis" which addrvsses coat /benent con-
siderations of risk reduction alternatives. Heaberlin, et al. (1983) and Gore, et al.
(19D0) provide a handbook and application of these assessment methods, reopec-
tively.

A1.2 O U.S. NUCLEAR REGULATORY COMMISSION RISK DASED
INSPECTION PROGRAM

A program is currently being implemented for inspections dealing with operational
safety verincation, maintenance, and surveillance requirements for nucle ar power
plants. Although this program can enhanco the inspections that are performed to nnd
naws and evaluate degradation mechanisms for insuring the integrity of possure
boundary components, these inspections primarily address active components, which
are outside the scope of this general document. The objective of the progran, as
stated in the current NRC Five Year Plan, is "to assess lloensees' operation of nu clear
power plants to ensure safo operation of the facilities in accordance with NRC reg-
ulations." An underlying objectivo supporting this overall objective is "to ensure that i

the Anite resoutres available for inspections are efnciently and effectively allocated '

to enhance reactor safety." A key element in this program is the use of insights from
probabilistic risk assessments (PRA) to focus inspection activities on the most risk- L

signincant arena and issues.
Risk insights obtained from PRAs are incorporated into this program in two major

ways. First, plant specinc " Risk Dased Inspect 1 n Guides" are being prepared which9
identify the most risk important systems and components at each plant. This infor-
mation is provided to NRC resident inspectors for uso in planning their routino plant
inspection activities. Second, risk information from PRAs is being used directly in
the planning and performance of team inspections by NRC regional and headgaarters
inspectors. Additional analysis of PRA information is required for both of these uses.
In araport of these activities, the NRC is providing additional training to inspection
personnel in understanding and applying the information which is provided in PRAs,

NRC Course "PRA Basies for Inspection Application." To support the risk based
~ inspection program, a U.S. NRC PRA Training Program (1989), which lasts nye days,
has been developed that introduces NRC resident inspectors to event trees, fault
trees, and the calculation and interpretation of risk importance measures such as the
Pussel Vesely and Dirnbaum Importance Measures It also introduces them to the

:
extensive qualitative information on safety systems, which is presented in PRAs, in.
cluding the systems descriptions, dependoney diagrams, success criteria, common
cause failure relationships, and dominant event sequences, Major insights obtained
from PRA analyses performed to date are also presented.

This course provides the inspectors with the ability to understand and selectively
extract information from PRAs, without being overwhelmed by the multi volume re. |

ports or intimidated by the terminology. It also introduces the inspectors to the Risk.
Based Inspection Guides and the method of analyzing PRA information used to de.
velop inspection plans for risk based team inspections.
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Risk Based inspection Guides, The Risk Dased Inanoction Guides, as developed by
Gore, et al. (1987), present risk information derived from plant PRAs in a format that
does not require PRA knowledge to understand or apply. The format has been de-
veloped to be immediately useful to NRC resident inspectors in planning and per-
forming their rou%e inspection activities, and evaluating the risk signincanoe of '

inspection nndings and oporational events. Guides have becu, or are being, praluced
for all plants for which PRAs atn available to the NHC.

Each guide presents a discussion of the most risk important nocident initiatore for
the plant, followed by descriptions of the dominant accident coquences that lead to
core damage. When posalble, plant design features that cause unusual vulnerabilities ,

to specino accident initiators are identined.
This discussion is followed by a listing of plant systems associated with 08% of the

inspectable risk of oorc damage. This list is ordered in two ways and according to
two different risk importance measures. These are the fraction of the total core dam-
ago frequency, to which failures of components in each system contributo (the Fussel.I

Vesely Impretanco hicasure), and the probability of core damago assuming that the
system hrA fab i (the Dirnbaum Importance hicasure). These prioritization schemes
are based q t% failure probability estimates used in the PRA analysis. Inspections
are then performed to prevent degradation of these probabilities (current PRAs do
not consider long term degradation).

For each of these risk important systems, a brief system description is provided,
along with other important information provided in, or devolepod from, the PRA. For
each system, risk tmportant components are tabulated and inherent major failuro
modes are described. Single failures and unusual system vulnerabilities identifled
from the PRA are also noted.

In addition, an abbreviated system w.tlkdown chocidist is provided addressing only
the risk-important components. This table allows thu resident to perform relatively
rapid system inspections which address most of the risk associated with the oystem.

Cross reference ts.bles are also provided which list the component failure modes
relevant to specino types of inepection efforto such t.a maintenanoo, surveillance, and
operator actions. -

Since not all plants have PilAs availablo for analysis, a technique has been devel-
opod to produce inspection guides for plants lacking PHAs. It uses insights from pub-
lished PRAs regarding the risk importanco of safety and support functions to infer
the risk important systems and components at other plants, as developed by Gore
and liuenefeld (1987). Test comparisons between guides produced this way, and
guides produced by nnalyzing the PRAs directly, indicato that this prcoedure pro-

~

duces meaningful and useful risk-based inspection guidance when PRA information
is not available.

( Risk Based Operational Safety and Performance Assessment. This U.8. NRC In-
spection hianual (1988) utilizes risk information presented in a power plant PRA tol

structure and prioritize the on site inspection activities of a team of technical experts
engaged in an extended inspection of one to several weeks duration A methodology
is provided fe:' the identincation (from the PRA) of risk important components, and *

of important accident mitigation and recovery actions, for uso in assessing the op-
| erational readiness of the power plant.
| This inspection procedure focuses on determining whether or not the plant is op-

erated and maintained in such a way that:

| * component failures, which may challenge plant safety systems, are minimized;
| * safety systems, equipment, and components will be available, reliable, and op-

erable;
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* plant operators are capable of rooognizing and responding appropriately to plant
challenges, and capable of conducting timely and effective accident mitigation
and recovery actions;

e the lloenace has appmpriately factored available risk information into the plant's
programs, procedures, and ceni n,F

Tho procedura describes how PRA information should be used to rank order the
risk importance of component and o;>erator failures (basio events), based on the core
damage frequencies associated with tho most important component failure combi-
naticns. Initiating events, component and instrumentation tatlures, and operator er-
rors and recovery acticns are all addressed. Dased on this information, the lines of
inquiry of the inspection and the composttion of the inspection team are to bo driven
by the PRA laformation. An important aspect of this inspection procedure is that it
addresses operator performanco in recognizing and responding to oftnormal situa-
tions, and in mitigating the effects of accidents. Hisk important accident ooquences
from the PRA are used to develop simulator scenarios, which are then used to test
the responses of plant operators and the adequacy ef the plant procedures for coping
with the accidents.

A1.3 O RISK. BASED INSPECTION IN THE UNITED KINODOM
One of the most active areas in the United Kingdom with regard to inservice in-

spection and safety assessment is the extended life justincation of the Magnox gen.
eration of nuclear installations. The basis for extended life of these installations is a
long term safety review. As part of this review, an extensive amount of ultrasonic
inspection has been carried out mainly on the gas ducting but also on a !! mite 1
amount of thicker boiler shells. The philosophy of this inspection has, however, not
been based on formal probabilistio analysis. Tne philosophy has been Brat to carry
out a sample inspection of all the different features, concentrating particularly on
welds. Following this, if defects are detected, all similar features are inspected; oth-
erwise it may be judged that no further inspection is required, at least in the short
term. Although no formal probabilletto method has been applied to this inspection,
it is apparent that there are inherent probabilistic assumptions in the procedure. The'

combination of failure probability and consequence (i.e., riak), however, is not ocn-
sidered.

A second area of nuclear related activity is in the United Kingdom Nuclear Sub-
,
'

marine program. Chapman (1983 and 1980) shows a probabilistio based approach for
both optimizing and measuring the gain in conndence from inservice inspection of
vesect and piping components. The model uses an expert system together with math-
ematical modeling to form an initial best estimate of the start of life defect distri-
bution for wolds. The through life history is then calculated to arrivo at an end of
life failuro probability. A series of inspection programs can now be applied through
life and their effect on the failure probability calculated. Clearly, the results, and
hence conclusions, about the optimum inspection depend on the initial assumptions
and judgments, in order to overcomo this, onco an inspection program is set out and
results become a"allable, Dayesian logic is applied to gain conndence in the initial
defect distribution and through life prediction.

Moving away fmm the nuclear Held, there appears to be little movement toward a
risk based inbpection logic except in the inspection of oil riga in the North Sea. Here,
a metho$ by Carr (1986), which is very similar in principle to that discussed for the
Nuclear Bubrnarine program, has been used. Crack initiation followed by crack
growth is the assumed failure mechanism, meaning that no initial defect distribution
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for the joints is required, llaving built the probabilistic model, a seriew of inspection
programs can be simulated to arrive at an optimum program. As with the previous
cano, the optiuum program is a function of the belo naaumptions and so, again,
Daynian logic is used in a feedback loop to gain conndence in these assumptions.

In both of tha above applicatiens of pinbabilistio based inspection, the driving force
to optimize is the nted to minimize the risk to human operators, be it from the ob-
vious dangers of the North Sea or the less tangible dangers of irradiation. Ilowever,
since the objective is to obtain the least risk for a given effort, it is logical to extend
this optimization to a unancial consideration.

A1 A O NDE RELIABILITY .
The detection of defects by nondestructive examination (NDE) is often a difficult

task, particularly if safety requirements dictate a high level for the " probability of
detection" for crack like defects. To quantify the reliability of current and improved
NDE methods, the U.S. NRC has supported a long term research program at PNL,
as described by Doctor (1989). The European community has addressed similar ob-
joctives over the last decade through the Programme for Inspection of Steel Com-
ponents (PISC)11 and PISC-III research programs (1980). Itesearch results have
revealed a number of serious shortcomings in industry practices for field inspectiona,
and more importantly the nuclear power industry has benented from resulting up-
grados to ASME DPVC Section XI.

Figure A 1 shows how enhanced NDE reliability can irnprove the safety and reli-
ability of reactor piping eystems, as reported by F. A. 81monen (1990). Fracture me- ,

chanics calculations have predicted rapidly growing stress corrosion cracks in the
stainless steel pipes of bolling water reactors. Timely detection and repair of these
cracks can lead to marked enhancements in system reliability. The performance of
field inspection teams was nrat carefully measured in a controlled testing environ-
ment. Performance data for the top teams (" good" NDE reliability) was statistically
quantined and was pmven to be clearly superior to the corresponding performance
of the least qualined teams (" poor" NDE reliability). As indicated in Fig. A 1, the
" good" NDE performance can improve the piping reliability by nearly a factor of 10.

Furthermore, the expected gain in performance from new and improve A technology
(" advanced" NDE reliability) can provide another factor of to improvement in piping
reliability. Since the " advanced" inspections can also be performed less frequently,
improved technology is a winning proposit'on for cost-benent ret. sons, mainly be-
cause costly reactor downtime is signincantly reduced.

'

Quantitative rick techniques are also currently being developed it' other countries,
such as Sweden and Germany, in support of NDE requirements for reactor system
components. For example, in Sweden the inspection of structural systems and com-
ponents is guided by a recently adopted methodology that systematically nasigns in-
spection requirements on the basis of consequences and pmbabilities, an reported by
Nilsson, et al. (1988). While the Swedish approach is qualitative, quantitative results
can be used to guide the assignment of components to e ' elative scale of consequence
and risk categories. In a sense, the Swodish approach is similar to that implied by

; ASME DPVC Section XI, but goes one step further by requiring each nuclear plant
to develop an individual plan based on an ongoing review of updated knowledge of
plant design features and plant operating experience.

For secondary piping systems, Point Beach Nuclear Plant personnel have developed
an inservice inspection program to detect and quantify signincant service related
degradation and reexisting conditions that could jeopardize the in,tegrity of those
systems in the future. A "Dadness Factor Program" has been developed by Winget
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(1989) to rr.nk componente as to their susceptibility to ervalon-corrosion and stress.
induced fatigue. It uses hydrodynt.mio variables to ansign a factor to each component
and pipe fitting so that a compartoon of the relative inngnitudes of thl= factor can be
inade between syctems or piping sections. Although a qualit.ative decision is then
made to identify locations for degradation, the approach p;cvides useful insights for
development of a quantitative Mak based approach to optirnize toe inig ection of the
thousands oflocations within those systems.
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FOSSITu FUEL-FIRED
POWER PLANT
COMPONENTS M

The potential off site consequences of component failures la fossil fuel. fired power I

plants are much less sevcre than those for nuclear power plants or even some petro-
leum and chemic?.1 processing plants. Consequently, a higher level of failure has been
tolerated. This, along with the large population of fossil plants and the long time
period over which such plants have operated, has led to a relatively large reliability
experience base in fossil plant componento. Use of this experience is, in fact, prob-
abilistle-based inspection plamnng, where extensive failure data is available to de-
termine failure probabilities Consequently, inservloe inspection of fossil plant
onmponents (where and when to inspect) is largely based on experience, including
experience with a given p! ant, within a given utility, or among groups of utilities.
Information on f.tllures is shared among utilities, through channels such as the Edi-
scn Electrio Inatitute or the Electric Power Research Institute. News of dramatto and
unusual failures travels quickly through the utility industry and often leads to a rapid
concerted inspection and initigat!on effort to avert similar failures et other plants.
The rapid twponse to high-consequence failures likewise indicates an awareness of
risk, although it is not formally quantitled.

Saf ety issuco involved in fossil plant companent failures have been relatively minar
in terna of publio risk. Therefore, inspections are more focused toward reducing risk
to on-site personnel and minimizing costs. Forced outages of a plant are much more
expensive taan planned outages, which can be scheduled at times of reduced power
demands, such as during the spring and fall. Component repair or replacement oo-
curs routinely during a scheduled outage and is usually less expensive during a
ncheduled outage than during a forced outage. Consequently, inservice inspections
cf fo::sil plant components are aimed to a large extent at cverting failures that lead
to forced outages.

Some components in fossil plants have useful lifetimes that are much less than the
usefullifetime of the plant and are replaced toutinely, preferahly during a scheduled
outage. Examples of this are water-wall tubes and superboater/rcheater tubes. Fail-
ure of some such tubes during service can be tolerated, with repair being performed
during the next scheduled outage. Inopections of such tubes are often performed,
with the frequency and location of inspections based on pact experience. The results
of such inspections assist in planning of repairs during the current and future out-
ages.

Some componentu are inspected during planned outages to detect potential issues
that have been identifled in other plante. Examples of these are thick walled boiler
components (headers) and seam weided reheat lines. Such inspections are aimed at

- minimizing tne likelihood and economic consequennea of a forced outage, as well as
the potentially swere on site consequences of a fa.ilure. The results of such inspec-
tions are intended to foresee a coming issue and to allow for timely acquisition of
replwement parts.

Still other components are occasionally inspected during planned outages because
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of generio potentialissuer with that component. Primo examples are the rotor, disks,
and blades cf the Nicam turbino, and the rotor and retaining rings of the generator,
Insp9etions of turbine components, especially the disks and rotors, are performed to
identify potential issues of material degradation - especially cracking. I'arly dateo-
tion of issues allows repair or replacement in a timely manner, thereby minunizing
forced outages, as well as the potentially sovero on sito consequences of a rotor fall-
ure. The lead time for acquisition of replacement parts can be years, bo early warning
of an impending replacement is needed. Also, the oost of repair may be much greater
if damage is allowed to progress.

The results of inspections also provide valuable ir. puts to run/ retire decisions. Such
decibions are becoming moro common in conjunction with life-extension efforts for
installed fossil fuel-fired generating capacity. Increased emphasis is being placed on
periodio inspections as older plants are continued in service.
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AIRCRAFT STRUCTURES M
_

ltisk assessment plays a vitet role in the aircran industry, both commercial and
military. Safety, fleet management, and life extension all require the use of risk as-
sessment methods. The methods used fall into two basic categories:

e probabilistic risk ahnessment
e probabilistic fracture mechank:s

A3,10 PROIIADILISTIC RISK ASSESSMENT

Commeretal Aircraft Federal Aviation Regulation Part 25 la the governing docu-
inent for the conunercial aircraft industry. It specifies that the analysis be done, but
does not say how it should be conducted. llecomtnended procedures for risk analysis
have been prepared by the Society of Automotivo Engincorn in AllP D20A (1010) and
ARP 1834 (1980), which are ur4ed for commercial aircran applications. The proco-
dures describe a progression of analyots methods beginning with a traditional failuro
mode, effects, and criticality analysis (FMECA) and progressing to fault treo analysis.
The FMECA analysis can be performed either as a hardware analysis or functiomd
analysis, liardware analysis ir a bottom-up approach, and functional antdyuis is a top-
down approach.

Guidelines are given in these two documents as to how the approaches might be
more effectively applied to a system design to obtain the maximum benefit from the
procedures. This involves simpler procedures (FMECA) carly in the design develop-
munt, and more refined amdynis (fault tree) no the design progresses.

Military Aircraft. Probabilistic risk assessment for military aircraft is conducted
according to U.S. Department of Defense Mil Std 882D (1984). This document out-
lines the process for identifying the systems that have unacceptablo levels of risk.
The process has three steps, which are illustrated in the following throo figures, and
they are based on Section 4.5 of the Military Specification. Each element in the sys-
tem must first be assigned a hazard probability level, a number between 1 and O. It
represents the frequency of failure for the item under consideration as shown in Fig.
A 2. Second, a hazard level is assigned. The hazard level is between 1 and 4 and
represents the severity of the failuro as shown in Fig, A-3. Third, the product of the
previous values is found. It will bo between 1 and 24 and is known as the real hazard
index. Figuro A-4 shows how this is used to identify areas of unacceptablo risk. Any
item with a real hazard index greater than 12 must be modified in some way to re-
duce the risk level.

A3.2 O PROBABILISTIC FRACTURE MECIIANICS ANALYSIS
Probabilistic fracture mechanics methods are used in some arean, but thero is no

formal requirement. The U.S. Air Forco is beginning to consider the potential of prob-
abilistle design rnethods, but no formal requirements havo yet been made.
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'fleet Apprcxl to Namber ofLevel Speclile individualitem (orinventory) Occurrences per Filght Hour

Frequent 6 Likey to Occur Frequently Continuously More Than 10 per
Experienced 10,000 Flight Hours

Reasonably 5 WillOccur Severaltimes in LWo of Will Occur Detween 1 and 10
Probable indtvidualitem frequently per 10.000 fl6ght

Hours

Occasional 4 Unlikely to Occur in LH6 of Specific Will Occur Dr, tween 1 and 10
item Several Times por 100,000 riight

Hours

Remote 3 So irrprobable That it can De Unlikely to Between 1 and 10 t

Assumed That n Will Not Happen Occur Dut per 1.000,000 flight
Possible Hours

Erfterrely 2 Probability of Occurrence Cannot Be So improbat,le Less Than 1
irrptobable D;stinguished from Zero That 11 Can De 1,000,000 flight

Assumed That Hours
the fleet Will
Never Experience
it

irrpossible 1 Physically impossible to Occur 0

G603 00014f0DW

FIG. A2 HAZARD PROBABILITY LEVELS
[ Adapted from d,S, Department of Defense Mil Std 882B (1984))

Category Hazard Lovel Description

1 4 Catastrophic May Cause Death or System Loss

11 3 Critical May Cause Severe injury, Severe.

Occupational lliness, or Major System
Danuge

111 2 Marginal May Cause Minor injury, Minor Occupational
lliness, or Minor System Damage

IV j Negligible Will not Result in injury, Occupational lilness,
or System Damage

GP03 800r-4410.M

FIG, A3 HAZARD LEVEL CATEGORY
[ Adapted from U.S. Department of Defense Mil Std 882B (1984))
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A3.3 O INSPECTIONS

What to inspect. The structural items that are inspected are determined from the
stress analysis of the airframe. Thin deelston includes results from Anite element
analysis, the naturo and location of structural details (holes, Allets, etc.), and expo.
rience gained in previous aircraft programs. A set of " critical points" are determined
for the aircran. They become the focus of attention during inspections.

When to Inspect. The frequency of inspectsons is dictated by the hillitnry Specif1-
cation and depends on the portion of life used. Life depende not only on the hours
of night time, but also on the severity of the uso of the aircraft Crack growth pro.
jection is used to determine the life of the aircran.

One of the main causes of failuro in an aircraft structure is the growth of cracks
from holes. There are many fastener holce on an aircraft (an Air Force F 15 Air Bu.
periority Fighter, for example, has over 300,000). Frequently, the areas that need to |

bo inspectt.d are inside the wing, tail, or fbeelage structure, inspection necessitates 1

the removal of the outer skin. The removal and reinstallation of the skin enn cause
damage to the fastener holes. This pro * dure can precipitate failures. A delicate bal.
anco exists, consequently, between too many and too few inspections.

A3A C NEW DEVELOPMENTS

Tactical Dghter aircran are designed for a nnite lifetime using a baselino or design,
soverity of use spectrum; This spectrum represents the typical mission pmnlo fo/ the
aircraft Aircran that are flown very hard (many high "g" maneuvers) expend their '

design life much faster than sircran that see a benign flight spectrmn (few high "g"
maneuvers), The rato of incrosso or decrease in life expenditure from that predicted '

,

for the design spectrum is directly proportional to the severity of the usage and is
referred to as the usage factor. The night hours of each nircraft must be multiplied
by its usage factor prior to making any comparisons to historical data fmm other
aircraft

When making predictions of risk of structural failure, the usage factor must be
aooounted for prior to determining the statistical distributions. Three parameter Wei-
bull distributions are used to model both the failure distribution and the aircraft,
flight hour distribution. The failuro distribution must be determined from fleet in-
spection data and is generated for each critical (or inspection) point in the aircraft
The probability of failure is determined from the two Weibull distributions, as shown '
in Fig. A-5, which is based on work by Christian, et al. (1080), Saff, et al. (1087), and
Smith, et al. (2000). The shaled area indicates a nnite probability of failure whose
magnitude is a function of the degree of overlap of the two distributions.

Aircran are inspected in the field at a number of critical points in the structure.
The critical points are presently identified by the aircraft manufacturer based on the
assessment of load data from finito element models; consideration of structural do-
intls, such as holes and cutouts: and past experience. Detailed analysis and testing
are performed for each of these criticallocations to produce a crack growth curvo.
The crack growth curve is used to help build the aircran failure distribution for the
specif10 critical point of interest.

A field inspection of a critical point yields either no crack, a crack of noncritical,

j size, or a crack of critical size. "No crack" data points enter the analysis as suspended
j items, critical size cracks are treated as failures, and noncritical crachs are analyt!-

cally projected to critical size using the crack growth curve for that location (Fig. A-
0), which is also based on work by Christian, et al. (1080), Saff, et al. (1987), and
Smith, et al. (1000). These analytically determined failure lives are used along with

~
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the !!vos of any existing craical 11aws to deter:nine the failure distribution. The dis- i

tribution of aircraft lives to found ficm the hours on each aircraft inodified by its |
'

unique usage factor.
With the two distributions determined, the fleet commander can perform a number ;

of different analyses to assist in the management of the aircraft fleet. Maintenance
and inspections can be sc14eduled, the significance of inspection data can be assessed, ,

and the risk of failure for additional flight hours and modified usage can be deter > t

mined.
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FIG. A6 PREDICTED LIFE DISTRIBUTION USING CRACK GROWTH CURVE
[ Based on Christian, et al. (1986), Saff, et al. (1987), and Smith, et al (1990)]
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CIVIL ENGINEERING AND
MARINE STRUCTURES M

This section provides a summary of selected studies on rollability based inspection
and risk-benent analysis mainly in the civil and marine industries.

Mohanunadi and Longinow (1985) described the importance of, and the necessity
for, a probability based design practico for highway bridges. They emphasized the
signincance of a probability analysis in determining the frequency of inspection of
highway bridges. A study by Raczon (1987) showed that states had no written pro-
cedures for varying the scope or frequency of inspections. The 1987 Burface Trans-
portation and Uniform Relocation Assistance Act required that the FoderalIllghway
Administration continue to specify bridge inspection methods, the maximum time
period between inspections and qualincations of inspectors. Also, a national certin-
cation program for bridge inspectors was suggested.

The National Transportation Safety Board (NTSB)(1984) determined that the prob-
able cause of the 1983 collapse of a suopended span of Interstate Route 05 highway
bridge over the Mianus River in Connecticut was due to the lateral displacement of -
the hangers of the pin and hanger suspension assembly of the span by corrosion-
induced forces. The condition was not detocted due to denciencies in the State of
Connecticut's bridge safety inspection and maintenance program.

In 1980, the board determined that the probable cause of the collapse of the US 43
Chickasawbogue Bridge spans in Alabama in 1985 was not drtected due to the in-
adequato inspection of the underwater bridge elements by the State of Alabama, as
given in an NTSB investigation (1985). Also, in 1988 the causes of the 1987 collapse
of a 5-span, highway bridge in New York were investigated by the NTSB (1088). The
report discussed dehelencies uncovered in the bridge inspection programs of the
New York State Thruway Authority and the New York State Departmert of Trans.
portation. Recommendations were proposed to revise existing guidelines for design,
maintenance, and inspection of bridges. In addition, it was recommended that the
IT Department of Tramportation inspector General should periodically review the
Federal Highway Admh istration bridge inspection audit program for compliance
with tPo National Drldge Inspection Standards.

Imbsen and Schamber (1984) proposed a methodology for rating reinforced-con-
- crote bridges. The methodology was presented in a reliability based format by using
approximato load and resistance factors. By using this format, the probability theory
and engineering condition can be rationally combtned to allow for independent con-
sideration of each of the major variables that can affect the determination of the load
capacity of a bridge. This methodology includes consideration of the level of effort
in maintenance and inspection, degree of load-llmit enforcement, and rennement
used in simulating the bridge.

Knepp, et al. (1978) performed a study on the benent risk analysis in the design
of highway stream crossing. In this model, the total costs ancociated with alternative
designs were estimated, weighting factors were established for the costs according
to the probability of occurrence of advert,e events, and decision criteria were cetab-
lished; Harrison and Grenko (1983) and Cottrell (1988) provided methods for the 80-
lection of the frequencies of inspection of highway safety hardware based on their
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accident history and the level of service to be provided, it was concluded that the
procedure is a useful method for determining highway safety hardware maintenance
guidelines.

Crist (1980) presented a strategy to develop a preliminary inspection frequency
model and the requirements needed to determine the order of inspection for water-
tmnt faellities. The criteria used for determining when the inspections should be per-
formed were construction material, facility age, present condition, facility
environment, and missinn requirements. Fujimoto, et al. (1980) developed a method
based on Bayesian reliability analysis that estimates the optimal inspection schedule
of structures with multiple components using the data collected during inservice in-
spections. Mohammadi and Yazbeck (1980) developed a method based on probabilistic
modeling for estimating the critical time intervals between inspections for highway
bridges.

In the area of probabilistic fracture mechanics, models were used to determine the
risk of failure of highway steel bridges, and establish inspection and maintenance
strategies [Yazdant, et al. (1987) and Tallin (1988)). A similar model was used for
railroad rails (Keeling and Whittaker,1985) A probabillatic model for fatigue crack
growth had been applied by Madsen (1087) for offshore structures that accounts for
uncertainties in loading, initial defects, critical crack size, and material parameters,
and in the computation of the strese intensity factor.

Shirole and 11111 (1978) suggested a systems appmach to the bridge struct.ure re-
placement priority planning. Structural condition, functional ndequacy, safety, es-
sentiality to traine, and other criteria for setting replacement priority were developed
and evaluated. Dudgetary, environmental, development policy, and other constraints
on the replacement priority were identified and analyzed for their possible impact. A L

quantitative methodology was developed, based on ezelgnment of weights to the
rated criteria. Shannfelt and llorm (1984) provided a methodology for a decision mak-
ing process in the evaluation and repale af damaged s%el bridge members. The meth-
odology assembles information concerning the elfoct of those repair techniques on
the service life, safety, performance, and maintenance of the structure. Decisions on
method of repair must also consider the oost, user inconvenience, and aesthetics of
the repair technique. Other researchers used risk analysis as a tool in selection be-
tween alternatives [Peterson (1986)).

Inspection and maintenance methods have large effects on structural life expect-
ancy and extension. Many other factors affect the life expectancy of a structure Ki- i

tagawa (1985) discussed selected life prediction methods. They include life prediction
by the fracture process models, life prediction based on degradation of materials, and
optimization of inspection periods based on life prediction using single crack growth
models. In bridge structures, Parekh, et al. (1980), and Berger and Gordon (1978)
suggested methode for life extension of bridge structures by providing a posting pol-
icy. The policy was based on minimizing risk and maximizing benefits to the users.
Moses and Verma (1087) suggested guidelines for the evaluation of existing bridges.
It was primarily intended to replace the present provisions in the American Associ-
ation of State Illghway and Transportation Ofacials (AASIITO) Manual for Mainte-
nance and Inspection of Bridges pertaining to the bridge posting calculations. A i

methodology of structural life assessment was suggested by Ayyub, White, and Pur-
cell (1980) for marine structures. The methodology was based on probabilistic anal-
ysis using reliability concepts [Ayyub and Haldar (1984) and White and Ayyub (1985
and 1987)) and the statistics of extremes. The methodology resulted in the proba-

' bility of failure of the structural system according to the identifled failure modes as I

a function of time, i.e., structural life. The results can be interpreted as the cumu.
| lative probability distribution function (CDF) of structural life Due to the unknown

|
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lavel of statistical correlation between failure : nodes, limits or bounds on the CDF of
the structural life were catablished. The limits correspond to the extreme cases of
fully correlated and independent failure modes, r

For example, the CDFs of structurd life of an example marine vessel were deter-
mined for two inspection strategies; namely, inspection overy year and inspection
every two years with a warranty inspection et the end of the nrat year. Example
results are shown in Fig. A 7.

In the area of civil engineering, probabilistic fracture mechanios models were used
to determine the risk of failure of steel highway bridges and to estab'lish inspection
and maintenance strategica. Other examples include teljability based design and in- ;

spection of debris basins (for mudnows), public transportation systems, pipeline net.
works, etc.
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FIG. A7 LOWER LIMIT ON STRUCTURAL LIFE BASED ON PLATE DEFORMATION
[ Based on Ayyub and Haidar (1984), and White and AyytQ (1985) and (1987)}
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INDUSTRIAL INSURANCE A5
;

The objective of inspections of insured locations b to perform effective, etncient,i

and economical risk assessments, and consequential loss prevention and property
preservation through sound engineering practices. This pertains to the identincation t

of property loss exposures attributed to the existence of overt or covert hazards re-
lated to the processes and facilities under examination, or hazards associateti with
planned or impicmented changes.

Usually the inspection covers the entire plant, with prticular attention given to
conditions dictated by the following considerations:

e insurance coverage
o applicable deductibles
e exposures having the largest insured losa potential otherwise denned as critical

and important exposures (soo dennitions below)
* jurisdictional requirements

The inspection frequency is determined by the followfug factors:
(a)the type of inspection (i.e., planned regular inspections, or one time special in-

spections);-
(b) jurisdictional requirements;
(c) exposure group classincation: based on the probable maximum loss (net of prop-

erty damage and business interruption deductible amounts), occupancies are class-
ined in groups requiring semiannual, annual, or one time only inspection (unless
other jurisdictional regulations apply).
Probable maximum loss (PML) is denned as the largest loss that is hkoly to occur
aner a structural failure (on the basis of past experience and dealgn of the equip.

,

ment). Maximum foreseeable loss (MFL) is the largest loss that may be expected from i'

I a structural failure on the basis of past experience and design of the equipment; Crit-
ical exposures are those that present a PML or MFL larger than an amount specined
by applicable insurance policies. Tabulated values of PML and MPL based on past
experience provido assistance and guidance for the identincation of critical and im-
portant exposures. _ _

. During inspections, deviations from acceptablo engineering practicos and lose pre-
vention principles are identined and appropriate recommendations are issued. The
basis for objective judgment for such recommendations includes Loss Prevention ,

Standards (renecting sound engineering analysis).- analysis of loan experience, and,
lately, pr#^3stic n:/ Ming. In many cases loss prevention recommendations are

! - suppcC5 ( 'qc . DecialW testing to determine particular failure modes, special haz.
ryday' W aeded protection. Such testing includes the following:

.

|-

e oc.. p a tests

e exples a tests -
e sensitivity tests (smoke detection systems, low water level systems, etc.)
e metallurgical tests (metallurgical examination, chemical analysis, mechanical

testing, nondestructive examination)

131g.-, . .
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e reliability, Inalfunction, and failure examinations

Probabilistic engineering risk analysis methods have been employed in progressive
branches of industrial insurance to assess efficiently and economically the risks as.
sociated with loss prevention and property conservation. Karydas (1987) shows an
application of such methods to the occurrence rate of boiler failures caused by un-
detected low water level conditions in watertube power boilers, as discuened below,

Conventional con' " and safety systems have been cornprJed with programinablo
electronic systems. Yne reduction in the expected number of undetected low water
level conditions with inercasing frequency of inepoetion and preventive maintenance
was quantified (see Figs. A 8 and A 9). The applied methodology included failure
modos, offects, and criticality analysis; fault tree analysis; nnd uncertainty analysis.
Sources for component failure l'ates included insurance loss data and expert opinion.
The results of the study indicated, among other things, that inspection frequency of
the control system considerably affects the expected number of failures (ENF) within
specified timo periods. Quarterly versus atmual mrintenance providos more than a
factor of six reduction of failuro pmbability for a low water fuel cutofT(L%TC) system
that includes a cightglass water level monitoring system. Further improvements in
ENF are obtained by installing a second LWFC system or by substituting a conven-
tional LWFC system (with a rato of 709 failures per million hours) with electronto
systems demonstrating proven lower failuro rates.
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APPENDIX B
MATHEMATICAL EXPRESSIONS FOR

TABLES R-7 THROUGH 2-10
.
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TABLE B1
POINT ESTIMATE METHOD FOR SINGLE FAILURE MODEG

(See Table 2-7)*
.

3- A B
C.1 System Element Probability . I

of Faliure |2
1. 3 1 i

4 1 0.00000000000001
| 5 2 0.00000000000001 .

6 3 0.00000000000001 |
,

*7 4 0.00001
8 5 0.00001
9 6 0.00001
10 7 0.01
11 8- 0.01 !

12 9 0.01
I13 ' Upper umit i

= 1 -((1 -C4)* (1 -C S)*( 1 -C 6) *( 1 -C 7} *( 1 -C 8 )*( 1 -C 9) *( 1 -C 10 } *(1 - C 1 1 ) *( 1 -C 12))14 Lower Umit -MAX (C4C12) |
15 Average -SORTiC13*C14)16 2

,

17
1 0.0000000001 f

'

18 2 0.0000001 i
I 19 3 0.00000001'

20 4 0.00000001
21 5 0.0000001*

22 6 0.001 i

! 23 7 0.000001 t
'

24 8 0.00000001
'

25 9 0.000000001,

1 26 Upper umit
.

-1 -((1 -C17)*(1 -C 18)*(1 -C 19)*(1 -C20)*( 4 -C21) *(1 - C22)*(1 -C23)*(1 -C24)*(1 -C25))27 Lower Umit -MAX (C17-C25)28 Average -SORT (C26*C27)
~

),

- -. - -
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TABLE B1 (CONT *D}
POINT ESTIMATE METHOD FOR SINGLE FAILURE MODE

(See Table 2-7)

D | E | F | G H | I

'1 Magnitude of Ranking according to

2 Casualties f Damage (Human Risk Economic Risk Human Risk Economic Risk

3
4 0 0 =C4*D4 =C4*E4 8 8

5 1000 1000 -C5'D5 =C5'E5 7 7

6 1000000 1000000 -C6* D6 =C6*E6 6 6

7 1 1 .C7*D7 -C7* E7 5~ 5

8 1000 1000 =C8*D8 =C8* E8 4 4

9 1000000 1000000 =C9*L9 -C9'E9 2 2

10 0 0 -C10*D10 =C10*E10 8 8

11 1000 1000 -C11*D11 =C11*E11 2 2

12 1000000 1000000 -C12*D12 =C12*E12 1 1

13-
14
15 t' -SUM (F4:F12) , = SUM (G4G12) |1 1

8

16
17 0 1000 =C17*D17 =C17'E17 8 7

18 1000 100 -C18"D18 -C18'E18 4 4

19 1000000 5000 -C19*D19 =C19*E19 2 3

| 20 1 1000 =C20*D20 -C20'E20 7 4

21 1000 1 -C21 *D21 =C21*E21 4 7
|
l' 22 1000000 0 -C22*D22 =C22*E22 1 9

23 0 1000000 -C23*D23 -C23*E23 8 1

24 1000 1000000 -C24*D24 -C24* E24 6 2

25 1000000 1000 -C25*D25 =C25'E25 3 6

26
,

27

h 28 |$ -SUM (F17:F25) = SUM (G17G25) 2 2'

--
*

_ _ _ _
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TABLE B2.

"

INTERVAL ANALYSIS FOR SINGLE FAILURE MODES-
(See Table 2 8)

A B
1- System Element
2

3 1

4 1

, 5 2
!

6 3

7 4

8 5
L- 9 6 '

i 10 7

11 8

12 9- '

-- 13 Upper Umit
14 Lower Limit

|\ -1 5 Best Estimate
18 2

i.17 1-
~

18 2

19 3
20 4

21 5
22' 6

23 7

| 24 8 -'

25 9
. . ~ . _

26 !}rger Umit
~

27 Lown Umit-
28 Best Estimate

.

IL
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TABLE B2 (CONTD)
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES

(See Table 2-8)

C | D

of1 Probability
_ , ,

Best Estimate2 Lower
_ _ , , , , _ , _

3
__

0.000000000000000001 0.000000000000014

5 0.0000000000000001 0.00000000000001
6 0.0000000000000001 0.00000000000001
7 0.000000001 0.00001
8 0.000000000001 0.00001

9 0.000001 0.00001

10 0.000000001 0.01

11 0.00001 0.01

12 0.001 0.01

13, - 1 -((1 - C4)* (1 -CS)*(1 -C 6)*(1 -C 7)* (1 -C 8)*(1 - C9) *(1 - C 10)* (1 -C 11 )*(1 -C 12)) "t;]

14 -C1? .

15 -C14
16

'

17 0.0000000000001 0.0000000001
18 0.0000000001 0.0000001
19 0.0000000001 0.00000001
20 0.0000000001 0.00000001
21 0.00000001 0.0000001
22 0.0001 0.001

23 0.0000001 0.00000*
24 0.0000000000001 0.00000001
25 0.00000000000001 0.000000001 !

26 - 1 -((1 -C 17)*(1 -C 18)* (1 -C 19)* (1 -C20)* (1 -C21 )*(1 - C22) *(1 -C 23)*( 1 -C 24)*(1 -C 25))
27 -C22 .c ._ '

@ 28 -C27 11

!

i
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TABLE B2 (CONT'D)
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES

|See Table 2-8)-

8
E F | G

1 Failure Magnitude of
2 Upper Lower Best Estimate
3

4 0.0000000001 0 0
5 0.00000001 100 1000
6 0.000001 1000 1000000
7 0.001 0 1
8 0.0001 500 1000
9 0.0001 1450 1000000
10 0.1 0 0
11 0.01 10 1000
12 0.1 500 1000000
13

- 1 -((1 - E 4) * (1 - E5) * (1 - E 6)* (1 - E 7) * (1 - E 8) *(1 - E 9) * (1 -E 10) *( 1 -E 1 1 ) *(1 - E 12)) ~

.i.14 -E12
-

_ .

~
r;. . . -

16
17 0.0000001 0 0
18 0.0000001 2 1000
19 0.0001 200 1000000
20 0.00000011 0 1
21 0.0001 900 1000
22 0.01 100000 1000000
23 0.0001 0 0
24 0.00001 500 1000
25 0.00001 100000 1000000

g 26
- 1 -((1 - E17)*(1 -E18)*(1 - E19) *(1 -E20)*(1 - E21 )*( 1 - E22)*(1 -E23) *(1 - E24)*(1 - E 25)) -

27 -E22
,

28 -E26

,
_ _ _ _ _ _ _ _
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TABLE B2 (CONTD)
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES

(See Table 2-8)

H I | J | K L | M

1 Casualties Magnitude of Damage Human Risk

2 Upper Lower Best Estimate Upoer Lower Upper

3
4 0 0 0 0 -C4*F4 -E4*H4
5 100000 200 1000 2000 -C5'F5 -E5*H5
S 2000000 5000 1000000 1500000 -C 6* FS -E6*H6
7 100 0' 1 100 -C7* F7 -E7* H7

8 2000 500 1000 5000 -C8*F8 -E8*H8 ,

9 1500000 99999 1000000 1900000 -C9"F9 -E9*H9
10 0 0 0 0 -C10*F10 -E10*H10
11 2000 300 1000 7000 -C11*F11 -E11*H11
12 1100000 10000 1000000 1800000 -C12*F12 -E12*H12
13

^
o ~ es ~<1 - ' ~ s "*'W - -- s

O + s'14
' - # N S~* *'

* "M AL E3
*. rp.I '

-SUM (L4:L12) -SUM (M4:MIE
" '

15 m . , .3y,.,

- : W - -

16
17 0 1 1000 1200 -C17'F17 -E17*H17
18 3000 50 100 1000 -C18*F18 -E18*H18
19 1100000 100v 5000 6000 -C19*F19 -E19*H19
20 100 20 1000 5000 -C20*F20 -E20*H2O
21 1200 0 1 100 -C21 * F21 -E21*H21
22 1100000 0 0 0 -C22*F22 -E22*H22
23 0 100000 1000000 2000000 -C23*F23 -E23*H23
24 7000 1000 1000000 2000000 -C24*F24 -E24*H24
25 1100000 999 1000 100000 -C25*F25 -E25*H25

m[a n[ Ni s" ~0 }}$EA[ h? f-

n g yM N '^ . - :
- -n~~ .. . - ~ .w-

? ''+@ ' id5 ?- '* A -SUM (u17125) -SUM (M173A25)28l -
'



e

TABLE B2 (CONT'D)
INTERVAL ANALYSIS FOR SINGLE FAILURE MODES -

% : (See Table 2-8)
to

N i O P | Q
1 Damage Risk ' Ranking according to
'2 Lower Upper Human Risk Economic Risk
3

g

4 -C4 *14 -E4*K4 8- 8
5 -CS*l5 -E5*K5 7 7

. __6_. -CS*!E -E6*K6 4 4
_

7 -C7*l7 -E7*K7 6 6 :

8 -C 8*18 - -E8*K8 5 5
9 -C9*19 -E9*K9 ' 2 2 +

10 -C10'%0 -E10*K10 8 8
11 -C11 *l11 -E11*K11 3 3
12 -C12*l12 - -E12*K12 1 1

13 f W yt W egss %

' Q%7#iM@YY N NO b E u ?u mh
6 - 't@ W'*ig ; r + 'P , - 9 93

N $$$ Yb $ bE!$$ k
,

1A a sana
15 -SUM (N4N12) M'O4012) 1 1

16
17 -C17*l17 -E17*K17 8 7
18 -C18*l18 -E18*K18 6 8

2

19 -C19*l19 - -E19*K19 2 4
20 -C20*l20 -E20*K20 7 6 "

21 -C21 *l21 =E21*K21 4 5
22 -C22*l22 -E22*K22 1 9
23 -C23*l23 . -E23*K23 8 1

24 -C24*l24 =E24*K24 5 2
25 -C25*l25 -E25*K25 3 3

I 26

bM$M-
! e: - #W M ais N M A se ^ ZWri s , 'N

~

i

e#*y m.#:h4d
, -g

g@= c . ~:w :. ee @daggi;g;; 1..;|[hygg[;
y

bm6 m,g
~.

ggdyg yg
.

27 g
28 -SUM (N17N25) -SUM (017.025) 2 2

.

i

_ _ _ , _ _ _.. m___ _ _ _ _ _ . _



_ _ _ . _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ - . ._ - _ - _ _ _

TABl.E B3
POINT ESTIMATE METHOD FOR MULTIPLE FAILURE MODES

(See Table 2-9)

A B C D -| E | F | G

1 Element Failure Probability Magnitude of

2 Mode of Faliure Casualties Damage Human Risk Economic Risk
3 1 Mode 1 0.0000000000001 0 200.. -C3*D3 -C3*E3
4 Mode 2 0.0001 0 100- -C4*D4 -C4*E4
5 2 Mode 1 0.0000001 100000 10000 -CS*D5 - -C5*ES
6 3 Mode 1 0.0000000001 1000 3500 -C6*D6 -C6*E6
7 Mode 2 0.00000001 300 200 -C7*D7 -C7* E7

8 4 Mode 1 0.00000001 34 700 -C8'D8 -C8'E8
9 Mode 2 0.000000000001 0 500 -C9*D3 -C9*E9
10 Mode 3 0.00000001 50 90 -C10*D10 -C10*E10
11' 5 Mode 1 0.00001 750 45 -C11*D11 -C11*E11
12 6 Mode 1 0.0000000001 4000 430 -C12*D t 2 -C12*E12

H | _ l

1 Ranking according tc
2 Human Risk Economic Risk
3 8 10
4 8 1

5 1 2
6 7 7

7 3 5

8- 6 4

9 8 9

10- 4 6

1112 3

Z 12 |5 8
a

..
_.
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APPENDIX C
STATISTICAL APPROACH TO THE

ANALYSIS OF ISI DATA
USING THE BAYES METHOD

[O. J. V. Chapman (1983)]
-

h
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A Statistical Approach to the Analpis of ISI Data
Using the Bays Method

OJ.V. Chapman
Roth-Ro>re ami Anocuin hmurd. P O Box Ji, Derby DE2 88), U K

AliSTRACT

This paper descrites a means of determining the ef fectivene.i of In-

Service Inspection (ISI). The objective being to optimise any ISI programme

end thus minimite downtime and man dose exposure in nuclear application.

The report proposes a statastical method for handling information on

operating life and ISI results accrued to date and from planned ISI

programmes in future. The method makes the assumption that a family group of

conents is amenat,le to a statistical representation. The family group may

t.ytend across several different reactors and stations provided the area being

inspected is common, has been built to the same standard and operated in a

similar manner. For each area the input requir ed for the prior assessment is

a family of initial crack site distributions, crack densities and crack growm

functions. These provide er initial probability of f ailure distribution.

A Eayes approach is used to update the prior probability of failure

cistribution using the results of the ISI programme. As the ISI data builds

up, the probability of failure distribution for that particular component or

ISI area approaches the true situation. This interpretation of the ISI

results will allow t4tter optimisation of future ISI programmes.

At present the method is being applied to a group of reactor pressure

vessels which are of a similar design and have been built to a common

standard. It is hoped to both gain confidence. in the integrity of t.he

vessels as a group and optimise the 151 progr amme between var ious detailed
par ts of the vessel.

146

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -



1, ht t ed uc t ion
this papes desesites a prot,at>illstic maiel to define the tenefits of 1s1.

L The mulet quantifies the value of ISI in teems of the incteasing confidence succesolve
inspecticas provide in showing that the s eguired or ' target' ptobot.ility sf failure assigned
to a vessel or atea of a vessel is or is not tiving sealised. A range of dif ferent defect

densities and distritxitione are used as initial input to descrite possible statt of life

conditions for a vessel area afd a sange of dif f esent clack growth t etes are defined to

fully ent4 ace poa.aible defect tehaviour in service. Ttie results of successive 181's are
seteteteted and the tea 11ty of the attuation as to the f allute probatillity appr opr iate Lt-
that area is indicated ty a coriverging solution.

The mattel recognises the benefit of plant operating years accrued to date and the
. value of in service inspectices pe formed to date, The mtstel an te develtged to show the

relative importance of one vessel or cong onent to another within the teactor plant as well
as the relative importance of dif ferent areas within a given vessel.

A algnificant attsibute of the model as its at:111ty to provide a ' tunning statement' on
the tenefit of 158 as each inspection it per formed and the relative value of inspecting a
greater os lesset proportion of a given area. It can thus indicate muteequent 183 coede
and enablu f uture ptogransnes to te optimised ty 141ancing the inspection requisements such
'het all asees accumulate similar levels of corifidence avainst thete respe "i failuso
pr obstallt y 4 at ge ta ,i

l,r
'' 2. Mais of hw Is ttwge

Ttse undosyling tesib of this approach is fundamentally quite simple, it lies in

asking the following questions *Given that we telieve a certain situation estats, what would
me espect so find during an 158 t'. Given then the outccee of an 181, the fo!!ow up

question tecomes: "How does this Snowledge af f tet the original telief s of confidence in

that sitration?*. Note that the question is not. how daes 181 improve the situation but

how does At af fect onen confidence in a given situation. Whlint it must te stue that 158

will tend to reduce the ptotability of f allute f rom some ursknown level, the mdalling in
this paper does not set out to demonstrate this or to take any advantage of it, he over-

riding objective is to use 281 to demonstrate that the situation is one that is acceptable.
1. go,typility of Failure

> must now define what is seant' ty acceptable. Clearly in the contest of a nuclear #

plant this must be selated to the pactebility of leasage. Icatastetthie_fatture la
c osideesd es e subset et leakaget. civen that these is atmee level at which thie prote-

bility is acceptable, then the oejective le to demonstrate that the vessel or component
twires inspected is et least as good. if not better, than this level.

The ingredients required '.o determina the.ptotability of leakage are a
11 Detect denstly *p+

ll Defect aise d stritwtion flali

31 Cract growth . g ta)

|, 41 . Failuse distribution ' hial
. To use this data in a deterministic analysis would sequite it to te hown within reasocatsly
close tolerarwes. This can only te done with a considerable ef fort, # d there are many who

|

L
!
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would say it ran never be dorie. However even those that say it cannot te done must concede

that an pr inciple, et leas t, the statesient is cor rect ard that it is even possible to

eststlish the form of these patameter s. It is the assigning cf eteolute values that is

of ten the txine of contention.
4. Ls1L%e t IELLh1 Pa,r,3 mt t g ri

Whilst the ahnve parameters will not te known with any great confidence, it can to

assused that there is a reasonable knowledge of the general form and scale of these $4:4
meters. For esemple the defect site distribution is get tally accepted to to some form of

decaying esponent ial. An alternative is the Weibull f 'n, which can to made t.he sales as.

the esponential f unction tmt can also give better control over the tail of fla) .

Tr:e see applies f or tbo cr ack girwth f unction, g le) . There is a wealth of knowledge
on crack growth itself and a reasonable knowledge on the ef fect of the reducing ligament as

the crack depth approaches a through thickness defect. Therefore a reasonable knowledge of
the type and estent of the loading conditions permits a good estimate of at least the form

cf g le), if not its ac tual value. Wath regard to the defect denalty 'D', this is always a

problem tot once again esperience enablea some respectable gaesses to te sede.

This leaves h (a) to te deter aired. In theory it would te possible to estimate a

dastr ibution of h(a) . However it is more practical to think of a defect site above utilch we

can consider f ailure te have occurred. This value could be set at the thickness but the
possit111ty of snap through, stable or unstable, together with the possible increase in

crack growth as the ligament site decreases to seto, leads orie to choose a value for h(a)
that is less than the thickness. Therefore a single value for h(a) can te chosen such that
h ta) = a < thickness.

The proceeding suggests that we can estimate the probability of f ailure for a given
situation. But the argument could to turned around, that is, given that there is an

acceptable probability of f ailure, Ff what must the f la), g (a) and D values be to ensure
g

that this acceptable situation is true. Unfortunately there is no unique inverse to the
f unction re lating f (a), g (a) and D to f allute. This means that thtre are an infinite
number of c.:abinations of f(a), g (a ) and D to give one Pf. However practical considerations

would limit the ran9e to galte a small subgroup. But the important thing to note la how
all the functions are interrelated. Therefore if a range of f ailure protabilities are
selected it is possible to set out a practical array of f(a), gle), and D's that give rise
to this range.

5 The Value J E "

The previous section does nothing for us, as it stands. It inere4y concludes that a
given set of values for the principal parameters leads to a unique fatture probability, or,
given a f atture probability a sensible range of principal parameters can be inferred, to t
us consider eacn of these sets as individual sets and call then ' Probability of Failure
Sets (PPS)' thus t-

PFS * (t fg(a), gg (a) , D,h (a)) Pf )g 3

Clearly we would like to think that a set giving a low Pt was representative of the real
situation. The problem is justif ying that set and it is to that end that the 4f la to to
a imed ,

148
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in section 3 the f atet questlan asked eas 'Given that we telieve a certain situation esists,
what would wo espect to find dusing an !$17*. Now we have a f ull set of possitte siluettore,

the set of Pr$, against which to ask that questate. Assume rev that an 18I has teen chtrled
out and a nuatet of defects _'n' have teen ot terved. %e follow up question 'how dces this

knowledge af fect the os tginal tellet* new has scoe meanto) against all the inesible Pfl.
$wch a situation is genesa!!y known as a hayesten condition.

4. D,5&tM11tv of Findine a Defect DuijpgJfj
the pseceeding sections leave us having to determine tre protability of finding *>'

eefects duting 181. This sequires an instection ef ficiency curve. let this te Ital.

The f unction llel used to deactile the inspection ef ficiency wn!! degend on the tyle of

inspection and the atea teing inspected. It wi!! not depend on any individual Pr$. Hovover
what is seen. 9: not seen. by llel will depend on these individual sets in that it will to

a function of the defett density and dist:1bution entesing motvice, plus the caect growth

that has occutted up to the particular tal teing conandered. This then provides the
conditional prot 4bility sequiseJ in the Bayes analysis,

It is not the objective of this paper to tecome deeply involved in the questice. of .

| _. inspection ef ficiency, although clearly it is an impos tant par t of ery 881 analysis. It has

.
however toen secognised that the su>st dif ficult thing to achieve is an accusate defect

sising. The nudel has therefose teen set up to consider one of the following three situ-

stions **

1) Only the total nust:er of creet like defects is known.with no s taes.

21 All defect sises are known.
3) A split situation whece telow some given site only the nuntes of cract like

detects is known, but ateve that givee else any defect can te given a specific

sise.

7. [1mSJp from a Cl2up
'

Inherent in this methoJ is the assumption that any one sang le can te conaldened as a

se+1e f rom an identifiable gsaup and is representative of thes group. Furtbar that the

.f amily group is amenable to a statistical reprosentation.

for en.sple we might consider a particular set of welda which were all made to the same
- welding procedure and see a similar loading history through 14fe. There may to N welde per
plant and P plants.gtving NP welda. Any one weld chosen f rom these NP welde will have its
own untque nuster of defects, its own unique crack growth tehaviour and will have seen a
unique loading history. However all of these welds are manufactured in the saam way of the
same material and are all outdect to a similar loading through life. This toplies that we

: can consider them as one f amily and that this f amily is amenable to a statistical tepre=
aantation. Hence any one veld is just ta tea!!sation of a tendom variable which is a

unique mester of the teole f aeily. Information from that one sans le is now appitcable to the
statistica that descrite the family. An this way it is possible to estabitsh a satisf actory
description of the whole family with only a ilm;ted sample,

he above serves to titustrate the potat made in section 2, that this approach to 18f

' does not try to show any seduction in f ailure probability as a result of ISI. Instead it

- ttise to use the ISI data to establish what the true l's in for this particular family.
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The preceeding estat.itsbes that a given f amily of coq.or,ents can te treated statist 1*

cally, What it does not do is tell us whetbes or not a set of coqonents tan te considered

as a fastly, this can only te done tsy the user end places a strong comitment on him to

justify that a given 6et of components can te considered as a f aally.

$. I.i d it!*84S R of tbe Pretif_m
Yt e previous sections tr ied to lay dwn the t.asic engineer ing crecept s behind the

ne thc4. This section car ries through the detalled mathematics of the eethod.

\t'l lMW2S*1 l

B.I.l f tak) is the p.d.f. of initial crack like delvet mises 'a' twhich lie in a componeat

of trickness 11, which depnds on a set bl parameters ( (alth 9(a< s, and ag 1) . The
type of p.d.f. that has teen considered to date has teen Weibull,

5.1.2 The rate at which tr act like def ects esist at the star t of life is 6 per component.

4.1.)The critical crack site tttat site ateve which f ailure will occur) is s ,

8.1.4 The f unction g (a, t |*) gives the sise of a cract at plant age t which was a site
'a' at plant age sero, where e, are the parameters of the functice.

4.1.$ l t a) is the inspection efilciency 4 1.e . f or a 91Wn de fect of aire a, Ital la the

probat.ility of detecting that de fect if the component in which the defect lies is

inspected.

6.14 there ar e N coaponents in each plant and at an inspectica. n of these are inspected.
4.2 Ms g ip_nj

5.2.1The mude of f ailure is via continuous crack growth talung the asia perpendicular 'tc
the component sur f acel to sise a frus a defect that was present in the corponent at
time sero (i.e, no crack initiation during the planta life tiael .

8. 2.2 Ther e is no plant e f f ect, i.e. the parametere which deserite the nude of f a t tur e are
the same on each plant.

8.2.3 ho re-inspection oc urs and the contonent s to to Arspected as e chosen randomly.
B.) f r ior Itnowle<Jg

bet y= (2,3,61. The true value et y is not well knwn so a probability denalty
funct49n (44fl ta constructed which shwld reflect our knowled e of the situation9

prior 'to tte accumulation of ariy plar.t data that will be used in the updating process.
The metbrd used ta date, has teen to try and cover the space of all reasonat te values
of y *w a finite number y y and asslyn a prior probability P{ -

. .,
g

L

to each y (where I Pj 6)
tal

8.4 Rdating the l'rior angwig g
As data is collected our knowledge on the values of y are uptated 1.e. the values of
P{arechanged.

Data used to update the Fj is : rc failures have occured up to time *t*, a plant is

insgeeted at time t and a cracks are f ourvt and, possibly, the s18es of these a
cracks.
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- 4.4.3 1kP 111ni.ht!'Wnfi!1919

, By *non-f ailure' in this ccetent we assuno that all the cracte in the system are
,

less than the component thicantes. This is a peesteletic e ssung= tion since it has
,

teen assumed that s, * thspthess. Tte updating procedure is cassied out in time .

,

steps of t,-tg ggwhete t was the time of the ptevious inspection (of a g-lant

'and t, is the tie, of the psetent ins 5*Clich* tos each plant the times t !gg

- ar4 t, age converted into the age of the plant at tpg (Tggp and the age of tte

plant Lt tg ?, I where }*1.. . M with a total of M plants.t

i.e t I te the else of an initial ctack on 3 plant that would just girw to full

congenent width et time t assuming that V6 is the costeet met of parametets.
-

g

4.e.i.g a,,,,T,J-o_

then the plot.etrilit y of *tum f ailute", t it t ), on Lt.e ),, plarat tetween the
g g

age Tgg and T, given that these tes *non f ailute* to age T that V is trueg
and these it i eteen in the plant, i.s given try,

#
I )h*1

- 4)U +1,Id * 4 jafieltg
t

#

f(a|{g)k ida/ de
o o

! using itse Poisscm distelt,vtton with rate No, for the nuster of cracks i gives the
Ihcondat Annel prot ability P it 4,1 of non failure on the j MpWug

'
. te ve as --

ij a*l' b I 4t ,ge t[ ,1*N8) (Nd lg g g g

, AM3 (1- r 33 a 1,t,mtt

p " tere, fore. tre geotetality 0 of * ton-f ailute" on all tre >t plarits 9twn ] is true is3

e.

0 Mk ),I I *f{ E IIk-le g)t
4 k ij

,

:11eae Og (tg,g, ty are tien utsed to igdate wr knnelnkje on tJe V ustry IWwsg

~1teorem. . tart 94 (t,wl tw tre proiebility that y is cvstect at tide t havirg
previously bai w trwtevticra (ao P* * F,(40ltlen

i

H f t ~,"I * N (tg g )Q (tw3 k 1 g

4.

g%IIk+1[ O "k-1,Idn

me g it,, vi recre.enia cur km-i.oje of vi at time t, af tei w insiwetan.
s.4.2-. n< latino w a In ys m

let7 insre' tion pitch is on tie j* plant [.tw carrled wt at tim tg arvi the
av c f tie j* hlant at t

.

g te t)g. .11*n tre prctet44 tty q3 of rot firsiire a crack
given that one is tiere, that v ta true an1 that trwre are m ctacks present greatet

,

3

.tIw4n the Ct*)GWnt thickfmA4 is 91Wn ty:

L. .

.
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a 3

'p| *llI f ia @4ldae 1- fa 1 1 (9ts.Tq,
o e

if n con 4cnents ar e insges t ed ti.en the g.cotet>ility of finding I cracas twhich sie

not sized) given thet V is tr ue !$ given t'y S where
g

(1- q l' 9 e 1 l' 6 |Sg*1 _ , _t ! (u-t ) , u
g 3

u=s

{(1-q,) n 6}
' 9'$ e e 1 L

T:

4.e. Poisson with rate (4-q }re$gg

If the I ctacks are sised as a a then a .a are calculated such3, 3..,

that

la l b* t.a * ' ('R.Tp g .. Ib

then 5 i s se t at tne liklihood of finding r cr ac ts u a* given that jV
4 1, . ,

i s tr ae

-Il q in6<
g 3

* *
1 _ P. f (a l0 II I'b}b

r! bal

Again Payes thectem is used to updata our knowledge on the V . The updated
thpr ot>tt=tllties E tt ik) after the k inspection taking plare at time t on the $g g g h

plant is gisen by

L(tk.k) *R '(t kallSB
J2 1

1.

1 R ttg,k-1) 5,u

9, pputy and Conclusiors

A statistical method has teen proposed to evaluate the tenefits of 151. The siethod is
teed on Bayestar logne using the information ot ta& fwd f rom ($1 on a par ticular f amily of
components to update a vague prior telief ateut that f amily. The vague prior belief consists
of separate sets of defect density, defect sine distribution, in service crack growth eM
cr itical crack sise, if r.o defects are found during 181, the metha$ butids up confidence
that the true protet:ility of f allut e tot that family is very low. !! defects are found the
method indtCates which of the iPets 16 mos* likely to te cortect, and hence what the true
distributton of f ailure probability is for that f amily cf components.

ft:e sets must cover the tawe, most optimistic, most likely (best estimate) and wor st
possible situation. A dist inct advantage inherent in this, as that it is not necessary to
te able to identify what the actual, or true, situation ist only that it lies within the
ranje of the chosen sets. It is the 151 data that is used to try to identify the true
aAtuatlon.
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he model tan te used t ett ospectlply on insges tice tan g sed out to date. It cas. then
to used.as an ongoing method of assessin.s the moet likelv true situation orgarding the .

probability of f atture of any given f amily of ci-sponenta and thus direct f uture 188
progr amews th the most ef fective way. *

- $1nce the stilel assumes that a given f amily of CCa6enents is amenatale to a statistical

- interpsetation._4t _ is necessary only to consider a ba446 of that femtly to Ptovide thform-
atton escut the whole; This in tusn tmplies that only a limited et seduced 16I pr ogramne
is sequated to provsde the necessasy ininimatlon. It showed however le cleatly utwierstnad r

that 18 the outcume of a litited 151 prontanee indicates that the protebility of f ailuse ne
too high,4ncitaoirg the nuates of Isis of the sangle stas pe 151, will not tsecessatlly
change the situation. it will p ovide note data which will inctease the confidence in the
f allute dist:4 button but this may only serve to confirm that the situation la unacceptable.

- it thi s tecomes the antaation the tesic psemise of the analymis must to changed to ask,
- how does 151 af fect the protebility ci f allute. 14 would to penitsle to develop the mente n

toward this ot;)ective,
the model does not.tmpl6catly include any f oa m of consequence t anking, nis can only

to arplied to the suden by desigvisting dif ferent acceptatrie levels for the f ailure protab- .;
Allty for diftetent family etuups. But bere it must tw tealised that the enutel attempte to

- determine the true situatine and cannot therefuse te artificially made to meet a given
,

|} target, without eer supting the 151 results input to the uudel, Mus it must be concluded
that the questine of consequence as esternal to the model twt can tw luctuded in the analysia,
if the r.odel is to_ tw used to plan and optimise a f utus e !$t psugramme, assumptierts about

~

the outcomo of the 181s must to made, in this cuntent the consequence of f allute must be
used in order to determine what ptotwsbtlity of f atture is acceptable to any given fastly or

.

componecta. : ne oudel can then L+ used to opti; 1se Ltw 181 progs assee against a glven

f _- ~ . conflJence level for the piescribed fatture ptobabilities, 16 ate that this does not mean
' that the confidence level will to teached, sirse this depends on the tealisation of the 151

,

psogr amme. - It does hyver provide a meaningf ul way of planning,2

: %e method of amanysts pgoposedin this paper is still undet develegeent. It la
'

howeves at a point were it can tw used to provide initial estimates of the tenefits of 181
l and to plan a f uture 153 progsamuw. De futuse development will not change the bes te

_ principles laid out in this repor t, : The authors telieve that the pr W ound method provides
a seaningful way of interpreting the findings of an ISi programme.

{
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RISK-BASED INSPECTION -
DEVELOPMENT OF GUIDELINES

_

* Volume i
General Document

' Volume 2 - Part 1
Light Water Reactor (LWR) Nuclear Power Plant Components

* Volume 2 - Part 2
Recommended Inspection Program for LWR Nuclear Power Plant Components for

ASME Code Section XI Consideration

Volume 3
Fossil Fuel Find Electric Generating Station Applications

(in course of preparation)

Volume 4
Petroleum Refinery Processing and Storage Applications

(In course of preparation)

Volume 5
Noncommercial Nuclear Facility Applications

(In course of preparation)

*These documents also to be pubihihed by the U.S. Nuclear Regulatory
Commission, respectively, at:

NUREG/GR - 0005 Vol.1
NUREG/GR - 0005 Vol. 2 - Part 1
NUREO/GR - 0005 Vol. 2 - Part 2
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Inservice inspection can play a significant role in minimizing equipment and structural
failures. For many industrial applications, requirements for inservice inspection are
based upon prior experience or engineering judgment, or are nonexistent, Most re-
quirements or guidelines for these inspections are bas' ed on engineers' qualitative judg-
ment, and only implicitly take into account the probability of failure of a component
under its operation and loading conditions, and the consequence of such failure, ifit oc-
curs. This document recommends appropriate methods for establishing a risk-based in-
spection program for any facility or structural system. The process involves four major
steps: defining the system; performing a qualitative risk assessment; using this to do a
quantitative risk analyals; and developing an inspection program for componente and

: structural elements us(ng probabilistic engineering methods.

Companion document will detail speciflo risk based techniques for the inspection of
components of LWR nuclear power plants, applying methodcilogy set out in Volume 1,
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