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ABSTRACT

Recently, some US nuclear power plants are switching over to risk-informed inservice inspection (RI-ISI) program
for piping. Piping in many US light water reactor plants is still being subjected to inservice inspection (ISI) based on certain
deterministic criteria set by Section XI of the ASME Boiler and Pressure Vessel Code and US federal regulations as
mandated by US Nuclear Regulatory Commission. Many recent works have established that the switch to RI-ISI provides
both safety and economic benefits. The RI-ISI program for piping has been developed by Westinghouse Owners Group
(WOG) and EPRI based on earlier ASME research methods. A typical development of a RI-ISI program (WOG method)
involves a scope definition with identification of piping segments in the plant, a risk evaluation utilizing failure probability of
piping components along with a consequence evaluation. The risk importance of the segments is based on the core damage
frequency and large early release frequency. Subsequently, the results are reviewed by an expert panel familiar with the plant
operation, maintenance and testing. Based on the recommendations of the expert panel, inspection locations are selected.
Like any other periodic inspection program the RI-ISI program contains an element of feedback to enhance the program
going forward. A significant part of the scope for setting-up a RI-ISI program involves extracting and using stress analysis
results from design analysis into the structural failure probability, which can be expensive depending upon the level of
availability of pipe stress documentation. A sensitivity study was performed for piping in a PWR plant by varying the level of
stress in piping segments to study the changes in the probability of leakage and the probability of break which form an
element in the risk evaluation process. The core damage frequencies were evaluated using the stresses in the piping segment
right up to the applicable code allowables. The results of the evaluation show some minor changes in the structural failure
probability. However, utilization of these structural failure probabilities in the risk evaluation causes only insignificant
change to the core damage frequency and virtually no change to the risk ranking of the piping segment for inspection.
Therefore, it is concluded that the structural failure probability of the piping segments can be adequately determined using the
Code allowable stress when developing a RI-ISI program.

INTRODUCTION

The objective of inservice inspection (ISI) of piping in nuclear power plants is to identify degraded conditions such
as flaw indications, that may lead to leaks and rupture, which compromise the pressure boundary integrity of pipe. An
effective ISI program identifies the potential for those degradations before they cause unanticipated incidents or accidents.
Selection of inspection locations, methods and frequency influence the benefit of inspection in enhancing the piping and plant
reliability. In the past, the ISI programs for piping have been established without any explicit consideration of risk based
information, such as component failure rate and consequences on equipment function for specific operating conditions. The
past programs have been formulated based upon certain mandated requirements of the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code, Section XI, plant technical specification requirements, and U.S.
Nuclear Regulatory Commission (NRC) regulation. Consequently, a significant number of unnecessary inspections are being
performed at locations of low risk significance, which do not enhance plant safety and reliability, but add to operating
expenditures.

As an alternative to the above, a risk-informed inservice inspection (RI-ISI) program can be developed, which
categorizes piping components into high safety-significant (HSS) and low safety-significant (LSS) groups. The RI-ISI
focuses on the inspection of piping components at HSS locations, there-by reducing the total number of inspection locations.
Thus, the program frees up resources for using better and more detailed inspection techniques. A past study [7] has shown
that implementation of RI-ISI has resulted in enhancement of overall plant safety and reliability while simultaneously
reducing operation and maintenance (O&M) expenditures and occupational radiation exposures.

Technologies for risk assessment of systems and components have been developing rapidly over the last two
decades. Significant improvements have been made in inspection technology. New and improved inspection techniques and
better instruments are being introduced routinely. The methods for assessing structural reliability have reached new heights.
The U. S. nuclear power plants have under gone programs for Individual Plant Examination (IPE) to quantify the core
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damage frequency (CDF) from internal events and Individual Plant Examination for External Events (IPEEE) to quantify the
CDF from external events. As a result, the plant engineers have developed the capability to estimate risks associated with
pipe failure in relation to inspection and failure costs. These facts have lead to the formulation of the RI-ISI program which
basically helps managing the risk resulting from the probability and consequences of pipe failure and coupled effects of
inspections.

The Westinghouse Owners Group (WOG) with participation of ASME research has developed a topical report
WCAP-14572, Revision 1-NP-A [1], �Westinghouse Owners Group Application of Risk Informed Methods to Piping
Inservice Inspection Topical Report�. This topical report provides details required to incorporate risk insights when
identifying locations for inservice inspections of piping in accordance with the general guidance provided in NRC Regulatory
Guides [3]. The topical report methodology for RI-ISI is a detailed implementation document for ASME Code Case N-577
[4]. In developing the methods described in the topical report, the WOG has incorporated insight gained from the pilot
application at two plants, Milstone Unit3 and Surry Unit 1. �Westinghouse Structural Reliability and Risk Assessment
(SRRA) Model for Piping Risk-Informed Inservice Inspection,� [9] has been developed for quantifying the probability of
through wall crack and probability of break in the pipe. The method of analysis developed in [1] is summarized in the next
section.

One element in the process for RI-ISI development is the failure probability estimation. Segment by segment
estimation of failure probability is a tedious task, and several input items are required in this step. The segment stress
information on operating and design limiting conditions are provided as input to the SRRA [9] code for the estimation of
failure probability. Extracting the stress analysis results from design analysis for input to the computer can be expensive
depending on the level of availability of pipe stress documentation. The main thrust of this work is to examine whether
detailed collection of stress data from the existing stress analysis of record is necessary or not.

The various possible modes of failure, which a piping/pressure vessel code considers, are:
1. Excessive elastic deformation including elastic instability.
2. Excessive plastic deformation.
3. Brittle fracture.
4. Stress rupture/creep deformation (inelastic).
5. Plastic instability � incremental collapse.
6. High strain � low cycle fatigue/ Low strain � high cycle fatigue.
7. Stress corrosion.
8. Corrosion fatigue
9. General corrosion/Flow assisted corrosion.

It is recognized that all the segments are designed to the requirements of ASME or ANSI codes, which provide a
very high margin against failure. Some of these modes of failure are controlled by the state of stress alone, where as others
are controlled by configuration, stiffness, and selection of materials fitting to the environment. A component designed to the
code, with stress up to the allowable limit, has extremely low probability of failure, due to the stress in the component. The
modern stress analysis techniques accurately predict the stress in the component. The stress as a variable for the cause of
failure in the component is normally predicted with the least amount of uncertainty in comparison to the other variables that
contribute to the failure of components. Therefore, the relative level of stress under the code allowable has very little
significance when considering the failure of the component. Failure data available on piping failure in nuclear power plants
testifies to this fact. Thus the level of design stress is only one small contributor to the pipe failure in an overall scheme. As
seen in [2], there are many other variables that influence the failure of piping. However, sensitivity study [1] using
uncertainty bounds related to values of calculated failure probability has demonstrated that no low safety significant segments
could move into the high safety significance category when reasonable variations in the pipe failure and conditional
CDF/LERF probabilities are considered. The influence of the pipe failure probability is large only on low safety significant
segment.

This paper presents the results of a study that examines the effect of the stress input in the overall risk ranking
process for selection of HSS segments. The RI-ISI program for Dominion Generation�s Surry Unit 2 power station is used as
an example for the study. The risk ranking process is first completed with the segment stress values from the design
document and then is repeated with stress values in the segments equal to the applicable code allowable values. Results of
both analyses have been compared to determine the influence of the stress input.

METHOD OF ANALYSIS

 The analysis is performed using the methodology developed by the Westinghouse Owner�s Group (WOG) for the
risk-informed insevice inspection (RI-ISI) process [1]. Figure 1 summarizes the method. A brief overview of the method
described in [2] follows.
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The RI-ISI methodology is complex and is considerably different from the deterministic requirements of the ASME
Section XI methodology being used in developing an inservice inspection program for nuclear power plants.

1. Scope and Segment Definition - The scope includes pressure boundary piping in systems and portions of systems
included in the current ASME Section XI program, the plant PRA boundary and equipment considered risk-significant for the
Maintenance Rule. A piping segment is defined as a portion of piping for which a failure at any point in the segment results
in the same consequence (e. g. loss of a system, loss of a pump train, etc.) All of the piping identified in scope definition is
subdivided into segments for risk-ranking.

2. Consequence Evaluation - The consequence of  each of the segments identified is developed considering that a
failure occurs for a given segment. The consequences are identified through PSA insights, engineering evaluations and plant
design and operation review, including direct effects (failure of a train in which  the piping segment is contained) and indirect
effects (such as those due to flooding, pipe whip or jet impingement).

3. Failure Probability Assessment - Each segment is evaluated for failure potential. An engineering team assesses
industry experience, plant layout, materials, operating conditions and experience, identifying potential failure modes and
causes. A structural  reliability and risk assessment (SRRA) [9] software code developed by WOG uses input data based on
the assessed information to quantify the failure probability.

4. Risk Evaluation - The risk importance of the segments are calculated based on the core damage frequency and large
early release frequency, if available, resulting from structural failure of the component in a given segment. This approach
calculates the relative importance for each segment within the scope using the values established above.

5. Expert Panel Categorization - The risk evaluation calculations for each segment, the segment failure probabilities
and other considerations are presented to an expert panel. The panel reviews all risk informed selection results by utilizing
their expertise (including knowledge of prior inspection results, industry data, and any available stress and fracture mechanics
results) and probabilistic safety assessment insights to develop the final categories of high and low safety significant items for
inservice inspection.

6. Element/NDE Selection - The identification of potential inspection locations within each high safety-significant pipe
segment is obtained by a further review of the structural elements and postulated failure mechanisms. The method and
frequency of the inspection is then determined by a ISI team comprised of materials, ISI and NDE expertise. The selections
are then reviewed and approved by the expert panel.

7. Program Implementation - The risk--informed ISI program is implemented by changing the appropriate plant
documents, procedures etc.

8. Feedback Loop - A reevaluation is performed periodically based on changes such as: (a) plant design and
operational changes, (b) industry experience, (c) plant ISI experience, and (d) plant PSA model changes. This reevaluation
enables to implement changes made to the design basis, and new knowledge gained on the segments in the future.

Eighteen input parameters are used for failure probability calculations of step 3 [7, 9]. These parameters are
identified in Table-2. Only two parameters - DW and Thermal Stress Level, and Design-Limiting Stress (LL/Break only) -
are changed to study the effects. The risk ranking analysis is repeated two times. First, an analysis is performed with the risk
ranking method of reference [1], using the stress results from the analysis of record for structural element failure probability
assessment. Then the analysis is repeated with the level stress in the segment equal to the code allowable stress. The results
of the analyses of both cases are used in a comparison to establish the importance of the level of stress in the segment on the
overall risk ranking process.

The risk-ranking process utilized the method developed in [1]. Since the piping failure probabilities are low, the total
CDF/ LERF determined from PSA for internal events cannot be used for determining high safety significant pressure
boundary components via Risk Reduction Worth (RRW). The RRW in all cases would be equal to 1.0.  As discussed in  [1],
it is important to first model the pressure boundary failures and then assess the relative risk significance to the total
CDF/LERF relating to just piping pressure boundary failure. The task of directly inputting the piping segment into the PSA
model was considered labor intensive and also the pipe segment failure probabilities are sufficiently lower than the
components modeled in PSA to yield meaningful results. Therefore, the CDF/LERF due to pressure boundary failure was
quantified out side the PSA model but the PSA model was used as input. To determine the CDF/LERF for each pipe
segment, a matching surrogate component or an initiator that is already used in the PSA is used. The surrogate component is
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assumed to fail with a failure probability of 1.0 for use in obtaining the conditional CDF. The process calculates the
probability of piping failure, which could cause an initiating event or render a system incapable of performing its safety
function and matches this with the consequences from the failure.  The risk categorization involves calculating the relative
importance of a component to a predefined consequence measure such as CDF.  The Risk Reduction Worth (RRW) is used
for ranking the segments in this study. RRW measures how much the CDF decreases if the unavailability of the component
of interest is set to 0 or the component is always available. RRW is calculated as:

RRW = CDFbase / CDF0
Where:

CDF0 = CDF when the component failure probability is set to 0
CDFbase = Base CDF
The segment with RRW values equal to or greater than 1.005 is ranked as high safety significant while the segments

with RRW values equal to or greater than 1.001 but less than 1.005 are considered as medium safety significant. Segments
with RRW less than 1.001 are considered as low safety significant. RRW value for each segment was calculated using CDF
with operator action, CDF without operator action, LERF with operator action, and LERF without operator action. The
enveloping value of RRW is used for risk ranking process.

RESULTS

Segments defined for setting up the RI-ISI program for Surry Unit 2 have been used in this case study. It was
originally intended to vary the level of stress in the pipe by increments to study the effect in risk ranking. This idea was
dropped because the effect was not significant for smaller increment of stress. Only a two step study was performed to
determine the influence of stress. In all, 139 segments, covering the reactor coolant pressure boundary system were
considered for risk ranking. Table-1 provides the enveloping RRW values for each segment for the cases analyzed here.
Table-3 provides the break down of the risk ranking. When the piping failure probability was calculated on the basis of the
analyzed stresses, it was determined that 22 segments were of high safety significance, 39 segments were of medium safety
significance and rest 78 segments were of low safety significance. When the analysis was repeated with segment failure
probability calculated on the basis of allowable stress in the segment, the risk ranking of the segments remained essentially
same with 15 segments of high safety significance, 57 segments of medium safety significance and remaining 67 segments of
low safety significance. Risk ranking of any segment did not alter by more than one level. The changes identified in the risk
ranking are nothing extraordinary. The changes of this magnitude are inherent in the probabilistic method. Following the
expert panel review of the risk ranking of segments calculated on the basis of the analyzed stresses,  53 segments were
selected for setting up RI-ISI program for Surry Unit 2. Changes in the safety significant of the segments with failure
probability calculated on the basis of allowable stress are so small that the expert panel would have come to the same
conclusion. Change in the level of stresses in the segment did alter failure probability by order of magnitude in some cases,
however, its importance in the overall risk ranking was found to be insignificant.

CONCLUSION

Based on the case study presented in this paper it is concluded that RI-ISI process can be successfully formulated by
using the stress in the component equal to the code allowable stress as input in the piping failure probability computation.
The influence of design stress on the overall failure probability of the component is insignificant, as long as the design
stresses are below code allowable values, while determining the probability of CDF/LERF. Substantial savings can be
obtained while formulating a RI-ISI, if the design stresses do not have to be extracted from the existing run of record
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Table � 1 Comparison of RRW
Segment Note 1 Note 2 Segment Note 1 Note 2 Segment Note 1 Note 2

ACC-001 1.0000 1.000001 RC-012 1.0019 1.002309 RC-060A 1.0013 1.003111
ACC-002 1.0000 1.000003 RC-013 1.0019 1.002338 RC-060B 1.0000 1.000000
ACC-003 1.0000 1.000003 RC-014 1.0019 1.002338 RC-061 1.0007 1.002252
ACC-004 1.0000 1.000002 RC-015 1.0019 1.002338 RC-062 1.0011 1.000997
ACC-005 1.0000 1.000010 RC-016 1.1118 1.146560 RC-063 1.0011 1.000997
ACC-006 1.0000 1.000009 RC-017 1.1118 1.146560 RC-064 1.0011 1.000997
ACC-007 1.0000 1.000000 RC-018 1.1118 1.146560 RC-065 1.0011 1.000997
ACC-008 1.0000 1.000000 RC-019 1.0005 1.003070 RC-066 1.0258 1.005787
ACC-009 1.0000 1.000000 RC-020 1.0006 1.003933 RC-067 1.0258 1.005787
CH-001 1.0262 1.005262 RC-021 1.0002 1.001562 RC-068 1.0258 1.005787
CH-002 1.0262 1.005262 RC-022 1.0002 1.001562 RC-069 1.0011 1.000997
CH-003 1.0262 1.005262 RC-023 1.0002 1.001562 RC-070 1.0006 1.000979
CH-004 1.0000 1.000000 RC-024 1.0011 1.002261 RC-071 1.0011 1.000997
CH-005 1.0000 1.000000 RC-025 1.0011 1.002261 RC-072 1.0011 1.000997
CH-006 1.0000 1.000000 RC-026 1.0011 1.002261 RC-073 1.0011 1.000997
CH-007 1.0000 1.000000 RC-027 1.0011 1.002084 RC-074 1.0011 1.000997
CH-008 1.0000 1.000000 RC-028 1.0011 1.002084 RC-075 1.0014 1.001421
CH-009 1.0000 1.000000 RC-029 1.0011 1.002084 RC-076 1.0014 1.001421
CH-010 1.0000 1.000000 RC-030 1.0000 1.000000 RC-077 1.0014 1.001421
CH-011 1.0000 1.000000 RC-031 1.0138 1.002899 RC-078 1.0006 1.001059
CH-012 1.0008 1.001023 RC-032 1.0138 1.002899 RC-079 1.0006 1.001059
CH-013 1.0008 1.001023 RC-033 1.0138 1.002899 RC-080 1.0008 1.000997
CH-014 1.0008 1.001023 RC-034 1.0000 1.000001 RC-081 1.0000 1.000000
ECC-001 1.0000 1.000000 RC-035 1.0000 1.000001 RC-082 1.0006 1.001059
ECC-002 1.0000 1.000000 RC-036 1.0000 1.000001 RC-083 1.0000 1.000000
ECC-003 1.0000 1.000000 RC-037 1.0138 1.002899 RC-084 1.0003 1.001059
ECC-004 1.0056 1.001197 RC-038 1.0138 1.002899 RC-085 1.0000 1.000000
ECC-005 1.0003 1.000397 RC-039 1.0138 1.002899 RC-086 1.0000 1.000000
ECC-006 1.0003 1.000397 RC-040 1.0015 1.002279 RC-087 1.0000 1.000000
ECC-007 1.0003 1.000397 RC-041 1.0798 1.166296 RC-088 1.0000 1.000000
ECC-008 1.0000 1.000000 RC-042 1.0814 1.166296 RC-089 1.0000 1.000000
ECC-009 1.0000 1.000000 RC-043 1.0807 1.166296 RC-090 1.0000 1.000000
ECC-010 1.0000 1.000000 RC-044 1.1184 1.030404 RC-091 1.0000 1.000000
ECC-011 1.0000 1.000000 RC-045 1.1184 1.030404 RC-092 1.0000 1.000000
ECC-012 1.0000 1.000000 RC-046 1.0005 1.003288 RC-093 1.0002 1.001801
ECC-013 1.0000 1.000000 RC-047 1.0005 1.003288 RC-094 1.0002 1.001801
RC-001 1.0011 1.001046 RC-048 1.0006 1.003288 RC-095 1.0002 1.001801
RC-002 1.0011 1.001046 RC-049 1.0002 1.000774 RC-096 1.0013 1.003111
RC-003 1.0011 1.001046 RC-050 1.0005 1.001120 RC-097 1.0000 1.000000
RC-004 1.0011 1.001046 RC-051 1.1184 1.030404 RC-098 1.0000 1.000000
RC-005 1.0011 1.001046 RC-052 1.0004 1.001669 RC-099 1.0000 1.000000
RC-006 1.0011 1.001046 RC-053 1.0004 1.001669 RC-100 1.0000 1.000000
RC-007 1.0013 1.000540 RC-054 1.0004 1.001669 RH-001 1.0000 1.000129
RC-008 1.0013 1.000540 RC-055 1.0006 1.000970 RH-002 1.0000 1.000001
RC-009 1.0013 1.000540 RC-057 1.0012 1.001437 RH-003 1.0000 1.000001
RC-010 1.0019 1.002309 RC-058 1.0012 1.001433
RC-011 1.0019 1.002309 RC-059 1.0012 1.001433

Note 1: RRW based on segment failure probability calculated on the basis of analyzed stresses in the segment.
2: RRW based on segment failure probability calculated on the basis of allowable stresses in the segment.
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Table - 2 Input Parameters for SRRA Software Code

No. Input Parameter Description Check Input Choice Set Value
1 Type of Piping Material 304 SS 316 SS Carbon Steel
2 Crack Inspection Interval (Optional) Low (6) Medium (10) High (14)
3 Crack Inspection Accuracy (Optional) High (.16) Medium (.24) Low (.32)
4 Temperature at Pipe Weld Low (150) Medium (350) High (550)
5 Nominal Pipe Size Small (2) Medium (5) Large (16)
6 Thickness to O.D. Ratio Thin (.05) Normal (.13) Thick (.21)
7 Normal Operating Pressure Low (0.5) Medium (1.3) High (2.1)
8 Residual Stress Level None (0.0) Moderate (10) Maximum (20)
9 Initial Flaw Conditions One Flaw X-Ray NDE No X-Ray

10 DW & Thermal Stress Level Low (.05) Medium (.11) High (.17)
11 Stress Corrosion Potential None (0.0) Moderate (0.5) Maximum (1.0)
12 Material Wastage Potential None (0.0) Moderate (0.5) Maximum (1.0)
13 Vibratory Stress Range None (0.0) Moderate (1.5) Maximum (3.0)
14 Fatigue Stress Range Low (.30) Medium (.50) High (.70)
15 Low Cycle Fatigue Frequency Low (10) Medium (20) High (30)
16 Design-Limiting Stress (LL/Break Only) Low (.10) Medium (.26) High (.42)
17 System Disabling Leak (Large Break Only) None (0) Medium (300) High (600)
18 Min. Detectable Leak (LL/Break Only) None (0) Medium (5) High (10)

Table - 3 Comparison of Risk Ranking
Safety Significance Level No. of Segments (Note 1) No. of Segments (Note 2)

High 22 15
Medium 39 57

Low 78 67
Total 139 139

Note 1: Segment failure probability calculated on the basis of analyzed stresses in the segment.
2: Segment failure probability calculated on the basis of allowable stresses in the segment.
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Figure 1 WOG Risk-Informed ISI Process
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