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F.1 INTRODUCTION 
 

The risk-informed reevaluation of 10 CFR 50.46 (along with appendix K and GDC 35), the 
Emergency Core Cooling System (ECCS) requirements, utilizes LOCA initiating event 
frequencies to evaluate the technical basis for potential related rule changes.  Specially, the 
near-term reevaluation of the ECCS reliability requirements is investigating the necessity of 
assuming a simultaneous Loss Of Coolant Accident (LOCA) with Loss Of Offsite Power 
(LOOP).  Originally, the NUREG/CR-5750, Appendix J pipe break LOCA estimates were to be 
used to represent the initiating event frequencies.   
 
However, several failure mechanisms have recently emerged which have not been previously 
experienced.  These include Primary Water Stress Corrosion Cracking (PWSCC) of Pressurized 
Water Reactor (PWR) alloy 82/182 welds which occurred at VC Summer and Ringhals, PWR 
vessel head degradation at Davis Bessie, hydrogen combustion failures at Hamaoka and 
Brunsbuettal, and Control Rod Drive Mechanism (CRDM) and housing cracking at Oconee and 
other plants.  The concern is that these and other potential aging-related mechanisms may not 
be adequately represented within the current NUREG/CR-5750, Appendix J LOCA estimates 
[Ref. F.1].  Additionally, LOCAs can occur from failure of active components (i.e. safety relief 
valves, reactor coolant pump seals, etc.) and other non-pipe break passive failures (i.e. steam 
generator tubes).  The LOCA contributions from these additional sources must also be 
considered. 
 
The NRC Office of Regulatory Research (RES) has completed a near-term elicitation study to 
determine the suitability of NUREG/CR-5750 LOCA estimates.  The objectives of this study are 
as follows: 
 
1. Determine Small Break (SB), Medium Break (MB), and Large Break (LB) LOCA 

frequency distributions (mean, upper and lower bounds) which reflect potential changes 
in the expected LOCA frequencies up through the end of the license renewal period (≈ 
35 years). 

2. Support the schedule outlined in SECY-02-0057 [Ref. F.2] for ECCS reliability by 
developing LOCA distributions by the end of April 2002. 

3. Identify pertinent technical issues for future investigation. 
 
The methodology, assumptions, analysis and results of this near-term elicitation are 
summarized in this appendix.  The results are considered to be interim values only for a 
preliminary evaluation of potential rulemaking changes.  A detailed, longer-term elicitation has 
been initiated to pursue the technical issues raised by the near-term study and also provide 
LOCA frequency estimates which will serve as the final basis for any rulemaking decisions. 
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F.2 BACKGROUND 
 
There have been two approaches traditionally used to assess LOCA frequencies:  estimates 
based on statistical analysis of service experience data and Probabilistic Fracture Mechanics 
(PFM) analysis of specific postulated failure mechanisms.  Both these approaches have 
differing strengths and weaknesses.  In fact the two methods are complementary although 
combined or comparative analysis utilizing the two approaches is not typically performed.  There 
are, however, several current weaknesses with each technique which make them ill-suited to 
address the stated objectives of this study.  The methods, their strengths and deficiencies are 
subsequently reviewed. 

 
F.2.1 Service Based LOCA Estimates 
 
The advantages of the service experience-based analysis to determine LOCA frequencies are 
that they provide an indication of historical piping system failure and degradation mechanisms 
which are the most important contributors to the failure rates.  They also document the 
effectiveness of historical mitigation techniques and provide some indication of the likelihood of 
a precursor event (e.g. leaks) prior to failure that can be used to correct the deficiency prior to 
LOCA initiation.  The primary disadvantages with these approaches are that they are not 
necessarily either comprehensive or representative of future system performance.  The service 
history coverage is a major concern for estimation of rare events like LOCAs.  Because pipe 
break LOCAs have not occurred, capturing all precursor leak or cracking events is important 
when estimating the actual piping failure rate.  Future system performance is required so that 
plant performance through the end-of-license renewal can be evaluated.  However, age related 
failures may not be adequately represented in the service history. 
 
Aging mechanisms can require significant incubation time before causing any actual piping 
failures.  However, once the incubation period is over, crack growth can occur relatively rapidly 
and lead to rapidly increasing failure rates with time.  This model was experienced with 
intergranular stress corrosion cracking (IGSCC) failures in the early 1980s [Ref. F.3].  Recent 
PWSCC cracking [Ref. F.4] could be another degradation mechanism with a similar failure rate 
profile, although only two failures have been reported to date.  It is therefore important to 
ascertain the likelihood that these and other aging mechanisms could influence historical piping 
failure rates.  Several prominent PRA studies are reviewed below in light of these potential 
advantages and disadvantages.   

 
F.2.1.1 WASH-1400/NUREG-1150  
 
The first systematic study of piping failure in the nuclear industry was contained within 
WASH-1400 which was completed in 1975 [Ref. F.5].  At the time, the combined years of 
reactor service experience was less than 200.  Therefore, the pipe LOCA frequencies were 
derived based on experience within other industries.  WASH-1400 examined data from the 
naval nuclear reactor experience, experimental reactors, United Kingdom military information, 
commercial power plant, and the oil and gas transmission pipeline industry.  The most 
comprehensive data was obtained from the oil and gas pipeline industry and formed the basis of 
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the WASH-1400 LOCA frequency estimates after proper normalization to account for pipe 
length differences.   

It was certainly realized in the WASH-1400 study that transmission pipeline materials, 
quality assurance, in-service inspection, operating conditions, failure modes, and environments 
were vastly different from, and in most cases inferior to, commercial nuclear requirements.  
However, the WASH-1400 analysis was considered to represent an appropriately conservative 
estimate of the pipe break LOCA frequency given the relatively scant nuclear experience 
available at the time of this study.  The WASH-1400 pipe break estimates formed the basis for 
NUREG-1150 in 1987 when the reactor risk survey was updated [Ref. F.6].  In NUREG-1150, 
the WASH-1400 pipe break LOCA frequencies were simply updated in light of no class 1 piping 
failures in the intervening time period. 

 
F.2.1.2 NUREG/CR-5750, Appendix J 
 
The next NRC-sponsored critical evaluation of pipe break LOCA frequencies occurred within 
Appendix J of NUREG/CR-5750, "Rates of Initiating Events at U.S. Nuclear Power Plants: 1987 
- 1995" [Ref. F.1].  The authors only evaluated nuclear piping failures in this study and separate 
frequencies were determined from BWR and PWR reactors.  Only U.S. BWR experience was 
considered for a total of 710 reactor calendar years.  The PWR data base combined U.S. and 
"Western-style" LWR data from international experience for a total of 3362 reactor calendar 
years.  The authors utilized distinct methods to calculate pipe break frequencies as a function of 
break size.  The SB LOCA estimates were actually calculated by updating the WASH-1400 SB 
LOCA estimates considering no additional breaks between the WASH-1400 and NUREG/CR-
5750, Appendix J studies.  
 
The MB and LB LOCA frequencies were derived by assuming a precursor leak prior to pipe 
rupture.  The leak frequency was multiplied by the following Beliczey and Schulz conditional 
pipe break frequency (CBF) expression [Ref. F.7]: 

 
CBF = 2.5/DN      (F.1) 

 
In Equation F.1, DN is the nominal pipe diameter in millimeters.  The NUREG/CR-5750, 
Appendix J analysis capped this expression at 0.01 for piping greater than 250 mm to impart 
some conservatism to the estimates.  The Beliczey and Schulz expression is considered to be 
based on operating experience although no references or statistics are provided in the original 
work to document its exact basis.   
 
The advantage of this precursor estimation approach is that there had been several reported 
leaks of class 1 piping, but no failures.  Therefore, service history experience could be utilized 
directly to determine the pipe leak frequency and only the CBF given a precursor leak needed to 
be estimated.  A disadvantage of this approach is that it ignores failure contributions from 
existing flaws or degradation that do not result in a leak.  There are many potential initiating 
events which do not exhibit a precursor leak.  Recent hydrogen combustion failures of residual 
heat removal piping at Hamaoka [Ref. F.8] and auxiliary coolant system piping Brunsbuettal 
[Ref. F.9] represent one such mechanism.  Flow accelerated corrosion (FAC) induced rupture of 
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an 18” feedwater suction pipe elbow at Surry 2 in 1986 [Ref. F.10] is another mechanism which 
can lead to rupture prior to precursor leaking. 
 
Also, NUREG/CR-5750, Appendix J applied a mitigation factor of 1/20 to the BWR leak rate 
data to account for the effectiveness of IGSCC mitigation strategies.  The IGSCC mechanism 
was the prevalent BWR piping failure mechanism within the data base.  This mitigation factor 
was justified in light of analysis of the operating experience data [Ref. F.11] and quantitative 
estimates of the improvement in reliability for all mitigation strategies [Ref. F.12].  There are 
several different IGSCC mitigation techniques that have been applied including hydrogen water 
chemistry addition, weld overlay, increased inspection, and material replacement with a less 
susceptible austenitic grade of piping (L or NG grades) [Ref. F.12].  Some plants have applied 
single or multiple mitigation strategies and the effectiveness of each particular strategy will 
obviously vary.  For instance, the Germans have experienced IGSCC in some of the low 
carbon, less susceptible steels [Ref. F.13].  Therefore, the future mitigation effectiveness up to 
the end of the license renewal period is a potential concern for evaluation within this elicitation 
study. 
 
F.2.2 PFM LOCA Estimates 
 
The NRC and the nuclear industry has sponsored PFM research over the last twenty years 
which has been used to develop LOCA predictions from first principals.  The international 
community (e.g. GRS in Germany and SKI in Sweden) has undertaken similar programs [Refs. 
F.11, F.14, F.15].  Several of the more well-known US computer codes developed from this 
research include PRAISE [Ref. F.16], SRRA [Ref. F.17], SQUIRT [Ref. F.18], and PROLBB 
[Ref. F.19].  Each code has distinct capabilities, and there are marked differences in structure, 
approach, and modeling assumptions.  For instance, crack initiation, sub-critical crack growth, 
leak rate calculation, and fracture/failure analysis are the four major modules required for life 
prediction, yet the codes handle these modules using vastly different approaches, or not at all.   
 
Additionally, each potential failure mechanism to be modeled (FAC, IGSCC, PWSCC, corrosion 
fatigue, vibration fatigue, etc.) requires potentially different models and corresponding material 
properties to accurately capture the degradation process.  Each code also utilizes different 
approximations for input parameters such as the applied load magnitude and spectrum, pipe 
boundary conditions, residual stress contribution, and initial flaw distribution.  Given this 
variability, and the inherent sensitivity of fatigue & crack growth calculations to the initial 
conditions and modeling assumptions, it is not surprising that the results from the various 
models can differ dramatically. 
 
The main attraction of the PFM models is their ability to predict future piping system 
performance for particular degradation mechanisms.  However, the PFM models have 
historically suffered from several deficiencies which have subjugated their ability to predict 
realistic, forward-looking LOCA estimates.  The biggest deficiency is the variability already 
mentioned.  It is not uncommon to see LOCA frequency predictions vary by five orders of 
magnitude or more.  Additionally, PFM estimates have not typically been benchmarked by 
actual service experience.  If PFM is used to predict performance over a 60 year period, it 
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needs to first adequately calculate measured failure rates for that particular degradation 
mechanism for the first 20 to 30 years of life.  Only then is the prediction believable.  
Probabilistic codes also have not typically considered the effect of mitigation.  Once degradation 
mechanisms are discovered and assessed, mitigation measures will be developed and applied 
in order to decrease the failure rate back to historical levels, or lower.  Therefore, the expected 
impact on LOCA frequencies is a short term increase followed by a decrease after some time 
period. An exponentially increasing failure rate increase is typically predicted with PFM models.   
 
This behavior is demonstrated in the IGSCC cracking phenomena in the early 1980s.  There 
was a period of two to three years when the cracking mechanism and its prevalence within an 
array of susceptible systems was discovered.  There was another two to three year period 
before mitigation was developed and fully implemented.  Certainly during the approximately four 
year period of diagnosing and solving the IGSCC problem, the instantaneous failure rates were 
undoubtedly higher.  However, since mitigation has been employed, the failure rates are less 
than before the emergence of IGSCC. 

 
F.2.3 Other LOCA Initiating Events 
 
The LOCA frequencies are also influenced by failure of active components (e.g. pump seals, 
SRV, PORV, etc.) and other passive component failures (e.g. steam generator tube rupture) 
that have occurred with enough regularity and importance that they are contained within the 
service history experience base.  However, these failure rates have typically not been included 
within historical pipe failure estimates.  It is necessary to accurately combine the failure rates of 
these components with the pipe break failure rates to determine more complete LOCA 
frequencies.  It is also necessary to consider any possible change in the future failure rates for 
these components to estimate future LOCA expectations. 
 
Recent experience has also demonstrated that LOCAs can occur from failure of non-piping 
components [e.g. CRDM housings (Oconee), BWR stub tubes (Hamaoka), and RPV head 
erosion (Davis Besse)] that are not explicitly represented in previous service history data bases. 
These mechanisms have also not been considered in past pipe break LOCA estimates.  The 
impact of these emerging novel LOCA initiators therefore is an important consideration.  There 
are likely to be additional failures of non-traditional components that will appear until the end of 
the license renewal period.  Therefore, the general impact of emerging and future surprise 
failure mechanisms must also be considered.   

 
F.2.4 Expert Elicitation 
 
Expert elicitation is a formal process for providing quantitative estimates for the frequency of 
physical characteristics of phenomena when the required data is sparse or when the subject is 
too complex to adequately model.  On an informal basis, engineers and scientists do this 
regularly based on their experience and judgment.  Elicitation is a well established PRA tool 
[Ref. F.20 here]. 
 
Data sparseness and subject complexity are characteristic of pipe break LOCA frequencies.  
Sparseness is evident in the fact that no pipe break LOCA events have occurred.  Existing 
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NUREG/CR-5750, Appendix J pipe break LOCA estimates vary from 4x10-4 per reactor 
calendar-year for SB LOCAs to 4x10-6 per reactor calendar-year for PWR LB LOCAs.  This 
translates into one expected SB LOCA every 40 thousand years and one PWR LB LOCA every 
4 million years.  Complexity is evident in the enormity of pipe system variables which must be 
considered to accurately model the full spectrum of pipe breaks using fracture mechanics or 
PRA analysis.  Variables include pipe geometry factors; pipe material; the application of codes 
and standards to satisfy operating requirements and safety goals; pipe fabrication; service 
environment; inspection quality and schedule; and the actual plant operating history.   
 
These variables provide input for both PRA and PFM models and the importance of a particular 
failure mechanisms hinges on the convergence of appropriate combinations of these variables.  
The number and interaction of these variables and the sparseness of data severely hinders 
accurate frequency assessment using PRA approaches.  The PFM approach suffers because 
small changes in the input variable assumptions can dramatically affect the predicted piping 
reliability.  Also, the underlying physical modeling of most failure mechanisms (crack initiation, 
leak rates, complex crack growth, and piping instability) is crude.  These limitations cause 
tremendous uncertainty in either the PRA or PFM analysis. 
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F.3 APPROACH 
  
F.3.1 General Methodology 
 
Expert elicitation was utilized herein to develop the LOCA frequency estimates.  The elicitation 
procedure utilized in this study was based on conventional methodology [Ref. F.21].  However, 
certain steps in the process were condensed in light of the accelerated schedule required to 
satisfy the milestone dates outlined in SECY-02-0057 for evaluation of coincident LOCA-LOOP 
frequencies [Ref. F.2].  The steps consisted of selecting the expert panel, conducting kick-off 
and issue development meetings, developing and completing the elicitation questionnaire, 
analyzing results, and conducting a feedback meeting.  Each step will subsequently be 
described in more detail.  However, it is worth noting that the entire process was completed 
within approximately six weeks from initial planning to development of the LOCA frequencies.  
 
F.3.2 Expert Panel Selection 
 
The selection of the expert panel is a crucial step.  The qualifications and experience of the 
panel members directly affect the quality of the final result.  The panel must contain appropriate 
technical representation to cover the breadth of technical expertise required to develop 
reasonable LOCA frequency estimates.  The following technical areas related to piping fracture 
were represented on the panel:  probabilistic risk assessment; the ASME code; structural 
mechanics; thermo-hydraulics; piping systems; seismic, thermal and vibrational loading; 
environmentally assisted cracking; and thermal aging.  Additionally, knowledge of non-piping 
LOCA contributors from active and other passive systems, and possible alternative LOCA 
mechanisms was represented.   
 
Another panel selection objective was to hold the panel to a workable size.  Meeting logistics, 
issue development, and result analysis all become more difficult as panel size increases.  A 
panel of 10 to 12 members with approximately equal representation from the Offices of Nuclear 
Reactor Regulation (NRR) and Nuclear Regulatory Research (RES) was initially sought.  From 
RES, the Division of Risk Analysis and Applications (DRAA), Division of Safety Assessment and 
Regulatory Effectiveness (DSARE), and Division of Engineering Technology (DET) were 
solicited and provided panel members for the elicitation.  From NRR, the Division of Systems 
Safety and Analysis (DSSA) and Division of Engineering (DE) participated.  Each division was 
requested to nominate appropriate individuals based on the technical requirements listed above.   
 
The final panel consisted of four staff representing NRR, five staff representing RES, and one 
contractor.  The following staff participated on the panel: Syed Ali (RES/DET), Arthur Buslik 
(RES/DRAA), Stephen Dinsmore (NRR/DSSA), John Fair (NRR/DE), Edwin Hackett 
(RES/DET), William Koo (NRR/DE), William Krotiuk (RES/DSARE), George Lanik 
(RES/DSARE), and Matthew Mitchell (NRR/DE).  Additionally, Keith Wichman (formerly of 
NRR/DE) was a panel member.  Keith Wichman is currently employed by the NRC as a part-
time on-site consultant.  The effort was facilitated by Lee Abramson (RES/DRAA) and Robert 
Tregoning (RES/DET).  Robert Tregoning was the substantive technical expert; developed 
agendas and coordinated meetings; moderated discussion; helped develop the elicitation 
questionnaire; and collated and analyzed results to develop LOCA frequency estimates.  Lee 
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Abramson was the normative expert in the elicitation process; provided elicitation theory and 
examples; conducted abbreviated elicitation training; helped develop the elicitation 
questionnaire, and developed the framework for analyzing elicitation results.   

 
F.3.3 Kick-off Meeting 
 
A kick-off meeting was held on April 15th, 2002.  The purpose of this meeting was to frame the 
importance of LOCA frequency estimates within the 10 CFR 50.46 revision effort, provide 
background on historical LOCA frequency estimates and specific concerns with these 
estimates, outline the expert elicitation process, and schedule each step in the elicitation.  
Background information on historical LOCA estimates and concerns with the application of 
these to future LOCA estimates was provided to the experts to impart baseline knowledge prior 
to the issue development meeting.  The idea was to allow the experts to consider this 
background knowledge in order to focus discussion during the issue development meeting on 
salient technical considerations and form the basis of the elicitation.  The background 
information also served to educate each expert in areas outside their technical specialty. 
 
Background information was provided to the experts in the form of three presentations during 
the meeting.  A brief presentation on the development of pipe break LOCA frequency estimates 
for WASH-1400 [Ref. F.5] was given.  This presentation was supplemented with the excerpt 
from WASH-1400 discussing pipe failure LOCA development, and the use of expert elicitation to 
develop the Zion component cooling water system (CCWS) pipe rupture frequency data as part 
of NUREG-1150.  A synopsis of pipe break LOCA frequency development in NUREG/CR-5750 
was presented.  Finally, the concerns with these historical pipe break LOCA estimates in light of 
emerging failure mechanisms, aging concerns, and the possible contribution of alternative 
LOCA mechanisms which were not considered in these previous studies was detailed.  The 
salient points from these presentations and background documents have been previously 
summarized within this appendix. 
 
A background document list (Attachment F-1) was also provided to the expert panel.   The 
background document list was intended to provide reference material relevant to pipe break 
LOCA frequency development.  The background document list spanned the technical areas 
outlined above.  It was intended that the experts could use this list to reference work outside 
their area of expertise and therefore increase their baseline knowledge state.  However, it is 
unlikely that the experts were able to adequately research these additional contributing technical 
areas in light of the compressed schedule for the effort.  This deficiency may add additional 
unquantifiable uncertainty and inaccuracy to the quantitative results.   
 
The elicitation process was then outlined.  The advantages and disadvantages of elicitation 
were summarized.  Applications which benefit from the elicitation process were discussed as 
well as indicators (such as data sparseness and complexity) which favor elicitation over 
traditional analysis.  The salient details of this presentation have also been summarized within 
the background section of this appendix.  Next, the steps in the expert elicitation process were 
presented.  There are essentially eight steps as enumerated below. 
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1. Selection of issues and experts. 
2. Presentation of issues 
3. Preparation of issue analysis 
4. Discussion of issue analysis 
5. Elicitation training and elicitation 
6. Recomposition and aggregation of elicitation results. 
7. Presentation of the results to the panel 
8. Documentation 
 
The expert panel was selected prior to the kick-off meeting.  If was determined that issue 
selection and preparation would be initially developed by the substantive expert on the 
facilitation team (step 1).  The preliminary issues would then be presented at a subsequent 
issue development meeting (step 2) in order to guide the panel’s issue analysis preparation and 
discussion (steps 3 and 4).  The experts were encouraged to develop additional issues for 
consideration at this meeting.  The issue development meeting would also be used to develop 
the baseline LOCA frequencies and conduct abbreviated elicitation training (step 5).   
 
Following the issue development meeting, the facilitation team would formulate the issues to be 
addressed into questions suitable for elicitation (step 5).  It was determined that an elicitation 
questionnaire would be utilized to quantify and document individual expert response.  The 
results would then be analyzed and LOCA frequencies would be developed by the facilitation 
team (step 6).  These frequencies would then be presented to the expert panel in a final 
meeting to discuss the results and provide feedback on the elicitation process (steps 7).  This 
report, along with meeting documentation through videotaping satisfies the final step in the 
procedure (step 8). 
 
F.3.4 Issue Development Meeting 
 
The issue development meeting was held on April 19th, 2002.  There were three specific 
objectives of this meeting, as outlined in the previous section.  The first was to develop and 
prioritize issues which potentially provide the greatest adjustment to LOCA frequency estimates 
for use in the 10 CFR 50.46 revision effort.  The second was to develop baseline LOCA 
definitions and baseline frequencies for use within the elicitation.  The final objective was to 
describe the elicitation methodology and identify the issues to be addressed by the elicitation 
questionnaire.  This meeting was videotaped in order to document the discussions, provide 
meeting information to the single unavailable panel member, and settle possible 
misunderstandings. 
 
F.3.4.1 Baseline LOCA Definitions 
 
The relevant LOCA definitions were developed to ensure that the expert panel employed 
common definitions for discussing and framing important issues.  The definitions are also 
important in developing the baseline LOCA frequency estimates.  A general LOCA definition 
was developed by the panel as were specific definitions for SB, MB, and LB LOCAs.  The 
general LOCA definition is as follows: “an unisolable breech of the Reactor Coolant Primary 
Boundary (RCPB) requiring Emergency Core Cooling System (ECCS) initiation.” 
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The specific SB, MB, and LB LOCA definitions were adopted from NUREG/CR-5750, Appendix 
A and Table J1.  These definitions were also utilized in NUREG-1150.  For convenience, these 
definitions are excerpted below.  One small adjustment in the NUREG/CR-5750 definition was 
necessary because a lower limit functional pipe size was not specified for the BWR SB LOCA.  
It was determined that the flow rate-specified value of 100 gpm was sufficient and that 
conversion into an equivalent pipe break area/diameter was not required for this elicitation. 
 
a. SB LOCA - A break that does not depressurize the reactor quickly enough for the low 

pressure systems to automatically inject and provide sufficient core cooling to prevent 
core damage.  However, low capability systems (i.e., 100 to 1500 gpm) are sufficient to 
make up the inventory completion.  For a BWR, this translates to a pipe in the primary 
system boundary with a break size less than 0.004 ft2 (or a 1 inch equivalent inside pipe 
diameter) for liquid and less than 0.05 ft2 (or an approximately 4 inch inside diameter 
pipe equivalent) for steam.  The lower bound of the BWR break sizes is the hole 
necessary to cause a 100 gpm leak.  For a PWR, a pipe break in the primary system 
boundary with an inside diameter between ½ to 2 inches. 

b. MB LOCA – A break that does not depressurize the reactor quickly enough for the low 
pressure systems to automatically inject and provide sufficient core cooling to prevent 
core damage.  However, the loss from the break is such that high capability systems 
(i.e., 1500 to 500 gpm) are needed to makeup the inventory depletion.  For a BWR, a 
pipe in the primary system boundary with a break size between 0.004 to 0.1 ft2 (or an 
approximately 1 to 5 inches inside diameter pipe equivalent) for liquid and between 0.05 
to 0.1 ft2 (or an approximately 4 to 5 inches inside pipe diameter equivalent) for steam.  
For a PWR, a pipe break in the primary system boundary with an inside diameter 
between 2 to 6 inches. 

c. LB LOCA – A break that depressurizes the reactor to the point where the low pressure 
system injection automatically provides sufficient core cooling to prevent core damage.  
For a BWR, a pipe in the primary system boundary with a break size greater than 0.1 ft2 
(or an approximately 5 inch inside diameter pipe equivalent) for liquid and steam.  For a 
PWR, a pipe break in the primary system boundary with an inside diameter greater than 
6 inches. 

 
F.3.4.2 Elicitation Issue Development 
 
The issues affecting LOCA frequencies were then identified, discussed and framed for 
elicitation.  This process was completed in two steps.  The first step consisted of a 
brainstorming session where a list of issues was identified and categorized by the expert panel.  
The only discussion allowed during this phase was in order to clarify an issue or idea.  Its 
purpose was merely to categorize the issue (i.e. LOCA type and affected piping system) and 
ensure common understanding among the expert panel.   
 
The brainstorming session was followed by a more detailed discussion session.  The detailed 
discussion was used to weigh the merits of each issue individually and determine if the issue 
should be part of the elicitation questionnaire.  The decision to include a particular issue on the 
elicitation questionnaire was made via informal consensus by the expert panel.  If there was 
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either doubt or a strong disagreement among panel members as to the importance of an issue, 
it was included in the elicitation questionnaire.  It should be stressed that this discussion was not 
intended to address answer or solve the issue, but rather to evaluate its potential as a LOCA 
contributor.  Only issues judged to be relatively unimportant by a consensus of the panel were 
excluded. 
 
Prior to the issue development meeting, the facilitation team formulated the framework for 
discussing LOCA issues.  The piping-related LOCA contributing factors were decomposed into 
BWR and PWR class 1 piping systems, piping materials, and potential failure mechanisms.  
Both aging related and random failure modes were considered.  The distinction between failure 
modes was necessary because future aging related piping failures may not be adequately 
represented within experienced-based service database.  Random failure considers 
mechanisms which are expected to be time-independent, or have a short failure time period 
relative to the reactor operating experience time frame.  These types of mechanisms should be 
adequately represented within the service database.  Failure of other components and 
structures which could lead to a LOCA were considered separately.  Finally, global issues were 
discussed.  Global issues were defined as issues not related to any particular piping system, 
material, failure mechanism, or other LOCA mechanism.  However, they possibly affect future 
LOCA frequencies across all piping systems and plant types. 
 
The following sections summarize the results of the brainstorming and discussion utilized held 
to develop issues for the elicitation questionnaire.  The piping systems, piping material, failure 
mechanisms, other-LOCA initiators, and global issues are summarized separately.  However, it 
should be noted that brainstorming for all topic areas was conducted initially during the actual 
meeting prior to discussing and finalizing issues for the elicitation questionnaire. 

 
F.3.4.2.1 Piping Systems 
 
The piping systems were grouped by approximate diameter to determine the LOCA size 
potential (SB, MB, or LB).  The maximum LOCA size was determined by assuming a double-
ended guillotine break (DEGB) of the pipe.  Hence the pipe diameter governed the upper limit 
LOCA classification.  Piping systems were also assumed to contribute to all smaller LOCA 
classifications.  For example a PWR hot leg pipe failure could result in a LB LOCA upon 
catastrophic failure.  However, smaller fissures could result in either a MB or SB LOCA.  
Therefore, that piping system was considered to contribute to all three LOCA classes.   
 
Table F.1 presents all the piping systems for BWR and PWR components which were 
considered.  Also indicated in the table are the maximum LOCA size for each system as 
determined by the panel, and the decision on including that system in the elicitation 
questionnaire.  Some systems were grouped together for joint consideration because of 
commonality of function and/or piping lines during operation and ECCS scenarios.  These 
include the residual heat removal (RHR) and low pressure injection (LPI) lines for both PWRs 
and BWRs, the high pressure injection (HPI) and reactor core isolation cooling (RCIC) for 
BWRs, and the HPI and chemical and volume control system (CVCS) for PWR.  As can be seen 
in the table, the piping systems discussed were fairly comprehensive with respect to class 1 
piping. 
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Table F.1:  Piping Systems Considered for Elicitation 

PWR BWR 
Piping System Max 

LOCA 
Elicit? Piping System Max 

LOCA 
Elicit? 

Surge Line L Y Feedwater L Y 
Accumulator L N Main Steam L N 
RHR/LPI L Y RHR/LPI L Y 
Cold Leg L N Core Spray L Y 
DVI L N Recirculation Loop L Y 
Instrument Lines 
(multiple) 

L N Jet Pump Risers L Y 

Drain Lines M Y Instrument Lines 
(multiple) 

M N 

CVCS/HPI M Y HPI/RCIC M N 
SRV/PORV Lines 
(single and multiple) 

M Y SRV Lines (single 
and multiple) 

M N 

Instrument Lines 
(single) 

S Y Instrument Lines 
(single) 

S Y 

   Drain Lines M Y 
   RWCU M Y 
   SLC M N 

 
 

Items were chosen for the elicitation questionnaire based on what the group considered to be 
the LOCA likelihood for a given piping system.  The intent was to only consider those systems 
which are most likely to cause a LOCA.  Exclusion was based on either low system operating 
time (e.g the SLC, DVI), high system operating margin (e.g. main steam, BWR SRV lines, 
accumulator, cold leg, BWR HPI/RCIC), or the expected rarity of a given event (e.g multiple 
instrument line failure)  

 
F.3.4.2.2 Piping Materials 
 
The piping materials considered for the elicitation questionnaire are summarized in Table F.2.  
As in Table F.1, the materials related to BWR and PWR applications were separately 
considered in light of the different environments, piping systems, and operating history.  Once 
again, some materials were initially grouped together during brainstorming because it was 
expected that their influence on LOCA initiation would be similar.  This accounts for the 
grouping of all stainless steel welds regardless of welding process and also the alloy 82 and 182 
filler material.  The final materials included in the questionnaire are also indicated in Table F.2. 
 
All the BWR materials listed were included in the questionnaire.  However, it was decided during 
discussion to also group Inconel 600 safe ends with the alloy 82/182 bimetallic welds because 
of expected similar performance.  Also, the elicitation panel decided to make no distinction 
between the normal grades and low carbon (L) and nuclear grades of wrought (NG) stainless 
steel.  While the L and NG grades are certainly more resistant to SCC, their usage varies from 
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plant to plant and it was determined that a single grouping was sufficient for eliciting generic 
LOCA values.  The panel would implicitly consider the amount of L and NG grades compared 
with normal grades of stainless steel piping within the estimates provided.  The group 
considered the PWR cladded alloys to be less sensitive to LOCA failure mechanisms than the 
other alloys and these were eliminated from the elicitation.   
 
 

Table F.2:  Piping Materials Considered for Elicitation 
PWR BWR 

Material Elicit? Material Elicit?
Cast Austenitic Stainless Steel Y Carbon Steel Y 
Wrought Stainless Steel Y Wrought Stainless Steel (L, NG) Y 
Stainless Steel Cladding N Wrought Stainless Steel (normal) Y 
Alloy 82/182 Bimetallic Welds Y Alloy 82/182 Bimetallic Welds Y 
Low Alloy Steel with SS Cladding N Inconel 600 Safe Ends Y 
SMA/SA/GTA/GMA SS Welds Y SMA/SA/GTA/GMA SS Welds Y 
Carbon Steel with SS Cladding N   
Stainless Steel Cladding N   

 
 

F.3.4.2.3 Failure Mechanisms 
 
The failure mechanisms considered are detailed in Table F.3.  These failure mechanisms are 
associated with the piping systems listed in Table F.1 and the materials listed in Table F.2.  The 
final inclusion within the questionnaire is also included.  Once again, mechanisms were 
considered separately for BWR and PWR systems.  Most of the mechanisms discussed are 
common to both BWR and PWRs.  The only unique mechanics are FAC and hydrogen 
combustion for BWRs and PWSCC and cleavage failure for PWRs.  The aging related 
mechanisms are PWSCC, IGSCC, TGSCC, creep, thermal aging, external chloride SCC, 
thermal and vibration fatigue, and possibly hydrogen combustion.  The failure rates associated 
with the remaining mechanisms were expected to be random and not vary with plant age unless 
they are coupled with aging failure mechanisms that initiate the failure.  A hypothetical example 
of this coupling could result from a crane drop (random) on a pipe cracked due to PWSCC 
(aging) that would not have failed without the preexisting cracking. 
 
Several reasons were cited for excluding items from the elicitation questionnaire.  First, those 
mechanisms that are not expected to be influenced by plant age were eliminated.  It is assumed 
that the failure rates due to these mechanisms will remain constant with time and therefore will 
be reflected in the baseline service history data.  This includes human error, crane drops, water 
hammer, and over pressurization.  Other failure mechanisms were eliminated base on the 
expectation that the failure rates were much less than other listed mechanisms.  This accounts 
for the elimination of external chloride SCC and cleavage failure in PWR PRVs.  Still other 
mechanisms were not expected to be active based on plant operating characteristics and 
environment.  This includes creep, IGSCC in PWRs, and thermal aging of cast austenitic steels 
in BWRs.  Finally, the consideration of pipe failures due to seismic loading was deferred until 
the global issues section because of its effect on all piping systems. 
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Table F.3:  Failure Mechanisms Considered for Elicitation 
PWR BWR 

Mechanism Elicit? Mechanism Elicit?
IGSCC N IGSCC Y 
Thermal Fatigue/Striping Y Thermal Fatigue Y 
Vibration Fatigue Y Vibration Fatigue Y 
Water Hammer/Steam Hammer N Water Hammer/Steam 

Hammer 
N 

Seismic N Seismic N 
TGSCC Y TGSCC Y 
Creep N Creep N 
Thermal Aging Y Thermal Aging N 
Crane Drop N Crane Drop N 
Overpressure N Overpressure N 
Human Error N Human Error N 
External Chloride SCC N External Chloride SCC N 
PWSCC Y Erosion-Corrosion (FAC) Y 
RPV Cleavage Failure N Hydrogen Combustion Y 

 
 
After separate consideration of the piping systems, materials and degradation mechanisms, the 
three components were recombined for those issues that were to be included in the elicitation 
questionnaire.  Materials were linked to the piping systems that employ those materials.  Failure 
mechanisms were combined with both materials that are susceptible to those degradation 
mechanisms and piping systems with environments and operating history which allow the 
mechanism to occur.  More details about the exact system, material, and mechanism 
combinations are provided in Attachment F-2, the elicitation questionnaire. 

 
F.3.4.2.4 Non-Piping LOCA Initiating Events 
 
The next consideration was failure of non-piping components which can initiate LOCAs.  This 
includes both active and passive component failure.  The list of possible contributors discussed 
for both BWR and PWR plants is provided in Table F.4.  At this point the potential LOCA size of 
each failure was not discussed.  There were, once again, many common events between BWR 
and PWR plants.  Unique PWR events were mainly associated with steam generator 
component failure, and vessel head degradation from boric acid corrosion.  It should be noted 
that BWR stub tube cracking was added to the elicitation questionnaire just before it was 
presented to the panel and was not discussed during the issue development meeting.  This was 
the single important omission added to the questionnaire by the facilitation team. 
 
Some of the initiating events in Table F.4 require additional clarification.  Secondary failures 
would occur when a secondary (class 2 or 3) pipe or component fails and shrapnel or pipe 
whipping causes a class 1 pipe to fail.  External event failures were initially defined by the panel 
to consider the standard scenarios (e.g fire, flood, wind) but also include human error failures 
due to collision with pipes.  Seismic events were discussed separately within the global issues 
section and are excluded from this definition.  The class 2 pipe rupture event, coupled with a 
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simultaneous interfacing valve failure was mentioned as a possible mechanism as was the 
corollary ISLOCA event occurring an interfacing valve failure leads secondary pipe failure due to 
over pressurization.  Direct failure of the RPV itself leading to a LOCA was also considered. 
 
 

Table F.4:  Other LOCA Initiating Events Considered 
PWR BWR 

Component Failure Elicit? Component Failure Elicit? 
CRDM  Y CRDM N 
Secondary Side Failures 
(Dynamic Effects) 

N Secondary Side Failures 
(Dynamic Effects) 

N 

External Events Y External Events Y 
Reactor Coolant Pump Body N Recirculating Pump Body N 
Bolted Flange Connection Y Bolted Flange Connection N 
Valve Bonnets N Valve Bonnets N 
Reactor Coolant Pump Seal Y Recirculating Pump Seal N 
PORV/SRV Y SRV Y 
ISLOCA Y ISLOCA Y 
RPV Failure N RPV Failure N 
Support Failures N Support Failures N 
Class 2 Pipe and Valve N Class 2 Pipe and Valve Failure N 
CRDM Housing Y Stub Tube Y 
Steam Generator Tube 
Rupture 

Y   

Steam Generator Manways N   
RPV Head Degradation N   
 
 
Only a few of these other mechanisms were considered in the elicitation.  Mainly events were 
excluded based on group consensus that the event frequency was low.  In other words, only the 
top several mechanisms were chosen based on group consensus.  Steam generator tube and 
SRV/PORV rupture made the elicitation list because of their relatively high occurrence rate.  
The ISLOCA was considered because it also is an event that has been considered in past PRA 
evaluations. The CRDM, CRDM housing, and later BWR stub tubes cracking was also 
considered because of recent cracking problems with these components.  The PWR pump seal 
and bolted flange connections were part of the elicitation due to the relatively high system 
pressure which may increase the failure rates of these components.  Finally, failure from other, 
non-seismic external events was included in the questionnaire, but the definition was limited to 
consideration of only human collision failure of smaller lines. 
 
After the other LOCA failure mechanisms were selected, the maximum possible LOCA size 
attributable to each mechanism was determined.  These maximum size classifications are 
summarized in Table F.5.  As with piping system failures, partial component failure also result in 
all smaller LOCA than maximum classification listed in Table F.5. 
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Table F.5:  Maximum LOCA Size Classification for Other Mechanisms 

PWR BWR 
Component Failure Max LOCA 

Size 
Component Failure Max LOCA 

Size 
SRV/PORV M SRV M 
Human Collision S Human Collision S 
Steam Generator Tube M Stub Tubes M 
Bolted Flange L ISLOCA L 
ISLOCA L   
Pump Seal LOCA M   
CRDM M   
CRDM Housing M   

 
 
F.3.4.2.5 Global Issues Affecting LOCA Frequencies 
 
The global issues discussed during the issue development meeting are summarized in Table 
F.6.  Several global issues require some additional clarification.  The ATWS transient was 
mentioned because of the high system pressures and the possibility to lead to class 1 piping 
over pressurization.  The seismic and external events were initially listed as failure mechanisms 
in Table F.3.  However, it was determined after the brainstorming session that it would be more 
appropriate to consider them with the remainder of the global issues since they would likely 
affect several (or all) pipe systems concurrently during the event.  The leak detection capability 
reflects a concern that radionuclide leak detection sensitivity may degrade over time as system 
radioactivity decreases.  Future failure mechanisms reflects the concern that new mechanisms 
may arise before the end of the license renewal period that are currently unknown.  While these 
are difficult to quantify a priori, there is historical precedence for this occurrence.  The recent 
PWSCC events were initially a surprise as was IGSCC in BWRs in the early 1980’s [Ref. F.3].  
In fact, many of the classical pipe failure mechanisms were largely unexpected initially. 
 
Coupled with the emergence of future mechanisms is the evolution of mitigation techniques to 
alleviate the mechanism.  Past mitigation has included material replacement, repair, inspection, 
changes in operating conditions, and changes in operating environment.  For active 
components, mitigation also includes planned maintenance and testing.  Mitigation has proven 
successful in reducing failure rates due to emerging mechanisms.  However, there is inherently 
a time lag between the discovery of a problem and the development of mitigation strategies.  
The elicitation panel decided to link the emergence of future mechanisms with the development 
of combating mitigation procedures to account for this relationship. 
 
Inspection is a mitigation technique that was separately considered.  Future inspection 
techniques may evolve and represent an improvement with respect to current technology.  Risk-
based inspection may improve reliability focusing inspection on the highest risk components.  
However, risk may also increase in components receiving less future inspection compared with 
current levels.  Individual plant operating procedures and general safety culture was mentioned 
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in order to consider possible future changes as a function of economic conditions, training, and 
operator expertise.  

Table F.6:  Global Issues Affecting LOCAs 
Item Issue Elicit? 
1 Anticipated Transient without Scram (ATWS) N 
2 Seismic Event N 
3 Change in Leak Detection Capability Y 
4 Fire/External Events N 
5 Future Failure Mechanisms Y 
6 Mitigation/Repair/Replace Y 
7 Future ISI/RI-ISI Techniques and Procedures Y 
8 Plant Operation N 
9 Conditional Pipe Break Frequencies N 
10 Historical Leaking Rate Frequencies N 
11 Rupture without Precursor Leak (IGSCC, 

PWSCC, Thermal Fatigue) 
Y 

12 BWR IGSCC Mitigation Factor Y 
13 Hydrogen Combustion Y 

 
 
NUREG/CR-5750, Appendix J explicitly develops LOCA frequencies by considering the 
precursor leaking cracks, multiplied by a conditional pipe rupture probability.  The global issues 
raised (Items 9 – 12 in Table F.6) reflect the question about possible inaccuracies with this 
approach by neglecting the probability of pipe failure without a precursor leak (item 11).  Also, 
future changes in the leaking rate (item 10) and conditional pipe rupture probabilities over time 
(item 9) were raised for consideration, as was potential changes in IGSCC mitigation 
effectiveness over time for BWR plants (item 12).  These considerations for the NUREG/CR-
5750, Appendix J analysis were discussed globally and not for specific piping systems.  Finally, 
hydrogen combustion has recently occurred in the Hamaoka and Brunsbuettal [Ref. F.9] plants 
and this failure mechanism has not been historically prominent.  The question was whether this
mechanism is under represented in the data base and should be considered to cause a change
in future LOCA frequencies. 
 
There were six global issues which were not part of the elicitation.  The ATWS transient was 
excluded on the expectation that the vessel head bolts would stretch and relieve system 
pressure prior to piping failure.  Both seismic and external events were neglected on the basis 
that the risks are plant specific and would not be suitable for consideration in the development 
of generic LOCA frequencies.  Also, these event classes have been studied extensively [Refs. 
F.22, F.23] and the group consensus was that these additional studies could be utilized to 
develop plant specific frequencies if needed.  Finally, plant operation and safety culture was not 
considered in the elicitation.  The consensus was that this is an important topic which could 
affect future LOCA frequencies.  However, the topic was too plant specific and difficult to handle 
within the constraints of the present exercise. 
 
The issues related to changes in the leakage rate and conditional pipe failure probability were 
also not elicited because it was determined that panel responses would implicitly consider these 
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changes in their consideration of LOCAs within specific piping systems.  The possibility of 
rupture without a precursor leak would also be covered in these responses.  However, the 
potential consequences for immediate pipe rupture are severe and this possibility was not 
considered within NUREG/CR-5750, Appendix J.  Therefore, it was decided that the possibility 
of failure without a precursor event would be considered as a separate elicitation question. 
 
F.3.4.3 SB, MB, and LB LOCA Baseline Determination 
 
Baseline frequencies were developed for SB, MB, and LB LOCAs.  The baseline is crucial to the 
elicitation process because it forms the framework for quantifying each panel member’s 
response.  All elicitation questions are asked relative to the baseline results.  The panel decided 
to utilize the NUREG/CR-5750, Appendix J pipe break LOCA frequencies as the baseline.  This 
selection was based on the availability of this estimate, the compressed nature of the exercise, 
and the panel’s familiarity with the assumptions and coverage of the NUREG/CR-5750, 
Appendix J study.   
 
This baseline assumes that the NUREG/CR-5750, Appendix J frequencies are representative of 
the time period (1969 – 1997), plant population (US BWRs and US/Western-style PWRs), event 
coverage, and the BWR SCC mitigation factor (1/20) utilized within this study.  It should also be 
noted that the frequency of other events in NUREG/CR-5750 were not explicitly considered 
within the baseline definition.  This includes SRV/PORV failure, RCP pump seal LOCAs, 
ISLOCAs, and steam generator tube rupture. 

 
F.3.4.4 Elicitation Methodology 
 
After the LOCA baseline was determined, the panel was briefed on the elicitation methodology.  
This briefing included abbreviated elicitation training.  The panel was informed that all elicitation 
questions would be stated relative to baseline or previously elicited frequencies.  The questions 
would be stated in terms of both absolute and relative differences in order to conduct sensitivity 
analyses and identify inconsistencies in each expert’s responses.  For instance, a sample 
absolute difference question is as follows:  “What is the expected change in MB LOCAs due to 
Jet Pump Risers in BWRs?”  A sample relative difference question is as follows:  “What is the 
ratio between future MB to SB LOCAs in BWR Jet Pump Risers?”   
 
The panel members next determined the time period on which to base the elicitation.  The 
consensus was that changes in the baseline LOCA frequencies would be evaluated up through 
the end of the license renewal period, or approximately 35 years.  The panel decided not to 
break up the time period into smaller increments (e.g. 10, 10, 10, and 5 years), but to consider 
just a single time period.  No instruction was given about how to consider the relationship 
between LOCA frequencies and time.  Panel members could have based their responses on 
their expectation of LOCA frequencies at the end of the license renewal period, the average 
LOCA frequencies over the time period, or possibly some other expectation of the temporal 
frequency relationship. 
 
Panel members were asked about the percent contribution of the most important system or 
component failures to the total LOCA frequencies.  The members were instructed to limit their 
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choices to the top three contributors because the calculated results are not expected to be 
significantly affected by contributions beyond the top three factors.  The panel members were 
instructed to provide only best estimate responses.  The best estimate response was defined as 
the expectation that there is a 50% chance that the true value is either above or below the 
stated result.  Due to the compressed schedule, the panel members were not queried about the 
uncertainly bounds on their best estimates.  Panel members were also encouraged to provide 
their rationale for their answers wherever possible and they were instructed to provide answers 
to questions only if they had experience or expertise in the area.  However, panel member’s 
answers were not screened based on their specific field of expertise. 

 
F.3.5 Elicitation Questionnaire 
 
Typically, an expert elicitation is structured such that the facilitation team verbally interviews 
each expert in order to develop quantified results.  This allows immediate feedback and 
discussion between the expert and the facilitation team.  This process ensures that questions 
are understood by the expert and provides justification to the quantitative results provided by the 
expert.  However, the compressed schedule did not allow for verbal elicitation of each panel 
member.  
 
Therefore, for this exercise, an elicitation questionnaire was developed and completed.  The ten 
original panel members were supplied a questionnaire as was Robert Tregoning (DET/MEB) so 
that eleven people provided results for analysis.  The questionnaire was provided approximately 
four days after the issue development meeting and panel members were given two days (or 
less) to complete the questionnaire.  This was obviously not sufficient time for the panel 
members to conduct a detailed study and analysis of the questions in order to supply answers.  
Therefore, the results were largely based on engineering judgment, experience, and whatever 
pertinent PRA, PFM or other studies may have been available.   
 
The questionnaire was broken into ten tables for completion (Attachment F-2).  Tables were 
developed to query the absolute change in LOCA frequencies for the BWR and PWR LOCA 
initiators (Tables 3 and 4 in Attachment F-2) developed earlier.  Tables assessing the relative 
change in LB vs. MB and MB vs. SB LOCAs for the same BWR and PWR initiators (Tables 6 
and 7 in Attachment F-2) were also provided for sensitivity and consistency analysis.  Absolute 
and relative changes in the global issues were elicited (Tables 5 and 8 in Attachment F-2).  The 
panel members were then asked to list their top three contributing LOCA initiators and the 
relative contribution of each compared with the total expected LOCA frequency estimates for 
both BWR and PWR plants (Tables 9 and 10 in Attachment F-2).  Finally, the percentage of 
failures for the top three contributing LOCA initiators which exhibit a detectable precursor prior 
to failure was elicited for BWR and PWR plants (Tables 11 and 12 in Attachment F-2). 
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F.4 ANALYSIS AND RESULTS  
 
F.4.1 Calculation of Interim Updated LOCA Frequencies 
 
Whenever possible, separate updated LOCA frequencies were calculated for each panel 
member using the primary calculation method.  The primary method combined the top three 
LOCA contributors provided by each panel member (Tables 9 and 10 in Attachment F-2) with 
the absolute percentage changes for that respective contributor (Tables 3 and 4 in Attachment 
F-2).  LOCA initiators which were not considered as part of the NUREG/CR-5750, Appendix J 
pipe break LOCA frequency were used to adjust these baseline frequencies based on the 
individual contribution factors supplied by each panel member.   
 
The LOCA initiators queried in this study which were not explicitly or implicitly reflected in 
baseline pipe-break LOCA estimates include SRV/PORV failure, ISLOCA, RCP seal LOCA, SG 
tube failure.  There have been PRA studies which provide failure rates for the above 
components, including NUREG/CR-5750 [Ref. F.1].  An elicitation option could have been to 
explicitly add the estimated failure rates from these components to the pipe break LOCA 
estimates in order to develop a more inclusive LOCA baseline.  However, the expert panel 
explicitly chose to utilize the pipe break LOCA statistics solely as the baseline.  Therefore, to 
avoid deviation from the baseline definition, the contribution from these non-piping failures was 
based solely on each panel member’s prediction of the contributions.   
 
All other LOCA initiators developed for the questionnaire were assumed to be implicitly 
contained within the NUREG/CR-5750, Appendix J pipe break estimates1, even if they had not 
occurred during the analysis time period.  The assumption is that these failures would have 
been included in the pipe break estimates if they had occurred.  With these assumptions in 
mind, the following equation was utilized to calculate the individual updated SB LOCA 
frequencies: 

 
 

(F.2) 
 
 
 
�s = updated SBLOCA frequency. 
�s
o = baseline SBLOCA frequency from NUREG/CR-5750, Appendix J. 

Csi = normalized SBLOCA contribution factor for the i-th piping system applicable to 
NUREG/CR-5750, Appendix J LOCA pipe estimations.  Note that the SRV/PORV, ISLOCA, 
RCP seal, & SG tube contributions are excluded from this calculation. 
�si = Absolute percentage change in SBLOCA frequency for i-th system.   

 
In this equation, the �si values were obtained directly from the responses provided in Tables 3 or 
4 in Attachment F-2 as appropriate.  The Csi values were obtained by normalizing the 
contribution factors contained in Tables 9, 10 of Attachment F-2 to one.  This equation is 
                                                 
1 Personal Communication with W. Galyean, INEEL 
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summed for each panel member’s top three contribution factors.  This calculation is repeated to 
develop updated MB and LB LOCA frequencies separately for BWR and PWR plants. 
 
The primary calculation method provides the updated LOCA frequencies for each panel 
member based on their questionnaire responses.  However, additional assumptions can be 
utilized to calculate updated LOCA frequencies using secondary calculation methods.  The 
secondary methods use the results provided for the relative increases in LOCA frequencies for 
each LOCA initiator (Tables 6 and 7 in Attachment F-2), and the absolute and relative changes 
in the global factors affecting LOCA frequencies (Tables 5 and 8 in Attachment F-2).  These 
additional calculations were only performed to investigate potential inconsistencies in each 
panel member’s response and to conduct sensitivity analyses of the results.  Potential 
inconsistencies were evaluated within the questionnaire by decomposing LOCA issues in 
several ways.  The decompositions include piping system related absolute or relative changes, 
or piping system independent global absolute or relative changes.  The exact assumptions, 
methods, and results for the secondary calculations will not explicitly be reported.  However, the 
results obtained from these methods did indicate that panel responses were largely consistent. 
 
F.4.2 Questionnaire Results 
 
As mentioned, the questionnaire was supplied to the eleven staff members who constituted the 
expert panel and the technical facilitator.  Eight staff completed sufficient questions to allow 
individual updated LOCA frequency calculations using the primary calculation method.  Also, 
sensitivity analysis and consistency checks of the LOCA frequency calculations were conducted 
for this group of individuals using the secondary calculation methods.  Two staff partially 
completed the questionnaire, but did not provide sufficient information to allow calculation of 
updated LOCA frequencies using the primary calculation method.  However, cross-reference 
frequency calculations were performed where possible using the secondary methods. The 
responses of these individuals to the elicitation questionnaire are also included in the summary 
results where appropriate.   
 
One staff member provided direct partial LOCA frequency estimates for failures related to 
certain components.  Because the LOCA frequencies were not inclusive, these results were not 
explicitly utilized in the development of the updated LOCA frequencies.  However, the direct 
LOCA results provided were compared with results from the other participants.  For all 
participants, the written rationale provided for quantitative estimates was compiled and used to 
develop qualitative results to complement the estimates provided. 
 
The results of the elicitation questionnaire related to the top three chosen contribution factors 
and the absolute changes in the baseline LOCA frequencies for BWR plants is presented in 
Figures F.1 – F.3 for SB, MB, and LB LOCA frequencies respectively.  Each of these figures 
has the same format.  The graphs on the left-hand side in Figures F.1 – F.3 present the 
important contributing factors.  The ordinate on this graph represents the total number of times 
that the LOCA initiator was listed as a top three contributor by the panel.  The LOCA indicators 
from the elicitation questionnaire are referenced by the “issue categories” enumerated on the 
abscissa.  The index notation is summarized in Table F.7 along with the applicability (either 
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“A”pplicable or “N”ot “A”pplicable in the table) of each issue category to a given LOCA size, and 
any abbreviations for the initiator utilized in subsequent figures.   

 
 

Table F.7:  Issue Category Definition, Applicability and Abbreviations in Figures F.1 - F.3 
Issue 

Category 
LOCA Initiator SB LOCA 

(A/NA) 
MB LOCA 

(A/NA) 
LB LOCA 

(A/NA) 
1 Jet Pump Risers (JPR) A A A 
2 Recirculation Loops (Recirc) A A A 
3 Core Spray (Core) A A A 
4 RHR/LPI A A A 
5 Feedwater A A A 
6 Drain Lines (Drain) A A NA 
7 RWCU A A NA 
8 Instrument Lines A NA NA 
9 SRV A A NA 

10 External Events A NA NA 
11 ISLOCA A A A 
12 Stub Tubes (Stub) A A A 

 
 
The numbers above each bar represent the median contribution percentage of the panel 
members who listed that initiating event in their top three factors.  The total number of 
respondents to this question (Table 9 in Attachment F-2) is provided just below the graph title.  
Indication of an initiator’s importance is provided by both the count and the median percentage.  
For instance, item 9 in Table F.7 relates to failed safety relief valves.  Figure F.1 indicates that 5 
out of 9 respondents expect that SRV failure is one of the top three contributors to SB LOCAs in 
BWRs.  This garnered one less response than both drain and instrument line failure (items 6 
and 8 respectively).  However, those panel members that did include SRV failure within their top 
three factors considered it to represent 40% (median) of the total BWR SB LOCA frequency, 
while drain and instrument line failures represented 28% and 25% of all failures.  It should be 
noted that when no responses within the top three contributors are given for an indicator, it often 
means that the initiator does not have the capability to cause a LOCA of that break size.  See 
Table F.7 to determine if the indicator is NA for that particular break size. 
 
The plots on the right-hand side in Figures F.1 – F.3 present the absolute percentage change in 
the LOCA frequencies for the top contributing factors in the left-hand graph.  Once again, the 
total number of respondents to this elicitation question (Table 3 in Attachment F-2) is 
represented by “n” just below the graph title.  Vertical box plots are depicted.  The bottom of the 
box represents the first quartile (25th percentile) response.  The line which divides the box is the 
median response (second quartile).  The median value is provided for each LOCA initiator 
above the line.  The top of the box is the third quartile (75th percentile) response.  Therefore, the 
box contains the middle 50% of the responses.  The lower and upper horizontal bars outside the 
box represent the minimum and maximum responses, respectively.   
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Figure F.1:  BWR SB LOCA Contributions and Expected Change 
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For BWR SB LOCAs (Figure F.1), there were three prominent LOCA initiators indicated:  drain 
lines, instrument lines, and SRVs.  These were listed as primary contributors by more than one 
half of the respondents.  The median response also predicted that each of these three 
contributors would make up at least 25% of the SB LOCA population.  In other words, valves 
and failure of small lines are expected to provide the dominate contribution to the SB LOCA 
frequencies.   
 
The absolute percent change expected up through the end of license renewal is +100% for 
drain lines and +200% for instrument lines.  The SRV failures are only expected to increase by 
30%.  The implication is that the contribution of piping related failures is expected to increase in 
the future compared with active (e.g. SRV) component failure.  The scatter in the expected 
increases in piping related failure is rather large.  The 25th percentile is 25% while the 75th 
percentile is 300% for a difference of 275%.  However, this amount of scatter is not unexpected 
due to the uncertainty and the time period (35 years) considered within the elicitation. 
 
The BWR MB LOCA initiating factors (Figure F.2) are not as clearly defined as are the SB 
LOCAs.  Almost all of the applicable initiators received at least two (22%) responses, and only 
one indicator, SRV failure, was listed by more than three (33%) respondents.  The MB LOCAs 
clearly reflect a wide difference of opinion.  One reason is that MB LOCAs can occur due to 
catastrophic failure of smaller pipes or smaller fissions of larger pipes.  The panel members 
expressed significant variability as to the relative likelihood of each type of failure.  The right-
hand plot of Figure F.2 shows all the MB LOCA initiators which were listed within at least 33% of 
the panel member’s top three factors. 
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The increases in the MB LOCA frequency is not as great as expected for SB LOCA frequency in 
Figure F.1.  The largest median predicted increase of 100% is for jet pump risers.  All other 
predicted increases are less than 50%.  Once again the active component failure rate, indicated 
by the SRVs failures, increases the least.  Considering the uncertainty in these estimates, 
increases of less than 50% should not be considered to be terribly significant.  Another point is 
that the variability in the MB LOCA estimates is not as great as previously seen for the SB 
LOCA estimates.  Except for the drain line failures, the spreads between the 75th and 25th 
percentile is less than 150%. 
 
More agreement is apparent among the panel members on BWR LB LOCAs (Figure F.3).  
Large diameter piping failures are expected to dominate the LB LOCA distribution.  This is not 
surprising in light of the fact that there are relatively few systems that have the potential to lead 
to LB LOCAs.  The four biggest contributors (jet pump risers, recirculation lines, core spray, and 
RHR/LPI lines) were listed by at least half of the respondents.  The feedwater piping was also a 
common contributor.  There was no clear consensus of which of these systems is the most 
important.  Median contribution factors range from approximately 20% to 30% for these 
systems.  The top four contributors are included in the right-hand graph of Figure F.3.  The 
absolute LB LOCA frequency changes are expected to be relatively independent of piping 
system.  The median increases vary between 63% and 125%.  The scatter in these 
expectations falls between the earlier SB and MB LOCA predictions. 
 
Similar graphs are provided in Figure F.4 – F.6 for the PWR predictions.  The content and 
format is similar to the BWR results.  The relationship between the issue category enumeration 
and the LOCA initiators in the elicitation questionnaire is provided in Table F.8.  The PWR SB 
LOCA results (Figure F.4) are similar to the BWR SB LOCA results (Figure F.1).  A few 
dominant initiators are expected:  drain lines, instrument lines, SRV/PORVs, and steam 
generator tubes.  Also the piping failures are expected to increase slightly more in the future 
than valve and steam generator tube failures.  While the scatter in the piping component failure 
rates is similar to the BWR predictions, the median increases are substantially less than for 
similar BWR components.   
 
The PWR MB LOCA results (Figure F.5) are also similar to the BWR MB LOCA results (Figure 
F.2) in that several initiators garnered multiple votes, but only the RHR/LPI/CVCS/HPI 
combination is listed by over one half of the panel members.  The PWR MB LOCA increases 
are also similar to BWR predictions, and piping failures are again expected to increase slightly 
more than non-piping failures in the future. 
 
Finally, the PWR LB LOCA results (Figure F.6) demonstrate nearly unanimous agreement on 
the dominant initiators: surge lines, hot leg, and LPI/RHR lines.  Once again, however, this is 
driven by the small number of systems with potential to create a LB LOCA.  The median 
percentage increases is similar among the systems, but the scatter is large and reflects the 
variability among respondents.  The median predicted frequency increase is slightly greater than 
PWR MB LOCA predictions, but is consistent with earlier BWR LB LOCA expectations. 
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Table F.8:  Issue Category Definition, Applicability and Abbreviations in Figures F.4 - F.6 
Issue 

Category 
LOCA Initiator SB LOCA 

(A/NA) 
MB LOCA 

(A/NA) 
LB LOCA 

(A/NA) 
1 Surge Line (Surge) A A A 
2 Hot Leg  A A A 
3 RHR/LPI/CVCS/HPI (LPI/RHR) A A A 
4 Drain Lines (Drain) A A NA 
5 SRV/PORV Lines A A NA 
6 Instrument Lines (Instr) A NA NA 
7 SRV/PORV (Valves) A A NA 
8 SG Tubes (SGT) A A NA 
9 Bolted Flange A A A 

10 External Events A NA NA 
11 ISLOCA A A A 
12 RCP Seal A A NA 
13 CRDM  A A NA 
14 CRDM Housings A A NA 
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Figure F.6:  PWR LB LOCA Contributions and Expected Changes 
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The preceding results (Figures F.1 through F.6) are all utilized to calculate the updated LOCA 
frequencies using the primary calculation method.  The remaining elicitation results are 
necessary to conduct the sensitivity and consistency-check calculations.  Also, the other results 
provide expectations about specific questions such as the precursor likelihood in future failures.  
Only a few of the additional results are provided herein.  These results have been chosen 
because they are generally representative. The relative change in future BWR LOCA 
frequencies is provided in Figure F.7 for the top contributors illustrated in Figures F.1 – F.3.  The 
left-hand graph illustrates the ratio of expected MB to SB changes while the right-hand graph 
depicts the ratio of expected LB to MB changes.  As before, median values are indicated within 
the box plots.   
 
 

 
 
The median expectations are that the frequencies of most MB LOCA events will be about an 
order of magnitude less than SB events for the important contributing systems over the next 35 
years.  The lone exception to this is the recirculation lines where the median SB LOCA is 
expected to be only 2.5 times more likely than the MB LOCA.  An additional decrease of about a 
factor of two is expected between LB LOCA events compared with MB events in the right-hand 
figure.  These median differences are relatively consistent with current differences in the 
baseline frequencies provided within NUREG/CR-5750, Appendix J.  However, the variability in 
the LB vs. MB LOCA ratios is much greater than the MB vs. SB expectations.  This reflects 
general uncertainty and concern about potential increases in LB LOCAs in the future.  The PWR 
ratio results (not shown) exhibit similar trends and variability among the pertinent top 
contributing factors. 
 
The responses to the global issues provided extremely interesting results (Figure F.8).  There 
were five general issues queried that are included in this figure (abscissa abbreviations in 

0.0

0.2

0.4

0.6

0.8

1.0

JPRs RecL Core RHR/LPI

BWR: Relative LB vs. MB Frequency Change 
Top MB & LB Contributors

0.0

0.2

0.4

0.6

0.8

1.0

JPRs RecL Drains RWCU SRV Stub

BWR: Relative MB vs. SB Frequency Change 
Top SB & MB Contributors

Fr
eq

ue
nc

y R
ati

o

0.2*

0.4

0.1

0.40.4

(n = 8)

0.2

0.5

(n = 8)
Max=10

Fr
eq

ue
nc

y R
ati

o

*median of non-zero respondents

0.1 0.1

Max=10 Max >> 1

0.6

Figure F.7:  Expected BWR Ratio of LOCA Frequencies 



Appendix F 

July 2002                 Risk-Informing 10 CFR 50.46/GDC 35 F-29

parentheses):  the effect of radionuclide decreases on leak detection threshold (leak), future 
failure mechanisms and mitigation (future), future ISI procedures and techniques (ISI), hydrogen 
combustion (H2 comb), and the suitability of the IGSCC mitigation factor utilized within 
NUREG/CR-5750, Appendix J (IGSCC).  In general, the median prediction is that none of these 
factors will influence LOCA frequencies except for slight increases due to the emergence of 
future failure mechanisms.  The global issues are also largely independent of LOCA size.  
However, outlier opinions predict very significant LOCA increases due to future mechanisms 
and mitigation, future ISI, and hydrogen combustion.  Also, several respondents expect the 
IGSCC mitigation factor to increase (>1/20) in the future indicating that future IGSCC failures 
should decrease.  The global issue variability represents the biggest divergence of opinion of all 
the elicitation factors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally, the likelihood of precursor prior to failure is indicated for the top three contributors to 
PWR LB LOCAs in Figure F.9.  This item is chosen because most experts have the same 
contributing factors which results in the largest possible sample size (n = 6).  These results are 
also interesting in terms of the divergence of opinion.  The minimum and maximum precursor 
likelihood varies from nearly 0% to 90%.  The median responses all hover around 50%.  The 
implication is that 50% of all failures, on average, are expected not to exhibit a detected 
precursor event.  The implication is that the panel expects that LOCA frequencies calculated 
assuming a precursor leaking crack may be twice as high if failure without a precursor event is 
considered.  This also implies that future application of the leak-before-break concept needs to 
be carefully considered. 
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F.4.3 Updated LOCA Frequency Results 
 
The individual results from the experts using the primary calculation method are provided in 
Table F.9.  The NG results identify panel members that did not provide enough information to 
calculate updated LOCA frequencies from their responses.  Also, the primary calculation 
method (Equation F.2) results in a singularity if the panel member chose all non pipe break 
LOCAs within the top three contributing factors.  When this occurred, it was simply assumed 
that the estimate were greater than the next largest estimated calculation.  There are two entries 
in Table F.9, indicated by the “>” sign, which reflect this.  The specific value of the singularity 
result is not important, only the knowledge that it is above the median response.  This 
assumption and analysis is consistent with the manner in which the baseline LOCA frequencies 
were defined. 
 
The secondary calculation methods lead to more scatter within the results.  This scatter is 
largely a function of the greater uncertainty associated with these methods.  However, the 
median results from these other methods were consistent with the primary method.  In fact, the 
primary method results typically are close to the median value of all the calculation methods.  
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This result provides additional confidence to the frequency updates and indicates that no gross 
irregularities among panel responses are evident. 
 

Table F.9:  Individual Updated LOCA Frequency Estimates 
BWR PWR Panel 

Member SB LOCA 
(x 10-5) 

MB LOCA 
(x 10-5) 

LB LOCA 
(x 10-5) 

SB LOCA 
(x 10-5) 

MB LOCA 
(x 10-5) 

LB LOCA 
(x 10-5) 

A 530 5.8 4.1 > 560 6.1 0.72 
B 54 3.6 3.3 60 4.5 0.52 
C NG NG NG NG NG NG 
D 150 12 9.0 150 11 1.9 
E 480 23 6.6 560 16 1.8 
F NG NG NG NG NG NG 
G NG NG NG NG NG NG 
H NG 14 11 NG 4.4 0.65 
I 108 5.6 5.2 98 6.0 0.72 
J 161 9.1 NG 308 > 16 NG 
K 52 NG 1.5 21 NG 0.05 

 
 
Because no explicit directions were given to the panel as to the exact time frame during the 35 
year period for which the contributions should be estimated, a sensitivity analysis was 
performed.  Equation F.2 assumes that the contribution factors are representative of the end of 
the 35 year period.  The opposite extreme is to assume that the contribution factors are 
applicable at the beginning of the 35 year period.  These additional calculations showed that the 
results are not sensitive (≈ 20%) to the interpretation of the time period representing the 
contribution factors. 
 
The panel results are plotted in Figure F.10 separately for the BWR (left-hand side) and PWR 
(right-hand side) results.  Overall, the variability among the panel member’s best estimates is 
generally less than an order of magnitude.  This variability is not large considering the 
uncertainty, data sparseness, and complexity in predicting pipe break LOCA failures.  The 
largest variability occurs in the SB LOCA results and this is due to the contributions of non-
piping LOCA initiating components.  Several panel members indicate that these components 
should dominate the SB LOCA frequencies while others think that the pipe breaks are most 
important.  While the difference in the medians actually appears to decrease with break size, 
this is only one component of uncertainty.  The larger component which considers the 
uncertainty in each panel member’s best estimate was not determined in this study.   
 
The median elicitation panel results are summarized in Table F.10.  The NUREG/CR-5750, 
Appendix J mean values were used as the baseline case and each panel member provided best 
estimates changes and contributions to update the mean.  The uncertainty in the best estimates 
was not queried.  However, it is assumed that the uncertainty is symmetric about the best 
estimate and that each panel member’s updated result represents a mean value.  The median 
of the panels’ updated LOCA frequencies was chosen as the mean for each unique LOCA 
frequency.  The median response is preferable to the mean to minimize the effect of outlier 
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responses on the final result.  The 5% and 95% confidence bounds of the distribution were 
determined in an analogous manner to NUREG/CR-5750, Appendix J.  An error factor of 3 was 
assumed for the SB LOCA distribution while an error factor of 10 was utilized for the MB and LB 
LOCA distributions.  The adjustment factor between the Table F.10 results and NUREG/CR-
5750, Appendix J results are also provided.  Note that two significant digits are presented in the 
table for direct comparison with NUREG/CR-5750, Appendix J results.  However, in light of the 
uncertainty, the accuracy of the elicitation is only justifiable to one significant digit. 
 

 

 
 
 

Table F.10:  Updated Mean LOCA Frequencies and Bounds 
(per reactor calendar year) 

Reactor 
Type 

LOCA Size Lower 5% 
Bound 

Mean Upper 95% 
Bound 

NUREG/CR-5750 
Adjustment  

Factor 
SB 4.0 x 10-4 1.5 x 10-3 3.6 x 10-3 3.7 
MB 3.4 x 10-6 9.1 x 10-5 3.4 x 10-4 3.5 BWR 
LB 2.0 x 10-6 5.2 x 10-5 2.0 x 10-4 2.2 
SB 4.0 x 10-4 1.5 x 10-3 4.0 x 10-3 3.7 
MB 2.3 x 10-6 6.1 x 10-5 2.3 x 10-4 2.0 PWR 
LB 2.7 x 10-7 7.2 x 10-6 2.7 x 10-5 2.0 

 
 
In Table F.10 and Figure F.10, it is noted that the initial NUREG/CR-5750, Appendix differences 
between the BWR and PWR MB and LB LOCA frequencies are retained by the elicitation.  The 
adjustment factor also decreases as break size increases.  This again is a direct result of the 
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inclusion of non-pipe break LOCA initiating events.  BWR frequency increases are slightly 
greater than PWR increases for MB and LB LOCAs.  The bulk of the adjustment for MB and LB 
LOCAs is due to the panel’s expectation that aging phenomena will result in an increase in 
future LOCA frequencies. 
These results were presented to the panel in a final feedback meeting.  This meeting was also 
videotaped to record the discussion.  The panel members generally voiced no concerns about 
the results and the updated LOCA frequencies.  The members did express the following general 
concerns: 
 
1. More time was required in order to properly develop answers and rationale for the 

quantitative responses. 
2. Extrapolating results over a 35 year future period was extremely difficult, if not 

impossible. 
3. The quality of the responses could have been improved through individual verbal 

elicitation. 
4. More detailed elicitation training would have been helpful. 
 
One panel member also had a few specific concerns.  This participant did not agree with the 
elicitation process and the methodology and indicated that direct LOCA estimates could only be 
developed from data and physical models.  This respondent was particularly concerned about 
rigorously screening the experts and having definitive measures in place so that panel members 
could only respond to questions directly within their field of expertise.  The feedback obtained 
from the panel members was noted and will be applied as appropriate to the upcoming formal 
expert elicitation process. 
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F.5 CONCLUSIONS 
 
An expert elicitation process was utilized to provide interim updated LOCA frequency estimates 
for use in the risk-based reevaluation of 10 CFR 50.46 (including Appendix K and GDC 35).  
This effort was undertaken to address concerns about the suitability of proposed NUREG/CR-
5750, Appendix J pipe break LOCA estimates in light of recent failures, concern with aging 
mechanisms, and the need to incorporate the contribution of non-pipe break failures.  Expert 
elicitation was a logical choice for obtaining these estimates because relevant service history 
failure rates are sparse and the underlying physical failure mechanisms are difficult to 
accurately model.  The entire planning, elicitation, and analysis was conducted over an 
approximately six week time period using a panel comprised solely of NRC staff.  The 
compressed schedule was necessary to support the technical basis development outlined in 
SECY-02-0057.   
 
The objective of the exercise was to adjust NUREG/CR-5750, Appendix J LOCA frequencies to 
reflect expectations about LOCA frequencies up through the end of license renewal, or 
approximately 35 years.  The process utilized most of the standard elicitation procedures 
including panel formation, background presentations, issue development, elicitation, compilation 
and analysis of the results, and feedback to the panel.  The compressed schedule required the 
use of a questionnaire, a limited time for panel preparation, and curtailed any detailed study to 
develop quantitative responses to the questionnaire. 
 
The elicitation provided valuable information that will be utilized in an upcoming formal elicitation 
which will provide final updated LOCA values to support rulemaking.  The elicitation resulted in 
upward adjustments of the NUREG/CR-5750, Appendix J results.  For BWR plants, mean 
adjustment factors were 3.7 for SB, 3.5 for MB, and 2.2 for LB LOCAs.  For PWR plants, mean 
adjustment factors were 3.7 for SB, 2.0 for MB, and 2.0 for LB LOCAs.  The effect of other (non-
piping) component failure results in the larger adjustment for SB LOCAs, and to a lesser extent 
for MB LOCAs.  The remainder of the adjustment factor is due to the general concern that aging 
related failure mechanisms will increase future failure rates.  This is reflected in the fact that the 
failure rate of piping components was generally expected to increase in the future to a greater 
extent than non-piping components. 
 
Dominant LOCA initiators are apparent for SB and LB LOCA frequencies for both BWR and 
PWR systems.  Active component failure and small pipe rupture was considered to be most 
important for the SB LOCA frequencies.  Large, higher temperature class 1 pipes located near 
the reactor pressure vessel are most important for LB LOCA frequencies.  There is a general 
lack of consensus about the dominant MB LOCA initiators.  The staff appears divided on the 
importance of smaller fissures in large pipes compared with catastrophic failure of smaller pipes. 
 
The global issues explicitly considered in this study evaluated the effect of radionuclide 
decreases on leak detection threshold, future failure mechanisms and mitigation, future ISI 
procedures and techniques, hydrogen combustion, and the suitability of the IGSCC mitigation 
factor utilized within NUREG/CR-5750, Appendix J.  The only mechanism where any LOCA 
frequency increase was predicted (50%) is for future failure mechanisms and mitigation.  The 
median result for the other issues was approximately 0%.  However, there is substantial 
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variability or difference of opinion among the panel members about the importance of future 
mechanisms & mitigation, ISI, and hydrogen combustion.  These are issues that will be retained 
during the subsequent elicitation. 
 
Finally, LB LOCA piping failure without a precursor event is a significant consideration.  While 
the variability was large, the median expectation is that 50% of the potential PWR LOCAs would 
occur without evidence of a precursor event.  One implication of this is that the panel expects 
that LOCA frequencies calculated assuming a precursor leaking crack may be twice as high if 
failure without a precursor event is appropriately considered.  Another implication is that the 
application of the leak-before-break concept needs to be carefully considered, especially for 
large pipes. 
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F.6 FUTURE RESEARCH 
 
This near-term elicitation has provided interim LOCA frequencies.  Final values will be provided 
in a formal expert elicitation using a broad range of technical experts from the staff and outside 
NRC.  However, this near-term elicitation was extremely valuable as a pilot elicitation.  
Background information developed for this exercise will be enhanced and also utilized in the 
formal expert judgment procedure.  Important issues and conclusions developed by staff will be 
utilized as a starting point for the formal panel.  Feedback provided on the elicitation process 
and issue decomposition will be utilized in designing the formal expert elicitation procedure.  
Finally, future MEB research initiatives will address important areas identified from this group. 
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Attachment F-1:  LOCA Background Documents 
Item Title Relevance 

1 General & Programmatic 
1.a 10CFR50.44, “Standards for Combustible 

Gas Control System in Light-Water-Cooled 
Power Reactors.” 

Control of H2 Generated by postulated LOCA. 

1.b 10CFR50.46, “Acceptance Criteria for 
Emergency Core Cooling Systems for 
Light-Water Nuclear Power Reactors.” 

Allowable fuel cladding temperature and oxidation, 
hydrogen generation, and core cooling 
requirements 

1.c SECY 01-0133 Status Report on Study of Risk-informed Changes 
to the Technical Requirements of 10 CFR Part 50 
(Option 3) and Recommendations on Risk-
informed Changes to 10 CFR 50.46 (ECCS 
Acceptance Criteria) 

1.d Attachment 1 to SECY paper  
1.e Attachment 2 and Appendix A to SECY 

paper 
 

1.f SECY-02-0057 Update progress of SECY-01-0133 
2 PRA Analysis and Piping Service History 

2.a Reg. Guide 1.174 PRA in Risk Informed Decisions on Plant-specific 
changes to the licensing basis 

2.b WASH-1400, “Reactor Safety Study” Original LOCA Distributions  
2.c NUREG-1150, “Reactor Risk Reference 

Document, Vol. 1” 
PRA Analysis to assess severe core damage 
accidents at nuclear power plants. 

2.d NUREG-1150, “Reactor Risk Reference 
Document, Vol. 2” 

Appendices A-I 

2.e NUREG-1150 “Reactor Risk Reference 
Document, Vol. 3” 

Appendices J-O 

2.f NUREG/CR-5750, “Rates of Initiating 
Events at US Nuclear Power Plants: 1987-
1995”  

LOCA frequency estimates derived from analysis 
of service history. 

2.g S. Beliczey and H. Schultz “Comments on 
Probabilities of Leaks and Breaks of 
Safety-Related Piping in PWR Power 
Plants”, Int. J. Ves. & Piping, 43, (1990) 
pp. 219-227. 

Development of conditional break probability 
function, given a leak.  Utilized within NUREG/CR-
5750. 

2.h R. Nyman, et al. “Reliability of Piping 
System Components – Framework for 
Estimating Failure Parameters from 
Service Data”, SKI report 97:26, Dec. 
1997. 

PRA framework to allow the development of a 
priori and a posteriori pipe rupture probability 
distributions. 

2.i S. Bush, M. Do, A. Slavich, and a. 
Chockie, “Piping Failures in United States 
Nuclear Power Plants: 1961-1995”, SKI 
report 96:20, Jan. 1996. 
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2.j S. Bush, and A. Chockie, “Failure 
Frequencies and Probabilities Applicable 
to BWR and PWR Piping”, SKI report 
96:39, March 1996. 

 

2.k D. Azodi, et al., “Literature Review and 
Evaluation of Leak-Before-Break (LBB)”, 
SKI Report 95:33, March 1995. 

 

2.l R. Nyman, et al., “Reliability of Piping 
System Components, Volume 1: Piping 
Reliability-A Resource Document for PSA 
Applications”, SKI Report 95:58, December 
1995. 

Development of pipe failure database, and 
framework development for incorporation of pipe 
failures in PRAs. 

2.m R. Nyman, et al., “Reliability of Piping 
System Components, Volume 2: PSA 
LOCA Data Base Review of Methods for 
LOCA Evaluation since the WASH-1400”, 
SKI Report 95:59, September 1996. 

 

2.n R. Nyman, et al., “Reliability of Piping 
System Components, Volume 4: The Pipe 
Failure Event Database”, SKI Report 
95:61, July 1996. 

 

3 Risk Informed In-Service Inspection 
3.a NUREG-1661, “Technical Elements of 

Risk-Informed In-Service Inspection 
Programs for Piping” 

Draft Report on technical issues to consider when 
developing an RI-ISI program. 

3.b K. R. Balkey, et al. “Westinghouse Owners 
Group Application of Risk-Informed 
Methods to Piping Inservice Inspection 
Topical Report”, Revision 1-NP-A, Feb 
1999, WCAP-14572 Rev. 1-NP-A. 

Development of RI-ISI and application to Millstone 
Unit 3 and Surrey Unit 1. 

3.c B. Bishop, “Westinghouse Structural 
Reliability and Risk Assessment (SRRA) 
Model for Piping Risk-Informed Inservice 
Inspection” – WCAP-14572 R1 S1, 
October 1997 

Industrial technical basis for Risk-Informed 
changes to 50.44 and 50.46. Technical basis for 
RI-ISI program described above. 

4 Leak Before Break 
4.a Standard Review Plan 3.6.3, “Leak Before 

Break Evaluation Procedures” 
Evaluation procedures used to assess licensee 
submittals 

4.b NUREG/CR-4305, “Comments on Leak-
Before-Break Concept for Nuclear Power 
Plant Piping Systems” 

Has some rupture data in it.  Compares break to 
leak ratios from different industries. 

4.c NUREG/CR-4572, “NRC Leak-Before-
Break (LBB) Analysis Method for 
Circumferentially Through-Wall Cracked 
Pipes Under Axial Plus Bending Loads” 
 

J Estimation schemes used to evaluate LBB 
licensee submittals. 
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5 General Piping 
5.a NUREG-1061 Series:  Report of USNRC 

Piping Review Committee: Vols. 1 – 4. 
IGSCC, dynamic loading, seismic loading, other 
issues. 

5.b NUREG/CR-6582, “Assessment of 
Pressurized Water Reactor Primary 
System Leaks” 

US Experience related to leak rates, affects of 
aging, safety significance, mitigation, and 
effectiveness of leak detection 

5.c NUREG/CR-2189-V6, “Probability of Pipe 
Fracture in a Primary Coolant Loop of a 
PWR Plant – Volume 6” 

Failure modes analysis 

5.d NUREG/CR-2189-V8, “Probability of Pipe 
Fracture in a Primary Coolant Loop of a 
PWR Plant – Volume 8”. 

Indirect causes 

6 Fracture Toughness/Pipe Break Evaluation 
6.a NUREG/CR-6540, “State-of-the-Art in 

Piping Fracture Analysis” 
 

6.b NUREG/CR-6446, “Fracture Toughness 
Evaluations of TP304 Stainless Steel 
Pipes” 

 

6.c NUREG/CR-6298, “Fracture Behavior of 
Circumferentially Surface-Cracked Pipe” 

 

6.d NUREG/CR-4872, “Experimental and 
Analytical Assessment of Circumferentially 
Surface-Cracked Pipes Under Bending”  

 

6.e NUREG/CR-6440, “The Effects of Cyclic 
and Dynamic Loading on the Fracture 
Resistance of Nuclear Piping Steels – 
Technical Report” 

 

7 Seismic/Inertial Loading of Pipes 
7.a NUREG/CR-6233, Vol. 1, “Stability of 

Cracked Pipe Under Inertial Stresses” 
 

7.b NUREG/CR-6233, Vol. 2, “Stability of 
Cracked Pipe Under Seismic/Dynamic 
Displacement-Controlled Stresses” 

 

7.c NUREG/CR-6233, Vol. 3, “Crack Stability 
in a Representative Piping System Under 
Combined Inertial and 
Seismic/Displacement-Controlled 
Stresses” 

 

7.d Mashida and Yoshimura, "Probabilistic 
Fracture Mechanism Analysis of Nuclear 
Piping Considering Variation in Seismic 
Loading,” Int. J. of Pressure Vessels and 
Piping, Vol. 79 (2002) pp. 193-2002. 
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8 IGSCC and Environmental Degradation 
8.a NUREG-0531, “Investigation and 

Evaluation of Stress-Corrosion Cracking in 
Piping of Light Water Reactor Plants” 

Assess IGSCC potential in PWRs and BWRs by 
reviewing operating experience, cracking root 
cause, detection, and mitigation methods. 

8.b NUREG/CR-6428, “Effects of Thermal 
Aging on Fracture Toughness and Charpy-
Impact Strength of Stainless Steel Pipe 
Welds” 

 

8.c NUREG/CR-6226, “Effect of Dynamic 
Strain Aging on the Strength and 
Toughness of Nuclear Ferritic Piping at 
LWR Temperatures” 

 

8.d NUREG/CR-6335, “Fatigue Strain-Life 
Behavior of Carbon and Low-Alloy Steels, 
Austenitic Stainless Steels, and Alloy 600 
in LWR Environments”. 

Argonne report on environmental fatigue curves for 
various piping alloys. 

8.e PWSCC Information 
 VC Summer Synopsis 
 Crack Growth Rate Info 
 

 

8.f GE document – DRAFT A41-00110-00, “A 
Review of NUREG/CR-5750 IGSCC 
Improvement Factor and Probability of 
Rupture Given a Through-Wall Crack”, 
Sept 2001.  

Assessment of IGSCC mitigation factor used within 
NUREG-CR/5750. 

9 PFM Pipe Predications 
9.a Wilkowski, G.M., et. al., “Technical 

Evaluation of Probabilistic LBB Codes and 
Approaches”, November 30, 2001. 

Outlines potential contributing failure mechanisms 
not considered in original 5750 study. 

9.b NUREG/CR-6674, “Fatigue Analysis of 
Components for 60-Year Plant Life” 

Evaluation of component leaking rates at 40 and 
60 years of life; assess the increase in CDF with 
life. 

9.c M. A. Khaleel and F. A. Simonen, “The 
Effect of Initial Flaw Sizes and Inservice 
Inspection on Piping Reliability”, PVP Vol. 
228, ASME 1994, pp. 95-107. 

 

9.d NUREG/CR-6004, “Probabilistic Pipe 
Fracture Evaluations for Leak-Rate-
Detection Applications” 

Evaluate conditional pipe break probability & 
leaking rate margin 

9.e NUREG/CR-6443, “Deterministic and 
Probabilistic Evaluations for Uncertainty in 
Pipe Fracture Parameters in Leak-Before-
Break and In-Service Flaw Evaluations.” 
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Attachment F-2:  LOCA Frequency Estimation Questionnaire 
 

Background: 
 
LOCA Definition (for purposes of internal panel only):  An unisolable breech of the Reactor 
Coolant Primary Boundary (RCPB) requiring Emergency Core Cooling System (ECCS) 
initiation. 
 
The specific SB, MB, and LB LOCA definitions were adopted from NUREG/CR-5750, Appendix 
A and Table J1.  These definitions also were utilized in NUREG-1150.  For convenience, these 
definitions are excerpted below.  One small adjustment was necessary because a lower limit 
functional pipe size was not specified for BWR SBLOCA.  It was determined that the flow rate-
specified value of 100 gpm was sufficient and that conversion into an equivalent pipe break 
area/diameter was not required in the short term. 

a. SBLOCA - A break that does not depressurize the reactor quickly enough for the low 
pressure systems to automatically inject and provide sufficient core cooling to 
prevent core damage.  However, low capability systems (i.e., 100 to 1500 gpm) are 
sufficient to make up the inventory completion.  For a BWR, this translates to a pipe 
in the primary system boundary with a break size less than 0.004 ft2 (or a 1 inch 
equivalent inside pipe diameter) for liquid and less than 0.05 ft2 (or an approximately 
4 inch inside diameter pipe equivalent) for steam.  The lower bound of the BWR 
break sizes is the hole necessary to cause a 100 gpm leak.  For a PWR, a pipe 
break in the primary system boundary with an inside diameter between ½ to 2 
inches. 

b. MBLOCA – A break that does not depressurize the reactor quickly enough for the 
low pressure systems to automatically inject and provide sufficient core cooling to 
prevent core damage.  However, the loss from the break is such that high capability 
systems (i.e., 1500 to 500 gpm) are needed to makeup the inventory depletion.  For 
a BWR, a pipe in the primary system boundary with a break size between 0.004 to 
0.1 ft2 (or an approximately 1 to 5 inches inside diameter pipe equivalent) for liquid 
and between 0.05 to 0.1 ft2 (or an approximately 4 to 5 inches inside pipe diameter 
equivalent) for steam.  For a PWR, a pipe break in the primary system boundary with 
an inside diameter between 2 to 6 inches. 

c. LBLOCA – A break that depressurizes the reactor to the point where the low 
pressure system injection automatically provides sufficient core cooling to prevent 
core damage.  For a BWR, a pipe in the primary system boundary with a break size 
greater than 0.1 ft2 (or an approximately 5 inch inside diameter pipe equivalent) for 
liquid and steam.  For a PWR, a pipe break in the primary system boundary with an 
inside diameter greater than 6 inches. 

 
LOCA Baseline Definition:  For ease of study and comparison, the NUREG/CR-5750, 
Appendix J study provides the baseline results for elicitation purposes.  Any changes you 
suggest for the next 35 year period are with respect to these values.  The baseline is defined as 
follows: 
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Plant Population 
BWR:  US Plants 
PWR:  US & “Western-Style” Light Water Reactors; see table J-10 in NUREG/CR-5750, 
Appendix J for a list of included countries. 
 
Time Frame 
BWR:  1969 – 1997 
PWR:  1969 – 1997 
 
Mitigation Effects 
BWR:  In NUREG/CR-5750, Appendix J, a factor of (1/20) was multiplied by the leaking rate for 
MB and LB LOCA estimations for BWR reactors to account for the effect of mitigation for IGSCC 
cracking. 
 
LOCA Initiating Mechanisms 
 
Several LOCA initiating mechanisms were discussed during the issue development meeting 
(4/19).  These mechanisms include pipe systems and their commensurate materials and 
potential failure mechanisms.  Also discussed was the failure of other, non-piping components.  
The group determined those piping systems and other components which should be considered 
in LOCA frequency determination.  These are the systems that the group felt contribute the 
most to a LOCA.  These piping systems and failure events are summarized separately for BWR 
(Table 1) and PWR (Table 2) systems.  Although the group discussed failure of several other 
components and systems which could initiate a LOCA, these were determined to be 
insignificant compared to the systems and components in Tables 1 and 2. 
 
A LOCA initiating identification (ID) is provided for each potential failure type.  For piping 
systems, the materials which constitute each system are summarized as well as potential failure 
mechanisms associated with each material for the given system.  For non-piping systems, a 
brief synopsis of the postulated failure event is included in the mechanism column.  The 
potential to contribute to either (S)mall, (M)edium, or (L)arge break LOCAs is denoted in the 
final column.  The content of these tables reflects the consensus reached during the issue 
development meeting on 4/19.  Piping system, material, and failure mechanism acronyms are 
summarized in the notes.  Also indicated are any materials which are unique to a certain plant 
design. 

 



Appendix F 

July 2002        Risk-Informing 10 CFR 50.46/GDC 35 
 

F-45

Table 1:  Important BWR LOCA Initiating Systems 
ID LOCA Initiating 

System 
Materials Failure Mechanisms (S, M, L) LOCA 

Contributions 
IN 182/600 IGSCC 
SS Weld IGSCC 

B1 Jet Pump Risers 

Wrought SS IGSCC 

S, M, L 

IN 182/600 IGSCC 
SS Weld IGSCC 

B2 Recirculation 
Loops 

Wrought SS IGSCC 

S, M, L 

IN 182/600 IGSCC 
SS Weld IGSCC 

B3 Core Spray 

Wrought SS IGSCC 

S, M, L 

SS Weld IGSCC, THFAT B4 RHR/LPI 
Wrought SS IGSCC, THFAT 

S, M, L 

B5 Feedwater Carbon Steel THFAT, FAC S, M, L 
SS Weld IGSCC, THFAT, MEFAT 
Wrought SS IGSCC,  THFAT, MEFAT 

B6 Drain Lines 

Carbon Steel THFAT, MEFAT 

S, M 

IN 182/600 IGSCC,  THFAT 
SS Weld IGSCC,  THFAT 
Wrought SS IGSCC,  THFAT 

B7 RWCU 

Carbon Steel THFAT, FAC 

S, M 

SS Weld IGSCC, MEFAT, TGSCC B8 Instrument Lines 

Wrought SS IGSCC, MEFAT, TGSCC 

S 

B9 SRV  Stuck Open Relief 
Valves  

S, M 

B10 External Events  Failure caused by human 
error (bumping) 
instrument lines 

S 

B11 ISLOCA  Failure of Class 1 
interfacing system 

S, M, L 

B12 Stub Tubes  Failure of lower head 
penetration for CRDs. 

S,M 

Notes: 
RHR = Residual heat removal system   THFAT = Thermal fatigue 
LPI = Low pressure injection system    MEFAT = Mechanical fatigue 
RWCU = Reactor water cleanup system   FAC = Flow Accelerated Corrosion 
ISLOCA = Interfacing system LOCA    SRV = Safety relief valve 
SS Weld = Stainless steel weld 
Wrought SS = Wrought stainless steel 
IGSCC = Intergranular stress corrosion cracking 
IN 182/600 = Inconel 182 weld material & 600 base material. 
TGSCC = Transgranular stress corrosion cracking 
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Table 2: Important PWR LOCA Initiating Systems 
ID LOCA Initiating 

System 
Materials Failure Mechanisms (S, M, L) LOCA 

Contributions 
IN 82/182 PWSCC 
SS Weld THFAT, THAGE 

P1 Surge Line 

CASS THFAT, THAGE 

S, M, L 

IN 82/182 PWSCC 
SS Weld THFAT, THAGE 

P2 Hot Leg 

CASS THFAT, THAGE 

S, M, L 

IN 82/182* PWSCC 
SS Weld THFAT, THAGE  

P3a LPI/RHR 

CASS THFAT, THAGE 

L 

IN 82/182* PWSCC 
SS Weld THFAT, THAGE 

P3b LPI/RHR/CVCS/HPI 

CASS THFAT, THAGE 

S, M 

IN 82/182* PWSCC, MEFAT P4 Drain Lines 
SS Weld THFAT, THAGE, MEFAT 

S, M 

IN 82/182 PWSCC, MEFAT P5 SRV/PORV Lines 
SS Weld THFAT, THAGE, MEFAT 

S, M 

SS Weld MEFAT, TGSCC P6 Instrument Lines 

Wrought SS MEFAT, TGSCC 

S 

P7 PORV/SRV   Stuck Open Relief Valves S, M 
P8 SG Tubes  SG tube failure S, M 
P9 Bolted Flange  Failure of any bolted 

flange 
S, M, L 

P10 External Events  Failure caused by human 
error (bumping) 
instrument lines 

S 

P11 ISLOCA  Failure of Class 1 
interfacing system 

S, M, L 

P12 Seal LOCA  Reactor coolant pump 
seal failure 

S, M 

P13 CRDM Penetration  Failure of nozzle 
penetration 

S, M 

P14 CRDM Housing  Failure of tube housing S, M 
*B&W and CE Systems Only 
 

Notes: 
LPI = Low pressure injection system   SS Weld = Stainless steel weld 
RHR = Residual heat removal system  ISLOCA = Interfacing System LOCA 
IN 82/182 = Inconel 82/182 weld material  SG = Steam generator 
HPI = High pressure injection system  THFAT = Thermal fatigue/striping 
Wrought SS = Wrought stainless steel  MEFAT = Mechanical fatigue 
PORV = Pressure operated relief valve  THAGE = Thermal aging 
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CASS = Cast austenitic stainless steel SRV = Safety relief valve 
CRDM = Control rod drive mechanism  HPI =High pressure injection system 
PWSCC = Primary water stress corrosion cracking  
TGSCC = Transgranular stress corrosion cracking 
 
Global Issues (G) 

 
Several global issues were discussed during the 4/19 meeting which affect LOCA within all 
piping systems, and potentially even failure of other components.  It was determined during the 
meeting that there are several global issues which will be explicitly considered in terms of their 
influence on the baseline LOCA definition.  These issues and questions are summarized below. 
 

G1. Leaking Detection Change:  There was some opinion and discussion that current leak 
detection systems may require longer periods to assess the required threshold leak 
rates than did systems in use during the baseline time period.   
G1.1. What is the change in the baseline failure probability for all systems as a function 

of changes in the leak detection systems?   
G2. Future Mechanisms & Mitigation (including repair and replace):  There is some 

concern that future failure mechanisms separate from those identified herein may 
become identified before the end of license renewal, and may contribute to LOCA 
distributions.  A good example of this is PWSCC which, at the time when NUREG/CR-
5750 was issued, had not been identified.  There is also an understanding that any new 
mechanisms will be addressed as they arise and mitigation will be undertaken to 
minimize their consequences.  One could envision that before mitigation there is an 
increase in the failure probability as the mechanism is discovered.  After mitigation, the 
failure probability could be higher, similar to, or less than historical results.  This is the 
trend observed for IGSCC cracking in BWRs in the early-1980’s.   
G2.1. What is the change in the baseline failure probability due to future mechanisms 

and likely mitigation techniques? 
G3. Future In-Service Inspection (ISI) Techniques & Criteria:  It is anticipated that over 

the time until the end of license renewal that ISI techniques will continue to improve such 
that flaw resolution and probability of detection will continue to skew toward smaller 
flaws.  Also, flaw sizing should become more accurate.  Additionally, risk-informed (RI)-
ISI will theoretically focus on those systems with the greatest propensity to fail and also 
increase the probability of detection.  However, RI-ISI could also result in less inspection 
of systems which are shown to contribute less to the overall probabilistic risk 
assessment of the plant.   
G3.1. What is the compendium difference in the baseline failure probability due to 

changes in ISI techniques and changing criteria as a result of RI-ISI 
assessments? 

G4. Hydrogen Combustion:  Recently, there have been two piping failures documented 
where the root cause was an accumulation of hydrogen within the lines that 
subsequently ignited and caused failure due to over pressurization of the line:   
G4.1. What additional adjustment to the baseline frequency distribution results from the 

potential for hydrogen combustion of pipes? 
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G5. IGSCC Mitigation Factor:  NUREG/CR-5750, Appendix J utilizes a mitigation factor of 
1/20 which is multiplied by the leaking rate for cracks in medium and large BWR pipes to 
determine the pipe failure frequency based on the conditional pipe break probability.  
The mitigation factor is based on industry and NRC efforts to reduce IGSCC crack 
growth.  The effect of mitigation has been implicitly or explicitly considered in the 
answers given for baseline changes in system failures for BWR plants earlier.   
G5.1. What specific change in the baseline frequency distributions can be attributed 

solely to differences between the 1/20 mitigation factor and “expected” mitigation 
through the end of license renewal? 

G6. Effect of Precursor and Non-Precursor Events on Pipe Failure:  NUREG/CR-5750 
explicitly assumed that pipe failure can only occur after a precursor event: a leaking 
pipe.  The pipe failure is then determined by multiplying the precursor leak frequency 
with a conditional pipe break frequency given a through-wall crack.  This analysis 
ignores any contribution to the pipe failure probability from non-through-wall cracks, or 
through-wall cracks which have not yet leaked.  It also assumes that a global conditional 
pipe break estimate only depends on pipe diameter and not the failure mechanism. 
Previous estimates of adjustments necessary to the NUREG/CR-5750, Appendix J 
LOCA frequency distributions have implicitly considered contributions due to all types of 
cracks.  The idea now is to decompose the potential total frequency adjustments into 
contributions due to leaking cracks and non-leaking cracks.  Additionally, further 
decompose the leaking crack case into the frequency of occurrence of leaking cracks 
and their conditional failure probability.  Questions will be asked pertaining to the effect 
of each constituent any total baseline frequency adjustment which may be required. 

 
Elicitation Questionnaire (E) 

 
The following questionnaire asks you to make a number of subjective estimates of the relative 
contributions of the most important BWR and PWR initiating systems and components to the 
SB, MB, and LB LOCA frequencies.  You will also be asked to assess the expected changes in 
the baseline LOCA frequencies for each particular system failure.  Finally, you will be asked to 
quantify the relative changes to the baseline LOCA frequencies resulting from “global issues”, 
which are not expected to be as system dependent.  In all cases, your answers should refer to 
the time period from the end of NUREG/CR-5750 (1997) up through the end of the license 
renewal period, or approximately 35 years from 1997.   
 
Each elicited quantity will be either a percentage or a ratio.  This should be your “best” guess of 
the requested number.  In other words, you are asked to specify a number with a 50/50 chance 
of being too high or too low.  The percentage changes can be greater than, less than, or equal 
to zero.  It is also appropriate NOT to hazard a guess if you so desire.  Please write NG in any 
boxes for which you do not wish to supply a number.  Some boxes have already been filled in 
as (N)ot (A)pplicable based on consensus at the 4/19 meeting as to the potential size of any 
breaks. 
 
There is also space on the questionnaire to write the rationales for your estimates.  If more 
space is needed, please include your response on a separate sheet.  We are particularly 
interested in your reasons for your answers if you believe that they may be higher or lower than 
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most other panelists’ numbers.  Please feel free to make any other comments you might have 
about the elicited questions.  
 
E1. Change in LOCA frequencies 
 
The two tables below list the LOCA initiating systems (summarized in Tables 1 and 2) for BWRs 
and PWRs.  An additional table exists to quantify your responses to the global issues (section 
G).  There are separate columns for each LOCA size.  For each row and column, you are to 
estimate the change in that component of LOCA frequency attributable to the subject system or 
issue which you expect over the next 35 years (as compared to 1997), expressed as a 
percentage.  For example, if you should write -25% in the first box of the BWR table, this means 
that you expect that the frequency of small LOCAs due to BWR jet pump risers will decrease by 
about 25% over the next 35 years. 
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Table 3:  Change in LOCA Frequency for BWR Plants 
ID System or 

Components 
SBLOCA 
(%) 

MBLOCA 
(%) 

LBLOCA 
(%) 

Rationale and Comments 

B1 Jet Pump 
Risers 

    

B2 Recirculation 
Loops 

    

B3 Core Spray     

B4 RHR/LPI     

B5 Feedwater     

B6 Drain Lines   NA  

B7 RWCU   NA  

B8 Instrument 
Lines 

 NA NA  

B9 SRV   NA  

B10 External 
Events 

 NA NA  

B11 ISLOCA     

B12 Stub Tubes   NA  
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Table 4:  Change in LOCA Frequency for PWR Plants 
ID System or 

Components 
SBLOCA 
(%) 

MBLOCA 
(%) 

LBLOCA 
(%) 

Rationale and Comments 

P1 Surge Line     

P2 Hot Leg     

P3a LPI/RHR     

P3b LPI/RHR/CVC
S/HPI 

  NA  

P4 Drain Lines   NA  

P5 SRV/PORV 
Lines 

  NA  

P6 Instrument 
Lines 

 NA NA  

P7 PORV/SRV   NA  

P8 SG Tubes   NA  

P9 Bolted Flange     

P10 External 
Events 

 NA NA  

P11 ISLOCA     

P12 Seal LOCA   NA  

P13 CRDM 
Penetration 

  NA  

P14 CRDM 
Housing 

  NA  
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Table 5:  Contribution of Global Issues to Baseline Frequency Changes 
Quest. 

ID 
Issue SBLOCA 

(%) 
MBLOCA 

(%) 
LBLOCA 

(%) 
Rationale and 

Comments 
G1.1 Leaking Detection 

Change 
    

G2.1 Future 
Mechanisms & 
Mitigation 

    

G3.1 Future In-Service 
Inspection (ISI) 

    

G4.1 Hydrogen 
Combustion 

    

G5.1 IGSCC Mitigation 
Factor 

    

 
E2. Comparative contributions to LOCA frequencies 
 
The three tables below list the LOCA initiating systems and components for BWRs and PWRs.  
The first column asks for the ratio of the frequency of MBLOCA [Fr(MBLOCA)] to the frequency 
of SBLOCA [Fr(SBLOCA)] for the subject system or issue over the next 35 years (i.e. 
Fr(MBLOCA)/Fr(SBLOCA)].  The second column asks for Fr(LBLOCA)/Fr(MBLOCA).  For 
example, if you should write 0.1 in the first box and 0.01 in the second box of the BWR table, 
this means that over the next 35 years you expect that the frequency of medium LOCAs due to 
BWR jet pump risers will be an order of magnitude less than for small LOCAs and that the 
frequency of large LOCAs will be two orders of magnitude less than for medium LOCAs.   
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Table 6:  Comparative Contributions to LOCA Frequency for BWRs 
ID System or 

Components 
Fr(MBLOCA)/
Fr(SBLOCA) 

Fr(LBLOCA)/
Fr(MBLOCA) 

Rationale and Comments 

B1 Jet Pump 
Risers 

   

B2 Recirculation 
Loops 

   

B3 Core Spray    

B4 RHR/LPI    

B5 Feedwater    

B6 Drain Lines  NA  

B7 RWCU  NA  

B8 Instrument 
Lines 

NA NA  

B9 SRV  NA  

B10 External 
Events 

NA NA  

B11 ISLOCA    

B12 Stub Tubes  NA  
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Table 7:  Comparative Contributions to LOCA Frequency for PWRs 
ID System or 

Components 
Fr(MBLOCA)/
Fr(SBLOCA) 

Fr(LBLOCA)/
Fr(MBLOCA) 

Rationale and Comments 

P1 Surge Line    

P2 Hot Leg    

P3a LPI/RHR    

P3b LPI/RHR/CVC
S/HPI 

 NA  

P4 Drain Lines  NA  

P5 SRV/PORV 
Lines 

 NA  

P6 Instrument 
Lines 

NA NA  

P7 PORV/SRV  NA  

P8 SG Tubes  NA  

P9 Bolted Flange    

P10 External 
Events 

NA NA  

P11 ISLOCA    

P12 Seal LOCA  NA  

P13 CRDM 
Penetration 

 NA  

P14 CRDM 
Housing 

 NA  
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Table 8:  Comparative Contributions to LOCA Frequency of Global Issues 
Quest. 

ID 
Issue Fr(MBLOCA)/

Fr(SBLOCA) 
Fr(LBLOCA)/
Fr(MBLOCA) 

Rationale and 
Comments 

G1.1 Leaking Detection 
Change 

   

G2.1 Future Mechanisms 
& Mitigation 

   

G3.1 Future In-Service 
Inspection (ISI) 

   

G4.1 Hydrogen 
Combustion 

   

G5.1 IGSCC Mitigation 
Factor 

   

 
E3. Most important contributors to LOCA frequencies. 
The two tables below ask you to rank the three most important system or component 
contributors to BWR and PWR LOCA Frequencies over the next 35 years, with a separate 
ranking for each size LOCA.  You are also asked to estimate the percent contribution to the total 
LOCA frequency due to each of your top three contributors.  The three percentages in each 
column should be decreasing (or possibly equal), but need not add up to 100%.  The total also 
should not exceed 100%.  For example, suppose you write B1, B2, and B3 in the first column of 
the BWR table (Table 9), with corresponding percentages of 50%, 20%, and 10%.  This means 
that you expect that the frequency of SBLOCAs due to the BWR jet pump risers to contribute 
about 50%, the recirculation loops to contribute about 20%, and the core spray to contribute 
about 10% to the total Fr(SBLOCA). 
 

Table 9:  Most Important Contributors to LOCA Frequency for BWRs 
 SBLOCA MBLOCA LBLOCA 
Rank ID Contribution 

(%) 
ID Contribution 

(%) 
ID Contribution 

(%) 
1       
2       
3       

 
Table 10:  Most Important Contributors to LOCA Frequency for PWRs 

 SBLOCA MBLOCA LBLOCA 
Rank ID Contribution 

(%) 
ID Contribution 

(%) 
ID Contribution 

(%) 
1       
2       
3       
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E4. Relative contribution of precursors and non-precursors 
 
For each of the top three contributors to BWR and PWR LOCA frequencies determined for 
question E3 (Tables 9 and 10), please estimate the percent contribution of the LOCA frequency 
with is due to precursor as opposed to non-precursor events (Tables 11 and 12). Section G6 
specifically defines precursor events for pipes as leaks, while non-precursor failures would 
occur without leaking.  Therefore, for piping systems only consider the contribution of leaking 
pipes to the SB, MB, and LBLOCA frequencies in Tables 9 and 10.  The example in E3 lists B1 
as the primary contributor for SBLOCAs in BWRs.  If you entered 60% in the precursor 
contribution column for SBLOCAs due to B1 (Table 11), the implication is that 60% of all jet 
pump riser failures should be preceded by a leaking crack.  Precursors for failure of other 
components (e.g. SRVs) could be any number of quantifiable events which precede failure.  
Please list the precursor(s) considered, if any, for non-piping components. 
 

Table 11:  Contribution of Precursors to LOCA Frequency for BWRs 
 SBLOCA MBLOCA LBLOCA  
Rank ID Precursor 

Contr (%) 
ID Precursor 

Contr (%) 
ID Precursor 

Contr (%) 
Rationale and 

Comments 
1        

2        

3        

 
Table 12:  Contribution of Precursors to LOCA Frequency for PWRs 

 SBLOCA MBLOCA LBLOCA  
Rank ID Precursor 

Contr (%) 
ID Precursor 

Contr (%) 
ID Precursor 

Contr (%) 
Rationale and 

Comments 
1        

2        

3        

 


