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ABSTRACT 

 
Under the auspices of an addendum to the memorandum of understanding between the Electric 
Power Research Institute and the U.S. Nuclear Regulatory Commission’s Office of Nuclear 
Regulatory Research for cooperative research, a pilot study has been completed to evaluate the 
feasibility of developing a fully probabilistic, fracture-mechanics-based computational tool to 
evaluate the rupture probability of reactor coolant piping.  This project, known as xLPR for 
Extremely Low Probability of Rupture, is initially focused on evaluating pipe rupture 
probabilities within Alloy 82/182 dissimilar metal welds located in lines licensed for 
leak-before-break (LBB) as allowed under General Design Criterion 4, “Environmental and 
Dynamic Effects Design Bases,” of Appendix A, “General Design Criteria for Nuclear Power 
Plants,” to Title 10 of the Code of Federal Regulations Part 50, “Domestic Licensing of 
Production and Utilization Facilities.”  The current LBB regulatory basis does not allow for 
assessment of piping systems subject to active degradation mechanisms, such as primary water 
stress-corrosion cracking, which has been detected in some systems that have been granted LBB 
approval.  Although the piping systems susceptible to this type of corrosion have been shown 
through deterministic arguments to comply with the regulations, no fully probabilistic tool 
currently exists to directly assess this compliance.  

Development of such a complex probabilistic computational tool is a daunting technical 
challenge, and the project team determined that a pilot study was necessary.  The three key goals 
addressed include establishing the fundamental feasibility of such an undertaking, assessing 
whether the proposed organizational approach could accomplish the task, and informing the 
decision on the most appropriate computational platform to employ. 

This report summarizes the results of that pilot study and provides an overview of the complete 
project documentation contained in a number of more detailed reports.  The xLPR Pilot Study 
team demonstrated that it is feasible to develop a modular-based computer code for the 
determination of probability of rupture for LBB-approved piping systems.  Furthermore, while 
the organization established to manage the project and accomplish the technical work of the Pilot 
Study successfully met that challenge, it identified important improvement opportunities that will 
be addressed as the project moves forward.  Finally, substantial knowledge and experience were 
gained through the development of two parallel Pilot Study computational codes using a 
commercially licensed simulation framework code in one case and an open source framework 
code in the other.  This approach has provided a strong basis for computational platform 
selection for further xLPR development.  The xLPR Pilot Study successfully met its three key 
objectives and has established a solid base of knowledge and experience supporting further 
development. 

Keywords 
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EXECUTIVE SUMMARY 

Title 10 of the Code of Federal Regulations Part 50, “Domestic Licensing of Production and 
Utilization Facilities,” Appendix A, “General Design Criteria for Nuclear Power Plants,” General 
Design Criterion (GDC) 4, “Environmental and Dynamic Effects Design Bases,” states, in part, 
that the dynamic effects associated with postulated reactor coolant system pipe ruptures may be 
excluded from the design basis when analyses reviewed and approved by the U.S. Nuclear 
Regulatory Commission (NRC) demonstrate that the probability of fluid system piping rupture is 
extremely low under conditions consistent with the design basis.  NUREG-0800, “Standard 
Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants:  LWR 
Edition” (also known as the SRP), Section 3.6.3, “Leak-Before-Break Evaluation Procedures,” 
describes leak-before-break (LBB) deterministic assessment procedures that have been used to 
date to demonstrate compliance with the GDC 4 requirement.  Currently, SRP Section 3.6.3 does 
not allow for assessment of piping systems with active degradation mechanisms, such as primary 
water stress-corrosion cracking (PWSCC), which is currently occurring in systems that have 
been granted LBB exemptions.  Even though the piping systems experiencing PWSCC have 
been shown through qualitative arguments to comply with the regulations, no tool currently 
exists to quantitatively assess compliance with this criterion.   

From the NRC staff’s perspective, a long-term goal is to develop a modular-based probabilistic 
fracture mechanics (PFM) tool capable of determining the probability of failure for reactor 
coolant system components.  The need for this modular-based code is strongly driven by the 
need to quantitatively assess the LBB-approved piping system’s compliance with GDC 4 on an 
interval (time) basis.  To meet this need, the NRC Office of Nuclear Regulatory Research has 
entered into a cooperative program with the Electric Power Research Institute (EPRI) through an 
addendum to the memorandum of understanding to define, design, and develop this code, which 
will be comprehensive with respect to known challenges, vetted with respect to scientific 
adequacy of models and inputs, flexible enough to permit analysis of a variety of inservice 
situations, and sufficiently adaptable to accommodate evolving and improving knowledge.  The 
code has a modular structure so that as additional situations arise, additions or modifications can 
be easily incorporated without code restructuring.  Based on the terminology of GDC 4, this 
program and code are titled Extremely Low Probability of Rupture (xLPR). 

Under the addendum to the memorandum of understanding, a project management organizational 
structure with balanced NRC and industry representation was developed consisting of four 
topical technical task groups coordinated by an overarching Project Integration Board.  A diverse 
team of experts in the various technical specialties involved in this complex analytical project 
was assembled under funding from both the NRC and EPRI to develop the detailed analytical 
methodologies, identify the necessary input data and mathematical models, and assemble them 
into a functioning set of computational tools.  The technical task groups and highlights of their 
areas of responsibility are as follows: 

• Computational Task Group:  integration of the computational elements (models) into a 
robust, fully developed, tested, and verified computational tool 
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• Models Task Group:  selection, documentation, and coding of the mathematical model 
building blocks 

• Inputs Task Group:  identification, collection, and presentation of the data required for the 
models and the sample problem as input tables and distributions 

• Acceptance Criteria Task Group:  formulation of probabilistic acceptance criteria for 
assessing the code results 

The development of a sophisticated probabilistic software tool that meets quality assurance (QA) 
and technical requirements is a technically and programmatically challenging task.  The 
management structure, the probabilistic framework, and data handling are just a few of the issues 
that must be addressed early in the software development effort.  To meet this need, a pilot study 
was conducted.  This pilot study is a proof-of-concept effort to develop an initial assessment tool 
for dissimilar metal pressurizer surge nozzle welds, for which considerable publicly available 
information exists.  The xLPR Pilot Study objective was to demonstrate the overall feasibility of 
the proposed probabilistic code, exercise the intended cooperative organizational model, and 
determine the computational framework structure that is most appropriate to meet the longer 
term program goal of developing a modular-based, PFM tool capable of determining the 
probability of failure for reactor coolant system components.  This report presents an overall 
summary of the Pilot Study, the xLPR Version 1.0 codes, and the results obtained. 

To assess the capabilities of computational framework architecture, two unique framework codes 
were developed in the Pilot Study to investigate the advantages and disadvantages of the 
different approaches used by each code.  GoldSim was used to develop a commercial software 
version of the xLPR Model, and an open source software version, Structural Integrity 
Assessment Modular—Probabilistic Fracture Mechanics (SIAM-PFM), was also developed.   

As part of the Pilot Study, the two xLPR codes were developed following a strict configuration 
management (CM) structure.  The xLPR CM structure consists of a systematic approach applied 
to both the developed software and models to ensure that some of the basic fundamentals of a 
QA program are met, including (1) access control, (2) version control, (3) verification 
(e.g., checking), and (4) traceability (e.g., documentation).  The xLPR CM approach included 
documentation of each step in the process.  The study team implemented the CM process as 
detailed in a series of guidance documents that outline the specific steps for each of four key 
components of the xLPR pilot program:  (1) module development, (2) framework development, 
(3) model parameters and inputs for the Pilot Study test case, and (4) xLPR model production 
runs and uncertainty/sensitivity analyses for the Pilot Study test case.  Even though code 
development followed a strict CM plan, that CM plan was not linked to a formal QA process, 
which will occur in later versions of the code. 

The flow of the xLPR Version 1.0 code is centered on a time-based history of events in which 
PWSCC initiates flaws that grow until failure.  Subject matter experts within the Models Group, 
together with members of the Computational Group, developed the technical basis for this 
behavior by using the predefined CM process to code, compile, and verify the modules needed 
for this purpose.  These modules included loads with weld residual stress, crack initiation, crack 
growth, crack coalescence, crack stability, crack opening displacement, leakage, inspection, and 
mitigation.  Both the commercial and open source applications used these self-contained 
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modules, which were linked to create two xLPR framework codes that control the time flow of 
the analyses and properly account for and propagate the problem uncertainties. 

The xLPR framework for calculating the probability of primary system pipe rupture invokes a 
systematic approach to uncertainty characterization and the propagation of probability 
distributions.  To better understand the effects of uncertainty on the distribution of the output 
parameters desired, the uncertainty is classified as aleatory (random or irreducible) or epistemic 
(resulting from a lack of knowledge or reducible).  The uncertainty in the input is propagated 
through the model by use of sampling-based methods.  The appropriate way to propagate 
uncertainty ultimately depends on the computational constraints, as well as the nature of the 
inputs and outputs under consideration.  Within the xLPR Pilot Study, several sampling methods 
were evaluated, such as simple random sampling, Latin hypercube sampling, and discrete 
probability distribution space sampling.  In addition, importance sampling was used to estimate 
the low-probability events. 

A sample problem statement was developed to demonstrate the feasibility of conducting analyses 
to assess the probability of rupture in dissimilar metal welds on the pressurizer surge nozzle and 
to compare the results from the two frameworks developed in this effort.  This problem statement 
consisted of two deterministic analyses, a probabilistic base case, and a series of sensitivity 
analyses to demonstrate the features of the Version 1.0 code, as well as to provide a proof of 
concept for the overall xLPR methodology.  These runs focused on the demonstration of the 
calculation of probability of rupture with and without mitigation, inspection, and leak detection, 
while accounting for epistemic and aleatory uncertainties.   

Not unexpectedly, the probabilistic base case, which contained high weld residual stress with no 
inspection, mitigation, or leak detection, produced relatively high mean probabilities of rupture 
using both the GoldSim and Structural Integrity Assessment Modular (SIAM) frameworks.  In 
fact, the two codes gave approximately the same values, with the difference attributed to the 
handling of the crack initiation model.  Further analyses suggest that the calculated results are 
stable and highly driven by the epistemic uncertainty.  Because of the high rate of crack growth 
and assumptions made about the crack behavior, the benefit of leak detection and inspection was 
not as large as expected.  Parameter sensitivity studies conducted on the base case suggested that 
the weld residual stress and the crack initiation parameters (all characterized as epistemic) were 
controlling the uncertainty in the probability of rupture. 

The sensitivity studies investigated the effects of stress mitigation, chemical mitigation, crack 
initiation model, and weld residual stress on the probability of rupture as compared to the base 
case.  The conclusions from these sensitivity studies indicate the following: 

• For stress mitigation, the effects are seen in both the crack initiation and growth models.  The 
mitigation was applied at 10, 20, or 40 years.  The results from these analyses demonstrate 
that the effective application of the assumed stress-based mitigation could cause the 
probability of rupture to no longer increase with operating time after the mitigation begins.   

• Two chemical mitigation cases changed the hydrogen content in the water from the base case 
value of 25 cubic centimeters per kilogram (cc/kg) to 50 cc/kg and 80 cc/kg.  As expected, 
additional hydrogen decreases the probability of rupture at 60 years by about 50 percent for 
50 cc/kg but has little additional effect for 80 cc/kg. 
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• Leak detection over the range of 1 to 10 gallons per minute reduced the rupture probability at 
60 years by a factor of 10. 

• Inservice inspection every 2 years reduced the 60-year rupture probability by a factor of 70, 
while inservice inspection every 10 years reduced it by only a factor of 2.   

• Changing the crack initiation model had very little impact on the overall rupture probability.  
This was expected since each of the initiation models is empirically based and calibrated to 
the same service history. 

• Changing the crack initiation parameters from epistemic to aleatory had a large effect on the 
probability of rupture distribution.  While the mean value stays the same, when the 
uncertainty in initiation time is characterized as epistemic, there is a 0 percent chance of any 
future rupture 50 percent of the time.  When the uncertainty is characterized as aleatory, there 
is a 35 percent chance of any future rupture 50 percent of the time.  

• Changing the weld residual stress had a large impact on the rupture probability.  Changing 
the residual stress from a nozzle geometry without a safe end weld to one with a safe end 
weld decreased the rupture probabilities at 60 years by 2 orders of magnitude. 

In many of the cases with low residual stress and/or inspection and leak detection, not enough 
samples were taken to produce stable results.  Therefore, importance sampling was needed.  In 
all cases considered, the weld residual stress and an initiation parameter (B1) were importance 
sampled.  The results indicate that with inspection and leak detection, probabilities down to 10-6 
at 60 years can be calculated with reasonable confidence.  However, when mitigation is added, 
probabilities down to 10-9 at 60 years are calculated, but the confidence in the mean values is 
very poor.  Additional realizations (predictions of rupture) are required to increase the 
confidence in these results.  

During this investigation, the xLPR project team developed an appreciation for the complexity of 
this problem, and the structure needed for successful completion of a comprehensive PFM code.  
Through the process, the team learned many important lessons.  These include not only technical 
lessons from the module and framework development and implementation, but also lessons 
related to organization and program management, such as the following: 

• Three very important organizational structure aspects are required for program success:  

– dedicated team members, whose qualifications cover the important aspects of the group 
responsibility   

– an enthusiastic team and group leadership 

– an efficient communication process within and among the teams 

• CM is only a small part of QA.  Establishing a program QA plan and controls for xLPR is the 
essential first step in the continuing development process.  The xLPR program needs to have 
a transparent and traceable CM system that will cover the xLPR code life cycle. 

• A well-written, unambiguous software requirements document must be developed and 
followed for future xLPR versions. 

• From the models standpoint, certain assumptions were made because of the limited scope of 
the Pilot Study.  Model-based limitations and lessons learned include the following: 
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– Manufacturing defects and fatigue initiation and growth were ignored in the Pilot Study.  
Both should be included in future versions, since their omission may lead to 
nonconservative rupture probabilities. 

– The load module should be updated to include a more realistic weld residual stress model 
and transient definitions. 

– Considering only circumferential cracks may overpredict the rupture probabilities.  The 
addition of axial cracks may reduce the rupture probabilities because of their higher 
leakage probabilities which would lead to early repair or mitigation. 

– Assuming idealized flaw shapes and simplistic transitions from a surface crack to a 
through-wall crack may cause an overestimate of the leak rate. 

– More realistic surface crack stability, inspection, and mitigation models are required for 
making best estimate predictions of their effects.   

• Emphasis should be placed on efficient data storage, data handling, and postprocessing to 
improve the running of the code. 

• Importance sampling is necessary for the calculation of the probability of rupture in piping 
systems.  Processes and procedures for identifying the variables that need to be importance 
sampled should be emphasized.  Adaptive sampling or other reliability methods should be 
considered. 

• The classification of uncertainty is very important to understanding the overall uncertainty in 
the probability of rupture.  Consideration of uncertainty is critical at all levels of 
development of a complex system.  Knowledge of which variables control the rupture and 
which part of the uncertainty in those variables is epistemic and can be reduced will not only 
inform the regulators, but will also help direct future research in this area.  In other words, 
xLPR can be used to prioritize research efforts and degradation management strategies to 
quantitatively improve safety. 

Finally, based on an independent comparison between GoldSim and SIAM, a cost analysis, and 
the long-term prospects of the software, the xLPR project team recommends that the future 
versions of xLPR be developed using the GoldSim commercial software as the computational 
framework.  Also, the complete xLPR Pilot Study effort, which includes not only the code 
development efforts, but the management structure, the pilot statement problem, and the detailed 
analysis of the results, demonstrates that it is feasible to develop a modular-based computer code 
for the determination of probability of rupture for LBB approved piping systems.  
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1  
INTRODUCTION 

1.1 xLPR—Background and Motivation  
Within the U.S. nuclear regulatory framework, the general design criteria (GDC) contained in 
Title 10 of the Code of Federal Regulations Part 50, “Domestic Licensing of Production and 
Utilization Facilities,” Appendix A, “General Design Criteria for Nuclear Power Plants,” are the 
cornerstones establishing basic design requirements that nuclear power facilities in the United 
States must meet.  GDC 4, “Environmental and Dynamic Effects Design Bases,” presents 
specific compliance challenges to the pressurized-water reactor (PWR) fleet with the 
requirement to protect against the local dynamic effects of pipe ruptures.  These issues were 
generally resolved through a deterministic, analytical approach that has come to be known 
simply as leak-before-break (LBB).  GDC 4 allows LBB through an addition to the text stating 
“dynamic effects associated with postulated pipe ruptures in nuclear power units may be 
excluded from the design basis when analyses reviewed and approved by the Commission 
demonstrate that the probability of fluid system piping rupture is extremely low under conditions 
consistent with the design basis for the piping.”  NUREG-0800, “Standard Review Plan for the 
Review of Safety Analysis Reports for Nuclear Power Plants:  LWR Edition” (also known as the 
SRP), Section 3.6.3, “Leak-Before-Break Evaluation Procedures,” describes deterministic LBB 
assessment methodologies that are acceptable to the staff of the U.S. Nuclear Regulatory 
Commission (NRC).  SRP Section 3.6.3 also includes a key condition that the piping system not 
be subject to any known active degradation mechanisms.  Exclusion of active degradation 
mechanisms is both a conservative simplifying assumption and an artifact of prevailing 
analytical capability limitations in the 1980s when these regulations were put in place. 

LBB has generally been applied to select portions of the reactor coolant system piping in 
domestic PWRs.  However, when the revision to GDC 4 was promulgated, intergranular stress 
corrosion cracking had already been identified as an active degradation mechanism of concern to 
boiling-water reactors (BWRs), and thus LBB has not been implemented within the BWR fleet.  
The more recent identification of primary water stress corrosion cracking (PWSCC) in PWR 
locations previously approved for LBB raises questions that now must be resolved.  While 
industry and the NRC have taken appropriate actions to adequately ensure fleet safety relative to 
PWSCC for the intermediate term, a long term technical resolution is needed. 

The prescribed LBB analytical methodologies are deterministic approaches to address a 
fundamentally probabilistic design requirement.  Although the LBB technical basis is sound, the 
linkage between the deterministic analytical methodology and the probabilistic design criteria is 
not sufficiently robust to allow direct incorporation of rigorous analytical treatment of active 
degradation mechanism effects.  The Electric Power Research Institute (EPRI) Materials 
Reliability Program (MRP) and the NRC Office of Nuclear Regulatory Research (RES) have 
therefore initiated a cooperative effort to take advantage of advances in analytical methods and 
computational capabilities to develop a new, more robust technical basis and analytical 
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methodology to demonstrate and assess compliance with the “extremely low probability of 
rupture” standard.  A project-specific addendum [1] to the general memorandum of 
understanding for such cooperative research activities between the NRC and EPRI formally 
established this cooperative effort.  Although initially focused on resolving the PWSCC 
challenge for PWRs, the intent of the Extremely Low Probability of Rupture (xLPR) project is to 
develop a fully probabilistic approach applicable to a range of active degradation mechanisms 
associated with both BWRs and PWRs.  The resulting computer code will be comprehensive 
with respect to known materials degradation challenges, vetted with respect to the scientific 
adequacy of models and inputs, flexible enough to permit analysis of a variety of in-service 
situations, and sufficiently adaptable to accommodate evolving and improving knowledge. 

1.2 Purpose of This Report 
Development of a sophisticated probabilistic software tool that meets necessary technical 
requirements and incorporates relevant quality assurance (QA) needs is a technically and 
programmatically challenging task.  Developing the project management structure, defining the 
probabilistic framework, modeling complex physical phenomena, and collecting and handling 
data are just a few of the issues that must be addressed very early in the software development 
effort.  Given this inherent complexity, a pilot study was undertaken with limited goals of 
(1) demonstrating the feasibility of the concept, (2) informing key computational platform 
decisions, and (3) exercising the process approach proposed for developing a computational tool 
to evaluate the probability of degradation in piping systems leading to rupture. 

This report presents a high-level summary of the entire effort that constitutes the xLPR Pilot 
Study conducted from spring 2009 through fall 2010 and addresses project outcomes and 
recommendations for each of these three major Pilot Study goals.  To provide context for the 
discussion of outcomes, the report begins with a discussion of the goals and an overview of the 
two Pilot Study codes and their development process.  The report then presents Pilot Study 
outcomes and recommendations with respect to each of these goals and with relevance to 
subsequent phases in the development of xLPR, followed by an overview of key lessons learned. 

Separate reports have been prepared to document the many important aspects of the Pilot Study 
in greater detail than will be presented here; they provide the essential foundation of this 
summary report.  Table 1-1 presents the complete list of reports, and Figure 1-1 depicts the 
report hierarchy.  All reports are publicly available through either the NRC Agencywide 
Documents Access and Management System (ADAMS) Web site or the EPRI public Web site. 
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Table 1-1: xLPR Pilot Study Reports 

Report Title Developer Identifier 

xLPR Pilot Study Final Report  NRC & EPRI 
NUREG-2110 
EPRI PID 1022860 

GSxLPR and SIAMxLPR 
Comparison Report [7] 

CNWRA (Southwest 
Research Institute) ML111510924 

xLPR Version 1.0 Report, 
Technical Basis and Pilot 
Study Problem Results [5] 

xLPR Computational 
Group ML110660292 

xLPR Framework (GoldSim) 
Model User’s Guide [8]  

Sandia National 
Laboratory 

ML110700017 
SAND2010-7131 

Structural Integrity 
Assessments Modular—
Probabilistic Fracture 
Mechanics (SIAM-PFM):  
User’s Guide for xLPR [9] 

Oak Ridge National 
Laboratory ML110700023 

Development, Analysis, and 
Evaluation of a Commercial 
Software Framework for the 
Study of Extremely Low 
Probability of Rupture (xLPR) 
Events at Nuclear Power 
Plants [2] 

Sandia National 
Laboratory 

ML110700019 
SAND2010-8480 

SIAM-xLPR Version 1.0 
Framework Report [3] 

Oak Ridge National 
Laboratory ML110700026 

Models and Inputs Selected 
for Use in the xLPR Pilot 
Study [4]  

xLPR Models/Input 
Groups EPRI PID 1022528 
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2  
PILOT STUDY DESCRIPTION 

The complexity of the broader xLPR project goal overwhelmed initial efforts to directly initiate 
development of a production code of the desired scope.  As a result, a limited-scope prototype 
code development effort was undertaken with goals that were more modest yet essential to the 
overall success of the xLPR project.  The Pilot Study had a defined timeframe for completion, 
and the objectives were explicit and limited.  The scope was narrowly focused on assessing the 
probability of rupture of dissimilar metal pressurizer surge nozzle welds (specifically, those 
welds assessed in a prior program resulting in considerable relevant, publicly available technical 
data).  A general description of key elements of this prototype development effort follows. 

2.1 Project Goals 
With three primary goals, the xLPR Pilot Study was undertaken as a step toward initial 
development of a production xLPR code: 

(1) Exercise the proposed program organizational structure and assess its appropriateness to 
guide the development of a complex probabilistic computer code.  

(2) Determine the computational framework structure that is most appropriate for the production 
xLPR code. 

(3) Demonstrate the basic analytical and computational feasibility of the proposed probabilistic 
evaluation of pipe rupture. 

Under the auspices of the addendum to the memorandum of understanding between the NRC and 
EPRI [1], a project organization with balanced representation from the two sponsoring 
constituencies was put in place to manage the effort and provide project direction.  However, line 
authority over direction of the technical work of the xLPR project remained vested in the project 
managers of NRC RES and EPRI MRP through their oversight of xLPR contracts.  Managing 
interfaces and communications, directing work effectively, developing an effective decision-
making process, and obtaining active engagement in the project by individuals with the diverse 
range of technical expertise necessary to competently and thoughtfully execute the work of 
xLPR all present organizational challenges.  Successfully navigating these issues in a typical 
corporate organizational structure with clear lines of authority can be challenging.  However, 
overcoming these issues in a diverse, informal, matrixed organization must rely on “softer” team 
attributes including compatibility of key participants, force of individual personalities, and 
collective interest in the success of the enterprise.  Therefore, as stated in the first goal, it has 
been essential to exercise the technical and managerial organizational structure initially set up for 
the xLPR project to determine whether it is sufficiently robust to successfully manage this 
multiyear, multi-organization, technically complex methodology and software development 
effort. 
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Determining the most appropriate computational framework for the full xLPR code represents a 
fundamental and particularly challenging decision for the project and consequently was the 
second key goal for the Pilot Study.  An initial constraint placed on the code development 
process was to maintain substantial flexibility to allow the production versions of the code to 
evolve with relative ease as experience with and knowledge of the fundamental physical 
phenomena evolve.  Retaining the ability to readily incorporate newly developed or refined 
models for materials degradation compels the selection of a modular framework over more 
traditional hard-coded software approaches.  However, beyond this fundamental selection, many 
important attributes distinguish modular framework platform approaches and demand additional 
thoughtful evaluation.  Development of an open source, unlicensed platform for the project 
versus code implementation within a commercially licensed platform was identified early as the 
second-tier key distinguishing attribute for platform selection.  The complexity and implications 
of this selection decision for the entire project suggested that application experience in each of 
these framework development environments would provide the most relevant and useful input to 
the evaluation process.  Thus, the Pilot Study involved development of two functional 
computational tools built on comparable platforms, one licensed and the other developed entirely 
with open source software elements.  

Demonstrating the basic analytical and computational feasibility of this proposed probabilistic 
evaluation of pipe rupture was the ultimate goal of the Pilot Study, since failing this test makes 
organizational viability and platform selection superfluous.  Meeting this third goal necessarily 
involves development of a functional framework code that is then exercised on a defined sample 
problem.  Within this broader goal, major elements include the following: 

• Extremely low probabilities of rupture can be calculated.  

• A methodology for calculating the distribution of this probability can be developed. 

• The sources of uncertainty in this distribution can be identified and quantified and are 
appropriately characterized and propagated throughout the analysis. 

• The capability for a limited sensitivity study of key analytical drivers is provided to aid 
identification of technical areas where the current state of knowledge might be inadequate to 
support further xLPR development.  

• The appropriate documentation for the adoption of a model, input, probability density 
function, and other aspects exists and is controlled. 

The project team has gained much experience through the Pilot Study, as summarized here and 
documented in the supporting references, which will now benefit the future development of the 
xLPR production code. 

2.2 Pilot Study Organization 
The organizational structure put in place to conduct the Pilot Study reflects the reality of two 
funding entities, perceived challenges with co-mingled funds, desire for relatively balanced 
project oversight by the dual sponsors, and recognition that project success depends on 
competent treatment of the technical issues.  The resulting structure consisted of four technical 
task groups reporting to a management committee.  The technical task groups and highlights of 
their areas of responsibility are the following: 
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• Computational Task Group:  integration of the computational elements (models) into a 
robust, fully developed, tested, and verified computational tool 

• Models Task Group:  selection, documentation, and coding of the mathematical model 
building blocks 

• Inputs Task Group:  identification, collection, and presentation of the data required for both 
the models and the sample problem as input tables and distributions 

• Acceptance Criteria Task Group:  formulation of probabilistic acceptance criteria for 
assessing the implications of the results and overseeing the evaluation of the dual Pilot Study 
framework codes 

Co-chairs representing both the NRC and industry constituencies led each of these technical task 
groups.  Task group membership consisted of staff or contractors with relevant expertise drawn 
from, and separately funded by, either the NRC RES or EPRI MRP.  

The two co-chairs of the four technical task groups, plus a management representative and an at 
large member from each of the constituencies, composed the management committee, designated 
the Project Integration Board (PIB), for a total of 12 members.  This group was invested with 
general oversight of the project, specifically including the project scope and technical direction.  
However, in a traditional line management approach, day-to-day decisions and all financial and 
contractual actions necessarily remained the responsibility of the several NRC and EPRI project 
managers (and PIB members) with authority over the various xLPR contracts. 

2.3 Code Development Process 
The Computational Task Group led the Pilot Study code development process.  Models of the 
relevant physical phenomena were developed as independent modules, allowing project 
collaborators to work in any programming language.  These modules were then directly coupled 
to the xLPR framework using dynamic link libraries (DLLs) by wrapping the original module 
source code in a simple standard dynamic link library shell.   

Because of the limited time allowed for the Pilot Study, it was imperative that the framework 
development process not be delayed by a potentially protracted model selection process, so 
members of the Computational Task Group exercised their best judgment to select an initial set 
of readily available models for all necessary computational elements of the code.  These models, 
designated as the “Alpha” models, typically were already available as existing subroutines in 
various legacy codes and could be easily adapted to the needs of xLPR with minimal native 
programming.  This allowed work to begin on building the framework without having to guess 
the functional and interface attributes of the computational elements being linked. 

The Models Task Group had the assignment of systematically and thoughtfully reviewing 
models for each of the computational elements to either ratify the initial Alpha model selection 
or identify a more appropriate option that was still consistent with the narrow focus and time 
constraints of the Pilot Study.  In most cases, the Alpha selections were accepted as reasonable 
choices for the purposes of the Pilot Study.  However, the final “Beta” set of models used for 
Version 1.0 of the codes did include a few changes and additions (see Section 3.2).  This review 
process also identified significant issues and decisions that must be addressed in subsequent 
phases of the project. 
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2.4 Platform Selection 
To fulfill the xLPR Pilot Study computational platform evaluation objective, both commercial 
and open source framework software was considered.   

2.4.1 Commercial Software 

Sandia National Laboratories (SNL) conducted an initial review of available modular 
computational platforms against the general requirements and expected needs of the xLPR 
project [2].  The commercial software recommended as most suitable for xLPR is GoldSim Pro, 
a dynamic, probabilistic simulation package with extensive capabilities relevant to the technical, 
developmental, ease of end-product use, and project controls scope of xLPR.   

Developed by GoldSim Technology Group, LLC (GTG), GoldSim Pro is a general purpose, 
dynamic, probabilistic simulation software, which includes both a model developer’s version and 
the simulation software.  GoldSim Pro is compatible with the free downloadable version of the 
GoldSim Player software, which allows the user to view and navigate through the model logic, 
run an existing GoldSim model, modify input values and model options, and display the results 
without having to purchase GoldSim Pro.  The xLPR framework model player file was created 
such that key inputs to the model can be modified before running the code. 

The modular-based GoldSim framework model for the Version 1.0 xLPR model serves as the 
integrating shell that manages input variables (e.g., material properties) and model output 
(e.g., results), as well as the flow of information that includes the system-level model logic.  It 
controls the order in which the modules are called and the passing of variables into and out of 
modules.  The GoldSim framework for xLPR was constructed with an option to use standard 
Microsoft Excel spreadsheets to define the inputs as well as dynamically pass simulation results 
to Microsoft Excel for advanced post processing.  

The framework uses the GoldSim software libraries of probability distribution functions and the 
capability to correlate variables and perform multiple-realization stochastic analyses in a Monte 
Carlo approach.  The framework benefits from the GoldSim software’s ability to store simulation 
data from large numbers of realizations and generate statistics on global probability distributions.  
GoldSim permits each run to be saved in a single action, including all input data and results from 
Monte Carlo analysis.  Finally, the GoldSim framework has built in graphical user interface 
(GUI) functions that allow the developer to quickly assemble specific model runs and to create 
interactive player files for end-users.   

The GoldSim software provides a visual and hierarchical modeling environment, in which the 
xLPR framework model was constructed by adding “elements” (model objects) native to the 
software that represent data, equations, module interface, processes, or events and linking them 
into graphical representations that resemble influence diagrams.  These visual representations 
and hierarchical structures help users to build very large, complex models that can still be 
explained to interested stakeholders (e.g., government regulators, elected officials, and the 
public). 

In addition, the GoldSim framework for xLPR includes the software’s ability to track changes 
that have been made to a model file.  This feature (referred to as “versioning”) allows the 
differences between the current version and a previous version of a model file to be quickly 
determined.  The version history is an integral part of the model file, providing an easy-to-access 
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history of all of the changes that have occurred over the life of the model.  Providing this 
configuration management (CM) capability is particularly useful for coordinating model changes 
when multiple people have the ability to access and modify the same model file and as a 
QA/quality control feature allowing for verification and documentation of where and when a 
model file has been changed. 

2.4.2 Open Source Software 

Oak Ridge National Laboratory (ORNL) had the task of developing an open source platform 
capable of supporting the needs of xLPR, as demonstrated through use in the Pilot Study.  The 
structure and capabilities of this purpose-built simulation platform, named Structural Integrity 
Assessment Modular—Probabilistic Fracture Mechanics (SIAM-PFM), while not exclusively 
developed for xLPR, were substantially influenced by the needs of xLPR. 

The SIAM-PFM (SIAM for short) framework is a problem-solving environment.  SIAM-PFM is 
an object-oriented open source framework, within which a wide range of nuclear power plant 
safety issues can be addressed systematically and consistently by using modern principles of 
probabilistic risk assessment.  This platform is readily extensible to different problem classes.   

Every SIAM-PFM component is written using the Python programming language and Python 
frameworks.  Components are easily installed and uninstalled on Windows operating systems, 
and all components are potentially portable to other operating systems. 

In the SIAM-PFM problem-solving environment, all components use the same working 
principle:  workspaces that contain projects (SIAM projects) or directories, in which all inputs 
and outputs of a given test case are saved.  Users can navigate through the different projects in 
the project-explorer panel and create projects that represent test cases.  Convenient plots of the 
outputs are also provided to visualize data, and users can also extract the raw data in text files to 
create custom plots.  

The implementation of xLPR within SIAM (SIAM-xLPR) presents a series of tabs to define the 
case conditions.  In these tabs, predefined input values have been set by default to the 
probabilistic base case.  The SIAM-xLPR main GUI framework has seven tabs.  Input data can 
be entered on the first six tabs, in any order.  Default input values are provided and can be 
modified as needed.  The seventh tab displays the SIAM-xLPR “Execute Utility” window, which 
presents a command line view of program executions. 

Each of these two selected platforms is described in greater detail in [5] and fully described in 
their respective final reports [2, 3]. 

2.5 Configuration Management 
Within the context of the Pilot Study code development process, the Computational Task Group 
imposed a moderately rigorous set of CM controls on essentially all project activities.  However, 
these controls were not strictly linked to a formal QA program.  CM controls and software QA 
program elements can be integrated into, and overlaid upon, a software development project to 
achieve specific goals.  These goals may range from simple compliance with externally imposed 
requirements to fulfilling valued internal project needs for well-defined design bases, structured 
communications, thorough development and validation documentation, and effective internal 
project controls.  With a clear understanding of project expectations from a QA program, a set of 
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CM/QA implementation elements can be developed consistent with those specific needs and 
requirements.   

The xLPR Pilot Study is considered only a first step, and its results are not intended to be used in 
any formal manner external to the xLPR project itself.  However, while no formal QA program 
requirements were imposed, implementation of a relatively rigorous CM program was judged to 
be of significant value to the project for several reasons.  The process rigor imposed by even a 
modest CM program benefits the overall project in terms of controlled, consistent, and traceable 
documentation of the project elements, added confidence derived from peer-checking of inputs, 
and improved project coordination realized through version control, particularly in a project with 
many participants such as xLPR.  However, in the particular case of the Pilot Study, there is a 
very real possibility that elements from this developmental stepping stone effort will also 
become building blocks in the production code.  Since it is expected that xLPR will be used to 
support licensing actions by both the NRC and licensees, software QA fully compliant with 
relevant NRC and industry requirements must be imposed during the production code 
development process.  Therefore, imposing a reasonably comprehensive suite of CM controls on 
the Pilot Study, although still less comprehensive than a full software QA program might 
demand, establishes the mindset of working in a CM environment, enforces solid project 
documentation, and will substantially ease the incorporation of Pilot Study elements into the QA 
environment that will be defined for production code development.  Furthermore, this Pilot 
Study CM experience provided practical, directly relevant input to the determination of the 
precise QA/CM program details that are going to be imposed on the production code.   

CM is the process of identifying and defining the important configuration items in the system, 
controlling the release and change of these items, reporting their status over the course of the 
project, and verifying their completeness and correctness.  The CM plan implemented throughout 
the Pilot Study applied a systematic approach to both the developed software and models to 
ensure that the fundamentals of software CM were met, including the following:  

• access control  

• version control  

• verification (e.g., checking)  

• traceability (e.g., documentation)   

The CM process was implemented from a series of guidance documents that outline the specific 
steps for each of four key components of the xLPR pilot program:  

(1) module development  

(2) framework development  

(3) model parameters and inputs for the Pilot Study test case  

(4) xLPR model production runs and uncertainty and sensitivity analyses for the Pilot Study test 
case 
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3  
CODE STRUCTURE OVERVIEW—XLPR VERSION 1.0 

The complexity associated with evaluating the likelihood of piping rupture derives from the 
uncertainty with which each of the input parameters is known and how well the relevant physical 
phenomena are understood and modeled.  Fundamentally, a probabilistic Monte Carlo type 
analysis combines and propagates these uncertainties by sampling from the statistical distribution 
for each input (including inputs describing model uncertainty) over its defined range and 
executing the prescribed analysis, then repeating this process many times.  The results form a 
probability distribution of their own that characterizes the performance of the system.  These 
results then may also be evaluated to draw insights into the apparent correlations between 
specific input parameters (or sets of parameters) and the expected outcome.  Such insights may 
be helpful in better understanding system behavior, as well as informing critical decisions 
regarding system design, operation, maintenance, inspection, and regulation. 

The flow of the xLPR Version 1.0 code is centered on a time-based history of events where 
PWSCC flaws initiate and grow until failure.  This simulation structure was developed within the 
Computational and Models Task Groups, which coded, compiled, and, using the project-defined 
CM process, verified the set of computational modules needed for this purpose.  The individual 
modules address loads (including weld residual stress), crack initiation, crack growth, crack 
coalescence, crack stability, crack opening displacement, leakage, inspection, and mitigation.  
Both the commercial and open source applications used these self-contained modules which 
were linked to create xLPR framework codes that control the time flow of the analyses and 
properly account for and propagate the problem uncertainties.  While the two framework codes 
do use the same analytical model modules and implement essentially the same time loop 
structure, platform functionalities and programming preferences did result in generally minor 
differences between the two frameworks. 

3.1 Uncertainty Characterization 
Within the Pilot Study, uncertainty was characterized as either aleatory or epistemic according to 
the following definitions: 

Aleatory Uncertainty:  This type of uncertainty arises because of natural, unpredictable variation 
in the performance of the system under study.  The knowledge of experts cannot be expected to 
reduce aleatory uncertainty, although their knowledge may be useful in quantifying the 
uncertainty.  Thus, this type of uncertainty is sometimes referred to as irreducible. 

Epistemic Uncertainty:  This type of uncertainty results from a lack of knowledge about the 
behavior of the system that is conceptually resolvable.  Epistemic uncertainty can, in principle, 
be eliminated with sufficient study, and expert judgments may be useful in its reduction.  
Epistemic, or internal, uncertainty reflects the possibility of errors in our general knowledge.  
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In the context of xLPR, the probability of pipe rupture is controlled by randomness in the 
behavior or properties of the piping system (aleatory uncertainty).  The uncertainty in the 
probability of rupture is driven by the lack of knowledge with respect to quantities used in the 
calculation of probabilities of rupture that are assumed to have fixed but imprecisely known 
values.  Attempting to distinguish between these uncertainty types is expected to be important to 
xLPR because the overall degree of uncertainty inherent in the pipe rupture problem is 
considered to be relatively high.  Gaining some sense of the extent to which that uncertainty may 
be inherently random or might be further reduced may better inform current regulatory decisions, 
as well as lead to better use of future research dollars. 

3.1.1 Uncertainty Propagation and Sampling 

The basic architecture of the xLPR framework is a set of nested loops used to separate the 
epistemic and aleatory uncertainties.  For each cycle through the outer loop, a single sample for 
each of the epistemic parameters is selected and held constant while the action passes to the inner 
loop.  Within the inner loop, the aleatory parameters are sampled each iteration, the analysis 
involving all input parameters is executed, and then the process repeats for the desired number of 
inner loop iterations (NA).  The outer loop then enters a new cycle, a new set of epistemic 
parameters is selected, the inner loop iterates NA times, and the process repeats for the total 
number of epistemic realizations (NE).  Thus, each epistemic outer loop cycle has NA number of 
possible outcomes and (NE x NA) represents the total number of possible outcomes generated in 
the model simulation.  Each epistemic realization output then is a distribution of the results based 
on the aleatory samples contained within it.  Further insights can also be gained by selectively 
switching key parameters from aleatory to epistemic (or vice versa), rerunning the analysis, and 
evaluating any resulting differences in the results. 

In most circumstances, it is suspected that the calculated probability of rupture for the subject 
piping systems would be extremely low since the prevailing design requirements and constraints, 
as well as operating experience, suggest that the actual probability of rupture is also extremely 
low.  Random sampling of the uncertain input parameters will therefore result in very few 
realizations with rupture predicted.  Consequently, the calculated probability of rupture will be 
determined by those relatively few runs and thus will be poorly estimated.  Furthermore, any 
correlation with relevant input parameters will be poorly characterized.  Therefore, several 
random variable sampling techniques were incorporated into the Pilot Study codes to evaluate 
their efficacy in more efficiently sampling the key input parameters to improve the resolution of 
rupture probabilities within reasonable run times.  In one case, the method adaptively focuses 
sampling in statistically valid ways within input parameter ranges of greater relevance to the 
low–probability events of interest.  These advanced sampling approaches are more fully 
described in [5]. 

3.1.2 Time Loop 

As described above, the uncertainty propagation structure for the Version 1.0 xLPR code 
consists of an inner aleatory loop and an outer epistemic loop (Figure 3-1).  Each random 
variable is assigned to and sampled within one of these two loops.  After all parameters are 
sampled, the input conditions are constructed to form a timeline for that particular realization, 
and execution enters the time loop depicted in Figure 3-2. 
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Figure 3-1 Schematic main loop (outer) flowchart for Version 1.0 xLPR code 
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Figure 3-2  Schematic time loop (inner) flowchart for Version 1.0 xLPR code 

3.1.3 Outputs and Post Processing 

To maximize efficiency and extract as much information from a complete run as possible, only 
rupture will result in exiting the time loop before reaching the predefined time limit.  This allows 
data on leakage and inspection detection probabilities in particular to be recorded over the entire 
time period so that various inspection criteria and detection thresholds can be evaluated after the 
run is complete by post processing the results.  Details of the various outputs and the post-
processing routine can be found in [5]. 

3.2 Module High-Level Overview and Limitations 

3.2.1 Pilot Study Model Selection 

The individual modules, referenced above in Figure 3-2 as to their basic function, are discussed 
more fully in [5] and described in detail in [4].  The mathematical models of the underlying 
physical processes of interest within each module were selected for the Pilot Study generally as a 
practical balance of their veracity, availability, and compatibility with xLPR objectives and 
companion models. 

As the initial step in the selection process, the Models Task Group identified the available 
modeling approaches in each of the required analytical areas.  A robust set of screening 
criteria [4] was developed to assess their usefulness and applicability for the intent of the Pilot 
Study in particular and xLPR in general.  The veracity with which they represent the underlying 
physical phenomena, their benchmarking performance against available physical data, and their 
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acceptance within the scientific community were all identified as important model selection 
criteria.  The availability of the model for use in this project and whether it could be obtained as 
a coded computer subroutine, or could easily be coded, were of particular interest for the Pilot 
Study because of its accelerated schedule.  Candidate models ranged from simple to complex, 
and in each area, their compatibility with project goals, framework structure, and computational 
constraints had to be considered.  Exceedingly complex models might represent the underlying 
physical process more closely but be impractical to implement because of a lack of necessary 
input data or excessive computational demands, or because a simpler model was sufficient 
considering the parameter’s importance within the overall Pilot Study analysis. 

However, the urgency of beginning framework development within the accelerated Pilot Study 
schedule and the inherently complex interaction between the models and framework necessitated 
early selection of a set of placeholder (“Alpha”) models by the Computational Task Group.  
While these early selections prejudiced the final models selection process to a degree, they were 
competently made and thus the Models Task Group ultimately ratified many of them. 

In most cases, the Models Task Group followed a consensus process in model selection that 
involved most of the formal selection criteria as points of discussion, but the structured model 
evaluation and selection process as initially conceived was not completed for the Pilot Study.  
For those models for which a widely accepted, readily available, already coded model had been 
selected within the “Alpha” model set, less discussion or “selection” was warranted.  For other 
models, for which no well-vetted and accepted models existed, the selection process was more 
difficult.  Nevertheless, the final set of selected models was fully documented in accordance with 
the requirements of the CM program and is described in detail in [4].  It is expected that a more 
formal and deliberate model selection and development process will be exercised for Version 2.0 
of the xLPR code.   

In the Pilot Study, only one model was chosen for each calculation, except for defining crack 
initiation, for which three models were chosen and coded.  Discussions of Version 2.0 of xLPR 
code development have considered making available several validated models representing more 
of the computational elements, thus leaving the selection to the user for comparative or 
sensitivity studies.  

3.2.2 Pilot Study Model Limitations 

Because of the limited scope of the Pilot Study problem, some limitations were deemed 
acceptable in model selection that will, in most cases, not be acceptable within the production 
code and thus will demand further consideration in subsequent phases of the xLPR project.  The 
following list briefly summarizes the more noteworthy Pilot Study model limitations:   

• Manufacturing and welding defect distributions are not included or considered. 

• Fatigue flaw initiation or growth is not considered (no transient load definition). 

• The model for piping loads is simplistic and thus may not be sufficiently representative. 

• Only circumferential surface-breaking cracks are considered (no axial cracks). 

• Only idealized crack behavior is considered. 

• The crack transition model from part-through to through-wall is simplistic. 
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• The surface crack stability model to predict rupture is simplistic. 

• A simplistic weld residual stress model is used, which is a third-order approximation and 
assumed constant around the circumference. 

• Some important leak rate parameters were “hard-coded” instead of using inputs or dependent 
variables. 

• A simplistic inspection model is currently implemented: 

– Sizing uncertainty must be addressed for repair or replace decisions. 

– A repair or remediation decision process needs to be developed. 

– Treatment of post-repair (new fabrication-induced) crack distribution is needed. 

• A simplistic mitigation model is currently implemented (only “generic” stress modification); 
mitigation methods to be addressed include the following:  

– weld overlay (both full structural and optimized) 

– mechanical stress improvement 

– weld inlay/onlay 

– inner diameter surface treatment (including peening)  

– inspection-based/material replacement mitigation (e.g., Alloy 52/152 welds) 

– chemical mitigation should also be incorporated 

Section 7 of this report presents a more detailed summary of issues and development 
opportunities identified during the Pilot Study that are relevant to future production versions of 
xLPR.  This summary is based on detailed discussions in [2, 3, 4, 5]. 

The summary of issues identified above represents a daunting set of technical challenges that 
collectively may overwhelm the ability of the xLPR team to adequately address them 
simultaneously in the first production version of the code.  Therefore, each technical issue 
identified within the modeling and framework development area of the Pilot Study will be 
carefully evaluated to determine both how critical its resolution is to the success of xLPR 
Version 2.0 and how practical it will be to resolve that issue within the constraints of the overall 
project schedule and available funding.  In cases where substantial progress toward resolution 
may not be practical given these limitations, a lesser degree of progress may be considered in a 
continuing effort to improve the code.  A detailed Version 2.0 program plan will be developed 
early in the process to document all decisions regarding scope definition and to guide future code 
development. 
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4  
ORGANIZATION EVALUATION 

The organizational structure employed for the Pilot Study, as described in Section 2, was 
established to impose a degree of order on the project activities yet still allow a free flow of ideas 
and involvement of a wide range of technical experts.  The organization consisted of four 
technical task groups reporting to a management committee.  Each group’s work was directed by 
“co-chairmen” drawn respectively from the two funding constituencies, reflective of the overall 
cooperative structure of the project.  The many technical subject matter experts who participated 
in the Pilot Study were similarly drawn from both the NRC and industry sources, thereby 
resulting in greater diversity of input and experience than would otherwise have been possible.  
However, by its very nature, this organization lacked a clear line of authority and was instead, in 
effect, structured around parallel lines of authority.  Particularly in the earlier stages of a newly 
formed cooperative venture focused on a complex technical task such as the xLPR project, 
directly implementing a more formal organization can be challenging.  The scope and details of 
the project may lack sufficient definition to contribute to organizational development, and a 
range of technical, managerial, and financial control issues must also be addressed.  Therefore, 
the Pilot Study became an incubator for both the organizational and technical aspects of the 
project.  By affording the participants an opportunity to gather, develop into a functioning team, 
and share in a common goal, the Pilot Study has allowed essential space for the project to evolve 
to a point that the more challenging organizational issues can now be addressed and resolved.  

Over the course of the Pilot Study, the role of each group evolved and became better defined, as 
did the interactions between the groups.  As initially conceived, the PIB was intended to provide 
general oversight and direction to the project and the technical task groups, arbitrate the 
competing roles and perspectives of the groups as project decisions were needed, and ensure 
effective communications within the organization.  However, a loosely organized committee of 
12 members could not effectively handle day-to-day decisions.  Furthermore, consistent with 
traditional line management roles in the two funding organizations, all financial and contractual 
actions obviously remained the responsibility of the several NRC and EPRI project managers 
(who were also PIB members) with authority over the various xLPR contracts.   

Also, given the well-defined, narrow scope of the Pilot Study and its relatively short duration, the 
“active direction” role of the PIB faded somewhat very early in the project, becoming secondary 
to direct interaction and practical decision making between the most active task groups.  
Development of the xLPR framework and integration of the code modules into fully functioning 
computational tools effectively dictated the overall project timeline.  The Pilot Study analytical 
goal was focused more on overall computational feasibility rather than demonstrable accuracy so 
selection of best available, simplified models and inputs was judged sufficient.  Consequently, 
the Computational Task Group began to drive the project consistent with the needs of framework 
development.  This early evolution in organizational roles improved overall project efficiency, 
but had the effect of sidelining the PIB throughout much of the Pilot Study. 
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The Models Task Group had primary responsibility for selection of an appropriate set of 
mathematical models for the relevant physical phenomena included within the overall fracture 
mechanics-based computational methodology.  The group developed a thoughtful set of 
evaluation criteria considering such factors as scientific veracity, compatibility with the overall 
methodology, availability for immediate use, and suitability for the problem at hand.  However, 
the model evaluation, selection, and documentation process required time for the necessary 
organizational dynamics to take root and then to exercise the process.  The initial framework 
development was a parallel activity, but could not proceed without at least a placeholder set of 
models for the essential code elements.  Consequently, the Computational Task Group quickly 
selected readily available models for their immediate use and asked the Models Task Group to 
either ratify those selections for Pilot Study use or identify and provide fully coded replacements.   

Each model represented a somewhat unique field of expertise, so the members split into 
modeling subgroups which met on an as-needed basis as the individual models were being 
evaluated or developed.  However, these individual teams often had no direct interaction with the 
framework developers regarding model incorporation into the framework, which, in some cases, 
led to confusion.  Fostering efficient communication between and within the task groups thus 
became essential to project success and was particularly difficult within the subgroup structure of 
the Models Task Group.  

The Inputs Task Group, with responsibility for the many inputs required by the xLPR 
Version 1.0 code, had a particular challenge in defining appropriate distributions for numerous 
inputs that, in many cases, are not routinely described in that manner.  Within the limited context 
of the Pilot Study, the basic input data were largely contained within a publicly available 
report [6].  Furthermore, for the purposes of the Pilot Study, it was acceptable to make 
assumptions regarding the associated distributions and even to use engineering judgment to 
select replacement data, when necessary, to stand in for missing data.  However, while this 
resulted in the group being less active over the course of the Pilot Study, those opportunities to 
make assumptions and easily access the necessary data will not carry over to the production 
versions of the xLPR code.  Acquisition of the necessary data from a broader range of weld 
joints, translating such data into appropriate distributions, and classifying the associated 
uncertainties in a defensible and consistent manner are among the added challenges faced by the 
Inputs Task Group for xLPR Version 2.0. 

The Acceptance Criteria Task Group, initially intended to define appropriate and reasonable 
standards for the evaluation of xLPR results, was refocused for the Pilot Study on the task of 
evaluating the two comparative frameworks.  Similar to the Inputs Task Group, this group’s 
original function is significant within the overall xLPR project, but within the limited context of 
the Pilot Study was of less importance and thus not exercised to a meaningful degree. 

Thus, the bulk of the Pilot Study effort was concentrated within the Computational and Models 
Task Groups and the framework development teams at SNL and ORNL.  While this was, in the 
end, appropriate and sufficient to meet two key goals of the Pilot Study, it did not directly 
address the third goal of fully exercising the organizational structure.  However, the very fact 
that the organizational roles and responsibilities evolved as they did addressed many important 
aspects of this goal.  

While the Pilot Study organization proved to be sufficiently flexible to support and 
accommodate the evolving needs of the project, it is not clear that it can adequately meet the 
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5  
PILOT STUDY PROBLEM RESULTS 

5.1 Pilot Study Problem Statement  
To meet the goal of demonstrating the basic analytical and computational feasibility of assessing 
the probability of pipe rupture as conceived within the xLPR project, a problem statement was 
developed for the Pilot Study.  This problem statement consisted of two deterministic analyses 
and a probabilistic base case with a series of sensitivity analyses to demonstrate the features of 
the Version 1.0 code in the context of the pressurizer surge nozzle.  The problem statement is 
presented in more detail in [5].  Each of the two functioning codes was exercised with this 
problem statement to address the feasibility goal and also to directly compare the usability and 
results from the two frameworks.  The results presented here are not intended for formal use 
outside the xLPR project, and the absolute values of the probabilities have not been validated.  
However, relative results from comparable sensitivity runs can be quite informative for project 
planning purposes.  

To verify that the codes are performing the deterministic calculations correctly, two separate 
deterministic analyses were defined with the following attributes and otherwise identical inputs: 

Deterministic Analysis 1:  Single crack at time = 0 years, with no mitigation.  The 
location of the crack is at the top of the weld (Φ = 0 radians).  

Deterministic Analysis 2:  Three cracks at time = 0 years, with no mitigation.  This 
analysis is an extension of the first deterministic analysis with three cracks.  The three 
cracks are the same size as for Deterministic Analysis 1.  Their respective locations are 
Φ = 0 radians, Φ = 0.6 radians, and Φ = -1 radian. 

The controlled versions of both the xLPR Version 1.0 GoldSim and SIAM framework models 
developed for the xLPR Pilot Study were exercised with the prescribed deterministic test case 
inputs.  As described in [5], these runs demonstrated that both codes produce approximately1

Table 5-1 summarizes the probabilistic base case and five sensitivity cases.  

 the 
same output.   

 

  

                                                           
1 The slight difference in results was attributed to the time-step implementation differences between the two codes. 
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Table 5-1: xLPR Version 1.0 Probabilistic Analyses 

Analysis Description 

Probabilistic 
Base Case 

Probabilistic base case analysis using Monte Carlo 
sampling—high weld residual stress with no inspection, 
mitigation, or leak detection. 

Sensitivity Studies 

Stress 
Mitigation 

Analyses evaluate different mitigation times and stress inputs. 
Three cases were run with mitigation at time 10, 20, and 
40 years. 
Two welding residual stress inputs were considered. 

Chemical 
Mitigation 

Chemical effects of increasing the hydrogen concentration in 
the water on the crack growth module.  Three hydrogen 
concentrations were evaluated. 
The base case hydrogen, 25 cc/kg-STP, was increased to 
50 and 80 cc/kg-STP. 

Crack Initiation 
Considers the crack initiation model uncertainty.  
An alternative initiation model was exercised. 

Safe End 
Evaluation 

Considers stainless steel safe end weld which causes a 
through thickness bending stress that can reduce the tensile 
inner diameter stress. 
Alternative stresses representative of safe end addition effects 
were input. 

Importance 
Sampling 

Discrete probability distribution analysis with importance 
sampling using the safe end evaluation analysis was 
exercised. 

 

In addition to the sensitivity analyses, the base case and the safe end evaluation case were post 
processed to take credit for leak detection and inspection.  For each case, leak rate detection 
limits of 0.1, 1, 10, and 50 gallons per minute (gpm) were considered.  The inspection schedules 
assumed were every 5, 10, 20, and 30 years. 

The inclusion of these sensitivity cases was essential to extracting maximum value and insights 
from the Pilot Study effort.  The analysis cases selected were intended to highlight the effect of 
key input parameters, uncertainty categorization, and sampling approaches on the outcome.  
These insights provide important guidance for planning the work scope and computational 
structure of the next phase of xLPR.  

5.2 Summary of Results 
The two development teams formally exercised the respective codes developed under the xLPR 
Pilot Study on the sample problem set previously described.  The reports published separately by 
SNL [2] and ORNL [3] document the results of these runs in detail, and the Version 1.0 Final 
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Report [5] compares and summarizes the results.  In addition, xLPR team members have 
exercised these codes on individual problems of interest and shared their observations and 
experiences informally within the Computational Task Group.   

In the formal sample problem runs, the probabilistic base case, which contained high mean weld 
residual stress with no inspection, mitigation, or leak detection, produced relatively high and 
very comparable mean probabilities of rupture using both the GoldSim and SIAM frameworks.  
Further analyses suggest that the calculated results are stable and highly driven by the epistemic 
uncertainty.  Parameter sensitivity studies conducted on the base case suggested that the weld 
residual stress and the crack initiation parameters (all characterized as epistemic) were 
controlling the uncertainty in the probability of rupture.  The benefit of leak detection and 
inspection was less than expected, which was attributed to the high rate of crack growth and 
assumptions made regarding crack behavior.   

Each of the problems in the Pilot Study was run with both the GoldSim and SIAM frameworks.  
This section presents comparisons of the results from the two codes.  In certain cases, results 
from only one code are shown since the trends between the codes were similar.  When this 
occurs, the results from the code that is used in any particular figure are identified by a model 
result designation (i.e., GSxLPRv1.0 (GoldSim) or SIAM_v1.0 (SIAM)).  In addition, for the 
base case analyses, the total number of realizations was chosen to be 50,000 (1,000 epistemic 
each with 50 aleatory).   

5.2.1 Base Case 

Figure 5-1 shows the “probability of rupture” results for the base case.  In this figure, the light 
grey vertical lines represent the probability of rupture for each epistemic realization 
(i.e., representing aleatory uncertainty).  For each epistemic realization in this case, there were 
50 aleatory realizations.  The fact that each grey line is nearly vertical indicates that for any 
given epistemic realization, all 50 aleatory realizations as a group either ruptured (value = 1) or 
did not rupture (value = 0) (i.e., the aleatory uncertainty had no effect).  The vertical lines are 
well distributed across the 60-year time period, which indicates that the epistemic uncertainty is 
controlling the behavior.  In addition to the light grey lines, Figure 5-1 shows the mean and 
standard quantiles.  For the base case, the mean value suggests that there is a 41 percent chance 
of pipe rupture in 60 years (720 months).  

 
Figure 5-1  Probability of rupture for the base case 

q=0.5 
q=0.05 

Mean 

q=0.95 



 
 

Pilot Study Problem Results 

5-4 

Switching the crack initiation parameters from epistemic to aleatory uncertainty greatly 
influences the behavior of the epistemic realizations, as shown in Figure 5-2.  With 
reclassification of the crack initiation parameter to aleatory uncertainty, the probability of rupture 
varies with time (i.e., the grey lines are no longer vertical.  This change leads to a smoother 
probability estimate over the 60-year timeframe.  An interesting consequence shown by these 
assessments is that the quantile curves are now completely different.  Because the time of crack 
occurrence was not fixed for each epistemic set, it is more likely to have at least one crack for 
each epistemic realization (but a smaller chance that all realizations within an epistemic set lead 
to rupture).  While the estimate of the mean probability of rupture gives similar results, this is not 
the case for the quantile values.  Their interpretation changes considerably from one assumption 
to the other.  In Figure 5-2, for instance, a median of 0.32 at 60 years means that half of the 
epistemic realizations have at least a 32 percent chance of a rupture in the future, while in the 
base case, there was absolutely no chance of rupture for half of the epistemic realizations (the 
median in Figure 5-1 was zero at 60 years).  

 
Figure 5-2  Probability of rupture for base case with crack initiation uncertainty changed 

from epistemic to aleatory 

Figure 5-3 shows a comparison of the mean probability of rupture using the GoldSim and SIAM 
xLPR framework codes.  The results show a good comparison between the codes, with the main 
difference resulting from slight differences2

                                                           
2 See [

 in the crack initiation probabilities. 

5] for more details. 
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Figure 5-3  Comparison of GoldSim and SIAM framework for mean probability of rupture 

for the base case 

Figure 5-4 shows the effect of the combination of leakage detection (on line) and periodic 
volumetric inspection (i.e., ultrasonic inspection) on the base case mean probability of rupture.  
In this case, a 2-year inspection interval and a leak detection limit of 1 gpm are assumed.  These 
results illustrate a decrease of approximately 4 orders of magnitude in the mean probability of 
rupture when credit is taken for inspection and leak detection.  This sensitivity case does not 
reflect the benefit of an assumed program of periodic bare-metal visual examinations for 
evidence of pressure boundary leakage performed during outages. 

 

 
Figure 5-4  Effect of inspection interval (II) and leak detection (LD) on base case mean 
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5.2.2 Stress Mitigation 

Figure 5-5 shows the effect of preemptive mitigation using a stress-based technique on the mean 
rupture probabilities.  The only mechanical mitigation method incorporated in xLPR Version 1.0 
is a preemptive stress-based mitigation.  For this option, the user inputs a mitigated weld residual 
stress distribution and a time at which that mitigation is to occur.  This modification of the stress 
profile affects both the crack initiation and growth models.  For the example shown in 
Figure 5-5, the mitigation was applied at 10, 20, and 40 years.  The results from these analyses 
demonstrate that, for the inputs considered, the application of the stress-based mitigation causes 
the mean probability of rupture to no longer increase with time.  Since the data shown in 
Figure 5-5 represent the cumulative probability of rupture, a horizontal line represents no 
additional ruptures during that time period.  However, a close investigation of the results from 
Figure 5-5 shows that before the mean probabilities cease to increase, they rise slightly above the 
non-mitigated mean rupture probabilities.  This is because of the tensile zone in the mitigated 
weld residual stress distribution.  For values between 0.5 and 0.9 for the ratio of crack depth to 
wall thickness, the mitigated weld residual stress becomes tensile.  In those realizations where a 
crack is present that is at least 50 percent through wall at the time the mitigation occurs, the 
crack growth rate is increased.  This effect causes the slight increase in the mean rupture 
probabilities before the mitigation effects become apparent.  Finally, in practice, a volumetric 
examination for PWSCC flaws would typically be required at the time that a stress mitigation 
measure is applied in order to ensure that such deep flaws are not present in the subject 
component.  However, such a test was not implemented within the Version 1.0 code. 

 
Figure 5-5  Effect of preemptive stress mitigation on the mean rupture probability 

5.2.3 Chemical Mitigation 

As described earlier, the effects of hydrogen on the PWSCC growth rate were implemented in 
the xLPR Version 1.0 code.  The effects of hydrogen and zinc on the initiation of PWSCC were 
considered, but not implemented.  Figure 5-6 shows the effects of increasing the hydrogen 
concentration on the mean rupture probabilities.  The increase in hydrogen caused a decrease in 
the mean probability of rupture.  This change is attributed solely to the change in the crack 
growth rate because of the increased hydrogen concentration.  A large change in mean rupture 
probability occurred when the hydrogen content was increased from 25 cubic centimeters per 
kilogram (cc/kg) to 50 cc/kg.  However, only a marginal increase in mean rupture probability 
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occurred when the hydrogen concentration was increased from 50 cc/kg to 80 cc/kg.  Overall, the 
decrease in mean rupture probability at 60 years is only about a factor of 2 when the hydrogen 
concentration increases from 25 cc/kg to 80 cc/kg.  

 
Figure 5-6  Effect of hydrogen on the mean probability of rupture3

5.2.4 Safe End Evaluations 

 

Figure 5-7 compares the mean probability of rupture for the safe end sensitivity case to the base 
case.  The only difference in the inputs for this case is the change in the weld residual stress.  
Inspections or leak detection are not credited in either case.  The change in weld residual stress 
caused a decrease of 2 orders of magnitude in the mean probability of rupture.  

 
Figure 5-7  Mean probability of rupture for base and safe end case 

Taking into account mitigation, a leak detection limit of 1 gpm, and a 10-year inspection interval 
reduces the mean rupture probability by 6 orders of magnitude at 60 years, as shown in 
Figure 5-8.  For this example, a mitigation time of 20 years was chosen, and 10,000 realizations 
were used with importance sampling on both the weld residual stress and the crack initiation 
parameters, which were found to control the uncertainty in this problem.  Figure 5-8 shows the 
                                                           
3 Appendix D to [5] identifies an error in the hydrogen case runs that suggests the impact of H2 may be lower than 
this figure indicates. 
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results of the analyses.  As shown in this figure, the mitigation at 20 years reduced the mean 
rupture probability at 60 years by 2 orders of magnitude, while the leak detection and inspections 
reduced the mean rupture probabilities by about 3 orders of magnitude.  The combined effect 
caused a reduction of 6 orders of magnitude on the mean rupture probability at 60 years.   

 

 
Figure 5-8  Mean probability of rupture for safe end sensitivity case with mitigation, leak 

detection (LD), and inspection interval (II) 

The confidence for the mean value of the probability of rupture is calculated using the bootstrap 
method [5], which consists of sampling with replacement over the response generated by the 
original analyses.  The central limit theorem states that when the mean and variance of the initial 
distribution are finite, the mean distribution should be asymptotically normal.  Therefore, if the 
distribution of the mean values is normal, the sample size should be large enough to represent a 
stable solution.  Figure 5-9 shows the confidence in the mean probability of rupture at 60 years 
for the safe end case with a 10-year inspection interval and a 1-gpm leak detection limit.  The 
distribution in Figure 5-9 is nearly normal, which suggests a stable solution.   
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Figure 5-9   Confidence in the mean probability of rupture for safe end case with inspection 

and leak detection 

Figure 5-10 shows the confidence for the safe end case at 60 years with mitigation at 20 years, a 
10-year inspection interval, and a 1-gpm leak detection limit.  Since only a few of the 10,000 
realizations produced rupture with mitigation, inspection, and leak detection, the confidence in 
the mean value is low.  As with the previous example, the confidence is estimated using the 
bootstrap method, which would produce a normal distribution of the mean if the analysis was 
stable.  However, the results in Figure 5-10 suggest an exponential distribution and indicate a 
lack of stability in the analyses.  Additional realizations would be needed to obtain a better 
estimate of the mean value for the probability of rupture.  However, the distribution reported in 
Figure 5-10 spans approximately 1 order of magnitude, which is considered good based on the 
sample size (104) compared to the calculated probability of rupture (10-9–10-8).  Based on the 
previous results, increasing the number of realizations leading to rupture by a factor of 2 or 3 
may be enough to significantly increase the accuracy.  Therefore, it may not be necessary to 
increase the sample size by an order of magnitude. 

 
Figure 5-10  Confidence in the mean probability of rupture for safe end case with 

mitigation, inspection, and leak detection 
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5.2.5 Sample Problem Observations 

The sensitivity studies conducted investigated the effects of stress mitigation, chemical 
mitigation, crack initiation model selection, and weld residual stress on the probability of rupture 
as compared to the base case.  The conclusions from these sensitivity studies indicate the 
following: 

• For stress mitigation, the effects are seen in both the crack initiation and growth models.  The 
mitigation was applied at 10, 20, or 40 years.  The results from these analyses demonstrate 
that the effective application of the assumed stress-based mitigation could cause the mean 
probability of rupture to no longer increase with operating time after its application.  

• Two chemical mitigation cases changed the hydrogen content in the water from the base case 
value of 25 cc/kg to 50 cc/kg and 80 cc/kg respectively.  As expected, these sensitivity cases 
indicated a benefit in reducing the mean probability of rupture because of the effect of 
hydrogen concentration on the PWSCC crack growth rate. 

• Leak detection over the range of 1 to 10 gpm reduced the mean rupture probability at 
60 years by a factor of 10. 

• Inspection every 2 years reduced the 60-year mean rupture probability by a factor of 70, 
while inspection every 10 years reduced it by only a factor of 2.   

• Changing the crack initiation model had very little impact on the overall mean rupture 
probability.  This was expected since each of the models is empirically based and calibrated 
to the same service history. 

• Changing the crack initiation parameters from epistemic to aleatory had a large effect on the 
probability of rupture distribution.  While the mean value stays the same, when the 
uncertainty in initiation time is characterized as epistemic, there is a 0 percent chance of any 
future rupture 50 percent of the time.  When the uncertainty is characterized as aleatory, there 
is at least a 32 percent chance of any future rupture 50 percent of the time.  

• Changing the weld residual stress had a large impact on the mean rupture probability.  
Changing the residual stress from the geometry of a surge nozzle without a safe end weld to 
one with a safe end weld decreased the mean rupture probabilities at 60 years by 2 orders of 
magnitude. 

The stability of the results was also evaluated to assess the efficacy of the sampling methods 
used.  In many of the cases with low residual stress and/or inspection and leak detection, the 
number of realizations was insufficient to produce stable results.  Therefore, importance 
sampling was needed to avoid excessively long run times driven by much higher rates of 
sampling.  In all cases considered, the weld residual stress and an initiation parameter (B1) were 
importance sampled.  The results indicate that with inspection and leak detection, mean 
probabilities of rupture down to 10-6 at 60 years can be calculated with reasonable confidence.  
However, when mitigation is added, mean rupture probabilities down to 10-9 at 60 years are 
calculated, but the confidence in the mean values is very poor.  Additional realizations 
(predictions of rupture) are required to increase the confidence in these results. 

Although these Pilot Study results provide interesting insights into possible trends regarding pipe 
rupture and key drivers, the overall pedigree of the two Version 1.0 codes does not support their 
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use to draw broad conclusions outside the original scope and intent of the Pilot Study.  While 
exercising these codes as part of both formal evaluations and informal familiarization, the project 
team identified and documented ease-of-use issues, opportunities for improvement, and a few 
errors for consideration, as appropriate, under subsequent phases of xLPR.  However, the third 
goal of the xLPR Pilot Study, to “demonstrate basic analytical and computational feasibility for 
the proposed probabilistic evaluation of pipe rupture,” was satisfied. 

5.3 Sample Problem Conclusions 
Exercising the two framework codes through the Pilot Study sample problem base and sensitivity 
cases gave the project team information about the overall xLPR concept feasibility goal, as well 
as  many specific modeling, code structure, and system response topic areas.  However, a few 
conclusions stand out as particularly significant: 

• The results from the analyses support the feasibility of the computational approach to 
determining the rupture probabilities of piping systems. 

• The importance of proper uncertainty characterization cannot be overstated. 

• Initiation and weld residual stress can dominate the outcome of a problem driven by 
PWSCC; therefore, their modeling and treatment within xLPR must reflect the best available 
knowledge. 
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6  
FRAMEWORK COMPARISON AND EVALUATION 

The second Pilot Study objective, to determine the most appropriate computational framework, 
when combined with the stated goal of retaining modular flexibility in the code, largely 
predetermines use of a computational platform versus more traditional hard-coded, limited 
purpose approaches.  Nevertheless, a range of computational platform options with various 
strengths and weaknesses could satisfy these requirements and thus needed to be evaluated.  
Among the many attributes to consider, open source (no license fees) versus commercially 
licensed software was judged to be a key selection attribute of sufficient importance to the 
project to warrant code development under both options for evaluation in the Pilot Study.  A 
suitable open source platform code was already under development in a companion 
NRC-sponsored program at ORNL.  Participation in the development of this code, known by the 
acronym SIAM-PFM (or just SIAM), provided an effective path to exercise and evaluate the 
open source platform option.  A parallel effort was initiated with SNL building on its experience 
in other simulation projects using several commercially licensed framework codes.  SNL staff 
screened likely candidate codes [2] and selected GTG’s GoldSim as the best match of functional 
capability and user interface features to the needs of the xLPR project.  GoldSim is a flexible 
platform for visualizing and dynamically simulating a wide range of systems and offers a free 
downloadable “player” application that allows GoldSim models to be viewed and run without 
requiring purchase of a license.  However, GoldSim model development requires purchase of a 
software license.  These two basic platform choices are each described in much greater detail in 
the Computational Group’s supporting report [5] and in the individual reports prepared by the 
two framework code developers [2, 3]. 

6.1 Code Flexibility 
The flexible structure of GoldSim and the inherent “flexibility” of SIAM as a software product 
still generally under development present a unique challenge for comparing and contrasting the 
two platforms.  Fundamental limitations or important features that may distinguish the two 
platforms, but cannot be overcome in one or incorporated into the other with reasonable effort, 
may be rare.  Therefore, an evaluation process was developed to attempt to identify more 
fundamental platform differences in usability and functionality, beyond just a simple direct 
comparison of the Pilot Study framework implementations in the two platforms.  An independent 
report prepared by the Center for Nuclear Waste Regulatory Analyses (CNWRA) presents details 
of this process and its results [7].  The conclusions drawn both from this formal evaluation 
process and other xLPR project inputs are discussed in detail below. 

6.2 Code Modularity 
The concept of a truly modular approach to the code has been almost a mantra from the inception 
of xLPR, but the Pilot Study has exposed the practical realities and limitations associated with 
meeting this goal.  True modularity offers the hope of allowing a new model for a physical 
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phenomenon already addressed in xLPR to be easily substituted into the code.  The new model 
might reflect new knowledge of the underlying physical process, new modeling techniques, an 
alternative methodology for use in comparative analyses and sensitivity studies, or a different but 
related physical process (e.g., irradiation-assisted stress-corrosion cracking versus PWSCC).  
While such “plug and play” flexibility is inherently desirable, its practical implementation 
actually imposes nontrivial limitations and burdens on the code that may act at cross-purposes to 
the goal itself.  Modularity demands that the “object” be packaged in a manner that is consistent 
with a set of generic requirements defining all relevant parameters to allow it to “fit” in a 
particular location and properly interface with the system in which it will be inserted.  

Within the xLPR framework, each computational module must “fit” in terms of its general 
analytical compatibility and interaction with the full suite of modules in the code.  All inputs 
required by a new module must be available within the code, and specific outputs must be 
provided to downstream modules.  However, the very nature of an alternative mathematical 
model reflecting new or different insights or a related but different physical process would 
suggest that the required inputs will likely differ, possibly significantly so, and in unpredictable 
directions.  Accommodating new user inputs in such cases may be relatively straightforward, but 
dynamic inputs generated during a realization by other modules would, of course, be an entirely 
different matter.  Anticipatory inclusion of coding to generate such intermediate data would be 
unrealistically burdensome and almost entirely speculative.  Given the extensive, complex 
interaction between the modules in the code, attaining more than a modest degree of module 
interchangeability is not a practical goal.  Furthermore, within the software QA environment to 
be implemented for the production code, any such changes to the released code must be 
accomplished in full compliance with the QA process, including validation and verification 
following addition of the new module.  Therefore, incorporation and evaluation of alternative 
modules will primarily be restricted to the ongoing code development environment with 
consideration for formal inclusion of beneficial alternatives and enhancements within the normal 
versioning process. 

6.3 Evaluation by the Center for Nuclear Waste Regulatory Analyses  

6.3.1 Scope 

CNWRA at Southwest Research Institute performed an independent evaluation [7] of the two 
framework codes against a set of criteria developed under the guidance of the Acceptance 
Criteria Task Group.  This evaluation was structured to assess the following attributes of the two 
different framework codes: 

1. Code Efficiency and Operational Convenience from End Users’ Perspective 

a. Ease of modification of input data  

b. Ease of execution 

c. Ease of access of output data 

2. Clarity and Readability from Independent Programmers’ Perspectives 

a. Ability to make changes 

b. Internal documentation 
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c. Compatibility 

3. Adaptability and Flexibility 

a. Dummy module development 

b. Evaluate time to incorporate 

c. Evaluate existing framework functions 

d. Evaluate intermediate outputs 

e. Estimate time to come up to speed on each framework 

4. Future Development Potential 

a. Preprocessing and post-processing 

b. Parallel and distributed processing 

c. Multiparty code development 

d. Third-party software implementation 

e. Code limitations 

A summary of the conclusions of this assessment follows. 

6.3.2 Assessment 

xLPR-GoldSim 

In general, xLPR-GoldSim and xLPR-SIAM have different limitations and strengths in regards 
to future development potential.  xLPR-GoldSim is built on GoldSim which offers major 
strengths with respect to prompt model deployment, polished interfaces, graphic display, 
management of Monte Carlo data, limited background needed to read GoldSim model files, and 
quick learning time for model developers.  GoldSim is a frame with numerous predefined 
functions that can be used in a “plug and play” approach.  When specialized functions or 
approaches are needed, workarounds are possible to adapt existing GoldSim functions to perform 
different tasks.  However, these workarounds generally compromise model clarity by the use of 
complex logics.  Also, as GoldSim models grow in complexity, modifications can become 
cumbersome because adjustments need to be manually implemented in the fields of the GoldSim 
elements, element by element.  The full evaluation report [7] noted some of these limitations of 
xLPR-GoldSim.  However, most of these limitations are intrinsic to the GoldSim software and to 
resolve them would require changes in the software rather than changes in the xLPR-GoldSim 
model.   

The double-nested loop structure of the xLPR Version 1.0 GoldSim code largely precluded use 
of the post-processing tools contained in GoldSim to perform computations on data stored in a 
model file.  In the xLPR project, this limitation was overcome by manually exporting data stored 
in GoldSim model files.  However, this process was inefficient and often took hours to complete.  
In addition, analyzing the exported data then requires analytical and plotting software other than 
GoldSim.  To extend this example, the xLPR project will likely encounter limitations when 
additional models for failure of other components of the piping cooling system are developed 
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using GoldSim.  Chances are high that separate models would have to be programmed; each 
would generate “raw data,” and external tools or software would be needed to analyze the 
GoldSim raw data to define a total system metric of risk.  The process for a total system analysis 
is expected to be complex and, therefore, possibly limited to implementation by expert users.   

However, discussions with GoldSim indicate that models separating uncertainties (aleatory and 
epistemic) have been successfully deployed without the nested-loop approach used for xLPR 
Version 1.0.  If this approach can be successfully implemented for xLPR, the post-processing 
limitations experienced in Version 1.0 should be substantially mitigated.  Furthermore, GoldSim 
code additions and enhancements funded through xLPR may also alleviate some of the other 
limitations and workarounds experienced with the Version 1.0 code. 

In summary, models developed in GoldSim can be quickly deployed and are readable, and 
moderate effort is needed to initiate model maintenance.  On the limiting side, developers must 
deal with GoldSim software constraints through workarounds as the model grows in size and 
complexity, the requirement for external tools to analyze the data seems unavoidable (for the 
double-nested loop structure), and data exporting is a potential bottleneck.   

xLPR-SIAM 

xLPR-SIAM, built on the SIAM-PFM (or SIAM for short) platform, is intended to include tools 
for probabilistic risk assessment and to be extensible to address different problems.  
Accordingly, in this evaluation, functionality was judged against that considered important in a 
frame for the development of stochastic models.  Functionality expectations therefore included 
(1) sampling input parameters from distribution functions, (2) input data management from 
multiple realizations, (3) output data management (e.g., single value per realization, time series 
per realization, multi-value per realization, or multi-value per time step), and (4) plotting 
capabilities for inputs and outputs.  To offer the intended frame adaptability, such functionality 
should be available systematically, so that by adapting blocks of code with minor changes (thus 
minimizing the need to write new, customized code), the functionality could be applied to 
different inputs and outputs and be available for the development of varied models.  xLPR-SIAM 
scored high in input parameter sampling and input data management (areas (1) and (2) above).  
In dummy module trials, only a few lines of code were necessary to create a new parameter in an 
input tab in the xLPR-SIAM GUI with all of the pull down choices, create text log files, and 
enable graphic displays of probability density or cumulative probability plots.  On the other 
hand, xLPR-SIAM did not score high in area (3), output data management.   

Using the dummy module, changes were needed in several Python files and a FORTRAN code, 
plus compilation of the FORTRAN code, to capture a time series from multiple realizations in a 
text file.  Based on this example case, the project team expected that different code changes are 
needed to export data, depending on which data are to be exported.  Given this need for code 
customization, a deep level of expertise in Python and FORTRAN would be required to properly 
maintain a model, and an even deeper level of expertise would be needed for model 
development.  This situation might be alleviated by defining standard data interfaces and 
standard data management functions systematically applicable to capture multiple realization 
data in text files or databases.  Additionally, tutorials would need to be written for model 
developers.  Modelers would then use predefined functions from SIAM libraries to build 
stochastic models.  The learning of SIAM would be focused on learning the library functions 
with limited learning of Python; thus, SIAM would become accessible to a range of 
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programmers.  Currently, to implement a model following the xLPR-SIAM example, extensive 
knowledge of object-oriented programming, Python, FORTRAN, and Python libraries is needed.   

With respect to area (4), plotting capabilities, xLPR-SIAM received a mixed score.  A well 
structured systematic approach was identified for plotting data output.  In general, only a few 
extra lines of source code were needed to make the data available in pull down menus in the 
SIAM GUI for the plots of output data.  The identified plotting shortcomings are related to the 
lack of options to control the appearance of plots and the lack of plots for single-value outputs 
for a realization.  Thus, effort is needed to develop the back-end of the SIAM frame (i.e., data 
management of multiple realization outputs and plotting of outputs) to make it a general frame 
for the construction of stochastic models, accessible to a range of programmers with diverse 
experience.  It was also recommended that SIAM incorporate existing technologies for parallel 
processing, especially during the early stages of xLPR development.   

All of the limitations noted for xLPR-SIAM can be addressed with extra coding effort.  SIAM 
also offers the potential for scalability and developing an integrated unit for a total system risk 
analysis of piping cooling systems.   

Cost Comparison 

Thus, two options are envisioned for the xLPR future.  GoldSim offers convenience at the cost of 
workarounds, the need for external tools, and investment in code changes by GoldSim.  SIAM 
offers flexibility, scalability potential, and the possibility to develop integrated units for total risk 
assessments; however, extra investment is needed to build the frame to make it accessible to a 
range of programmers.  To enhance the comparison of these two alternatives, the cost of use of 
GoldSim or SIAM by the NRC staff over the next 5 years was estimated.  The unit of “cost” 
selected was the time of use.  A longer time would be associated with a frame that is more 
expensive to use.  A time estimate, as opposed to a dollar quantity, was preferred; as such 
information can be inferred more directly from the evaluation.   

The following assumptions were adopted to estimate the time of use: 

• SIAM is polished to improve accessibility to a broader range of programmers. 

• Every year, a new module for addressing a piping system degradation attribute is 
implemented. 

• Every year, one staff member is trained on the use of the frame to ensure continuity (to 
account for rotations and transfers). 

• To translate between time and money, the following equivalence was used:  1 hour = $250. 

The evaluators were asked to estimate the minimum and maximum time to undertake a task.  To 
account for uncertainty, it was assumed that the actual task time could be any time between the 
minimum and maximum and would follow a uniform distribution. 

In computing totals, costs assumed to be incurred only once in a 5-year period (e.g., GoldSim 
licenses are purchased only once; post-processing scripts to analyze GoldSim data are 
programmed only in the first year) are appropriately accounted for and other tasks are assumed 
to be performed every year.  In the case of GoldSim, the comparison assumed that GTG would 
provide yearly training, three GoldSim licenses would be purchased, and license maintenance 
fees would be paid for access to recent versions of GoldSim.  In the case of SIAM, the 
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comparison accounted for the fact that SIAM libraries and dependencies are open source 
(i.e., are available at no monetary cost).   

The main difference reflected in the use comparison is in the time needed to launch runs and 
obtain data to perform analyses.  For example, in the case of GoldSim, up to 6 hours per run 
(modeler time, not runtime) was allowed for a modeler to set the run, organize the data, and 
execute post processing to derive meaningful results.  In the case of SIAM, a maximum of 1 hour 
was allowed, under the assumption that the SIAM frame is developed to a mature state.  On 
average, it is concluded that less time would be spent in using the SIAM frame, assuming SIAM 
is developed to a more mature state. 

The time to develop SIAM to a mature state was also estimated, based on the recommendations 
from the evaluation, to obtain total estimates for the cost of the SIAM frame.  When the SIAM 
development time is considered, the total time (cost) associated with the use of the SIAM frame 
exceeds the time (cost) associated with the use of the GoldSim frame by approximately 
30 percent.  

6.3.3 Conclusions 

The evaluation concluded that for a set of defined assumptions over a 5-year evaluation time 
period, the SIAM frame would be approximately 30 percent more expensive than the GoldSim 
frame.  However, considering only usage, the time necessary to exercise the SIAM frame was 
estimated to be lower than for the GoldSim frame, assuming that the SIAM frame is developed 
to an appropriately mature state.  

SIAM is expected to be developed to a stage such that models would incorporate tools for post 
processing, thereby making the use of SIAM more convenient.  In contrast, significant user 
intervention is expected in GoldSim models to analyze and interpret output data, unless GTG 
implements key new features.  Such new features should include development of an approach to 
access and manipulate data stored in model files that does not require exporting to external text 
files. 

Therefore, greater initial investment to sponsor the development and use of SIAM would 
reasonably be expected to result in a gain of flexibility and convenience.  However, appropriate 
consideration should be given to the risk and cost of software development, especially in the 
absence of a commercial entity committed to long-term support and software maintenance, and 
frequent changes in hardware, operating systems, and third-party software.   

Alternatively, use of GoldSim would likely cost less at the expense of more user intervention to 
execute models and analyze output data.  However, while GTG is not likely to be able to resolve 
all identified limitations, the company has indicated a willingness and capability to add 
flexibility to address certain modeling limitations and data output restrictions. 

6.4 Discussion 
GTG was contacted to assess its flexibility and willingness to make changes to the GoldSim code 
that might better accommodate the needs of xLPR.  User-specific versions of the GoldSim code 
are not maintained.  Any code changes and enhancements that GTG agrees to make and xLPR 
agrees to fund would be incorporated into the next released version and would be available to all 
GoldSim licensees.  While not all issues identified in the CNWRA report [7] as noteworthy 
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limitations in GoldSim would be fully resolvable, GTG can likely address many of them to a 
satisfactory degree and at reasonable cost.  Furthermore, with a substantial and diverse customer 
base, long-term code support appears assured. 

As noted in the CNWRA report, necessary development within the SIAM platform can be 
readily accomplished to produce an xLPR code with a more streamlined user interface, 
particularly for output from the code.  However, the upfront development costs, as well as 
ongoing code maintenance and support, represent a significant economic factor in the overall 
platform selection decision. 

Informing final computational platform selection was the specific goal of developing parallel 
codes within the Pilot Study.  The knowledge and experience gained relative to that goal have 
been invaluable in reaching this complex and challenging decision.  Based on the structured 
comparison, cost analysis, and long-term prospects as described above, the xLPR project team 
has recommended that the future versions of xLPR be developed using the GoldSim commercial 
software as the computational framework.  Section 8 of this report provides a summary of key 
recommendations regarding the direction for xLPR Version 2.0, including a detailed discussion 
of this framework selection decision for continued xLPR development. 
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7  
LESSONS LEARNED AND KEY KNOWLEDGE GAPS 

The xLPR Pilot Study exercised the process proposed for further xLPR development, but with 
the primary goal of evaluating and refining that process before undertaking the greater challenge 
associated with development of the first production version of the xLPR code.  Over the course 
of this investigation, the xLPR project team developed an appreciation for the complexity of this 
problem.  Successful completion of a comprehensive probabilistic fracture mechanics (PFM) 
code, even one initially rather narrowly focused on the dissimilar metal piping butt weld, 
encompasses a significant increase in complexity over the code addressed through the Pilot 
Study.  Overall program success will depend on many factors, including the following:  

• dedicated team members, collectively representing a full range of technical expertise 
consistent with the technical range of the xLPR problem, yet individually having a sufficient 
understanding of the basic computational process to efficiently support incorporation of 
elements into the overall model 

• an enthusiasm for the project goals within the team and group leadership 

• an efficient communication process within the project team 

Throughout the approximately 18 months devoted to Pilot Study development and exercising of 
the code, the project team learned many lessons relevant to defining the path forward to 
production versions of the code.  These lessons include those of a technical nature from module 
and framework development and implementation, as well as lessons related to organization and 
program management.  During the project, various reports and tracking tools have captured these 
lessons.  A summary discussion of the lessons learned follows. 

7.1 Organizational Issues 
As work progresses past the Pilot Study, it is imperative that the project organization, 
management, and decision making process be revisited, with specific attention to the following: 

• The process for obtaining PIB review and approval was vague, cumbersome, and generally 
inconsistent with efficient project management and schedule adherence.   

• While having “equal” co-leaders of each task group reflected the cooperative nature of the 
project, this arrangement also resulted in confused lines of responsibility for directing work 
activities within each group.  There should be a single leader or “driver” at each level and 
each task area to “own” the task, push completion, enable information sharing, and ensure 
that documentation is completed on time. 
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7.2 Communication Issues 

7.2.1  Direct Group Communication 

Group interdependency is inherent in a program of this scope and magnitude, and consequently, 
constructive interactions and efficient communications within and between project groups are 
essential.  The information needs, expectations, and priorities within and between groups must be 
efficiently and effectively communicated for the project to have any chance of success.  For this 
reason, project planning and budgeting should allow for overlapping participation in group 
meetings and conference calls (i.e., by including additional man-hours and travel expenses). 

7.2.2  Indirect Communication 

The use of a Microsoft SharePoint site was an inherent element in the success of this project 
phase.  With a geographically distributed team such as for xLPR, Internet-accessed collaborative 
Web tools for file sharing and archiving project documents are essential so that all participants 
have continuous access.  However, while SharePoint worked very well for many Pilot Study 
written reports and related documentation, its limitations associated with handling very large 
files, particularly non-Microsoft-Office files, were also evident.  These limitations must be 
addressed to support further xLPR development. 

7.3 Framework Issues 

7.3.1  Inputs and Outputs 

For the Pilot Study, the input and output structures were unrefined because of the Pilot Study 
schedule and the need to demonstrate only the feasibility of the process.  Since the input of data 
and the presentation of results are key usability attributes for any software tool, it is 
recommended that the development of much more efficient and flexible input and output 
structures for future versions of xLPR be emphasized. 

7.3.2  Uncertainty Classification and Analysis 

The classification of uncertainty is very important to understanding the overall uncertainty in the 
probability of rupture and should be considered at all levels in the development of a complex 
system.  Knowing which variables control the rupture and which part of the uncertainty in those 
variables is epistemic and can be reduced will not only inform the users, but will also help direct 
future research in this area.  In other words, if uncertainties are correctly characterized and 
prioritized, then xLPR can be used to prioritize research efforts and degradation management 
strategies to quantitatively maintain or improve safety.  

However, uncertainty classification and quantification are not trivial.  The Inputs Task Group has 
a major role in describing the uncertainty of each input, but that group must work with the 
Models Task Group and the Computational Task Group in order to understand exactly the 
context in which each input will be used.  Ideally, uncertainty characterization should 
incorporate a feedback loop to ensure that results are reasonable and explainable, that no 
uncertain quantity has been incorrectly characterized, and that “inappropriate conservatism” is 
avoided. 
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In many cases, the data available that describe the uncertainty may be sparse, and the choice of 
the distribution to fit to that data may be arbitrary.  Furthermore, the choice of which parameters 
are uncertain or constant, the classification of this uncertainty (aleatory or epistemic), or the 
selection of distribution type to represent uncertainty may greatly change the results of the 
analyses.  For the input to Version 1.0, the uncertainties for some key input parameters were 
classified as exclusively either aleatory or epistemic.  For the input to Version 2.0, partitioning 
the uncertainties for each key input parameter into both epistemic and aleatory components 
should be considered, since in most cases, both are present, although the epistemic is typically 
the larger of the two uncertainties.  In addition, code development should retain the generic 
flexibility to allow the user to choose from a list of parameter classification types (constant, 
epistemic, aleatory) and distribution types (normal, lognormal, etc.) for most, if not all, inputs.   

7.3.3  Improved Sampling Techniques 

The calculation of low-probability events for a complex system with a variety of random inputs 
can be extremely difficult using standard sampling techniques.  Not only is an extreme number 
of standard realizations required, the data storage capacity for running such analyses is 
prohibitive.  Since many of the low-probability events occur when the tails of the input 
distributions are controlling the event, improved sampling techniques, such as importance 
sampling, stratified sampling, or adaptive sampling, are required in order to produce acceptable 
results in a reasonable time, while remaining within reasonable data storage capacity limits.   

The Pilot Study has demonstrated that low-probability events (less than 10-6) can be calculated 
with relative ease when the correct variables are sampled using improved techniques.  However, 
multiple sensitivity analyses likely must be conducted before it is evident which variables are 
important to the output of interest.  The use of improved sampling techniques is conditional to a 
good understanding of the system and the effect of each sampled parameter on the outputs of 
interest.  The choices of the distribution used and, to a lesser extent, the parameters selected, are 
mainly based on user experience.  A bad selection may focus the analysis on the wrong area 
(either an area without interest, or an area of such low probability of occurrence that it will not 
affect the final result), which could make the sampling results unreliable or, even worse, 
misleading.  

Therefore, improved sampling methods should be further developed and incorporated into future 
versions of the xLPR code.  In addition, other optimization and reliability methods have been 
developed to handle this issue and should be studied for possible use in future versions of the 
xLPR code.  Finally, processes and procedures for identifying the key variables that need to be 
sampled using the improved techniques should be emphasized.  

7.3.4  Data Storage and Handling 

For the purposes of the Pilot Study, all of the data from each realization generated from the 
probabilistic runs were stored to maintain maximum flexibility to extract any results desired by 
post processing the data instead of re-running the code.  However, this leads to large result files 
that are extremely difficult to handle, and in many cases, this prevented run completion because 
of hard drive storage capacity limits despite the use of compressed data formats for storing 
results.  In addition, outputting the results into usable text format was a time-consuming process 
that, in some cases, took longer than the code run itself.  Therefore, for future versions of the 
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xLPR code, the data storage and handling process should be revisited to streamline the amount of 
data saved and to output only the data necessary for understanding the case results and 
sensitivities being investigated.   

7.3.5  Post Processing 

In the development of the xLPR Version 1.0 code, most of the development time was spent 
creating a framework that performed the calculations required to determine whether rupture 
occurs in a given realization.  Not until near the end of the Pilot Study did the focus shift to 
development of post-processing tools needed for the calculation of rupture probabilities from the 
cumulative results, and evaluating the effects of uncertainty characterizations (aleatory versus 
epistemic), leak detection, and inspection on the output.  Additional post-processing software 
will also likely be needed for parameter sensitivity analyses when non-monotonic influences 
between inputs and outputs are present.  Therefore, for future versions of the xLPR code, it is 
recommended that sufficient time be allotted to the development of post-processing software.  It 
is imperative that correct and easy-to-use software be available to post process the large dataset 
that is developed from this complex probabilistic code.   

7.4 Models Issues 

7.4.1  Expertise 

Overall, the expertise applied to the Pilot Study tasks was appropriate and sufficient, but for the 
Models Group in particular, some subgroups may have lacked sufficient breadth of expertise to 
most effectively evaluate and recommend the most appropriate models for use.  The issues of 
staffing in the Models Group stemmed from the availability of funds and resources, as well as 
the impact of other work priorities on group members’ time, not the ability to find the 
appropriate staff.  Priorities and other commitments limited many model experts’ available time. 

7.4.2 Modeling Scope 

Certain simplifying assumptions within the modeling area were made for the Pilot Study that 
were consistent with its limited scope, but should be reconsidered for subsequent xLPR 
development.  These model-based issues include the following: 

• Manufacturing defects and fatigue initiation and growth were ignored in the Pilot Study.  
Inclusion of these items, with appropriate concern for their associated complexity, should be 
considered for future versions so that their effect on the calculated rupture probabilities can 
be evaluated. 

• The load module should be updated to include a more realistic weld residual stress model, 
including its variation around the circumference, and transient definitions. 

• Considering only circumferential cracks may over predict the rupture probabilities.  The 
higher leakage probabilities attributable to axial cracks, could lead to early detection 
followed by repair or mitigation, and as a result reduce the rupture probability.  

• The assumption of idealized flaw shapes and simplistic transitions from a surface crack to a 
through-wall crack may cause an overestimate of the leak rate and should also be 
reevaluated. 
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• More realistic surface crack stability, inspection, and mitigation models should be considered 
for making best estimate predictions of their effects. 

Because many technical areas of interest are closely related to this project, it is vital that the 
scope be well defined and observed.  However, it will also be necessary to have a defined 
process for critically evaluating “enhancement opportunities” to determine whether to accept the 
added scope, identify it for consideration in a future version, or drop it from consideration. 

7.5 Software Quality Assurance and Configuration Management 
CM and software QA (SQA) are necessary and beneficial, yet also have an impact on the 
software development scope and schedule.  SQA consists of a systematic and documented 
practice of monitoring the software and model development processes and methods used to 
ensure quality.  SQA encompasses the entire software life cycle, which includes processes such 
as requirements definition, software design, coding, source code control, code reviews, change 
management, CM, testing, release management, and product integration.  SQA is organized into 
goals, commitments, abilities, activities, measurements, and verification and validation and 
typically follows a process consistent within the industry (e.g., International Organization for 
Standardization (ISO)-9001 [10], American Society of Mechanical Engineers 
(ASME)-NQA-1-2008 [11], ASME VV 20-2009 [12]), regardless of the application.  Model 
development follows a similar process, which incorporates the fundamental aspects of QA, 
including version control, reviews, change management, testing, CM, and release management.  
CM is the process that focuses on demonstration, documentation, and control of the steps taken 
and the products developed under a QA program.  A robust CM system includes both electronic 
and programmatic controls that are linked to a well-defined QA program.  The link between the 
CM and QA program usually takes the form of guidelines or a CM plan, which provides the 
roadmap between the required QA steps and methods and the CM system that maintains the 
configuration control.  

While a relatively robust CM program was implemented within the Pilot Study, the overarching 
SQA element was not.  However, use of the xLPR code and acceptance of its results for safety 
related risk analyses dictate that code development proceed under the auspices of a suitable QA 
program consistent with the expectations contained in NUREG/BR-0167, “Software Quality 
Assurance Program and Guidelines,” issued February 1993 [13].  Key actions include 
development of the following: 

• An xLPR program QA plan and controls as the essential first step in the continuing 
development process.   

• A transparent and traceable CM system that will cover the xLPR code life cycle. 

• A well-written, unambiguous software requirements document defining the detailed scope 
for future xLPR versions. 
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8  
RECOMMENDATIONS FOR VERSION 2.0 

The xLPR Pilot Study is the culmination of the initial development of a sophisticated, thorough, 
and quality-assured software tool for assessment of probabilistic failure.  The Pilot Study project 
team developed and exercised the initial version of this code on a limited scope problem to 
assess the structure and feasibility of the management and technical approach.  The main goal of 
the Pilot Study was threefold: 

(1) Assess the proposed management structure’s ability to support cooperative and efficient code 
development and implementation. 

(2) Assess the feasibility of developing a modular-based PFM computer code that can calculate 
the probability of rupture for a reactor coolant nozzle weld while properly accounting for the 
problem uncertainties. 

(3) Determine the appropriate probabilistic framework for constructing the modular-based PFM 
code. 

The Pilot Study effort encompassed the code development work, exercising the project 
management structure, implementing the Pilot Study problem statement, and detailed analysis of 
the results.  Through this effort, the xLPR project team demonstrated that it is feasible to develop 
a modular-based computer code for the determination of probability of rupture for LBB-
approved piping systems. 

The following sections address the overall conclusions from the Pilot Study and 
recommendations for further xLPR development beginning with Version 2.0, with respect to 
each of the three Pilot Study goals. 

8.1 Project Management Structure 
Through a cooperative effort between the NRC and EPRI, guided by an addendum [1] to the 
ongoing memorandum of understanding between the two organizations, a project management 
structure was developed with balanced NRC and industry representation for the xLPR Pilot 
Study, consisting of four topical technical task groups (Computational, Models, Inputs, and 
Acceptance Criteria) coordinated by the overarching PIB.  The NRC and EPRI staffed the four 
technical task groups with a variety of experts in solid mechanics, materials engineering, PFM, 
weld residual stress, fluid mechanics, computer programming, CM, and uncertainty treatment 
and propagation.  The choice of the technical experts and their assignment to task groups proved 
highly successful through the completion of the Pilot Study problem.  The role of the PIB was to 
provide overall guidance, coordinate the work, and make programmatic decisions on an as-
required basis.  While the technical team experts covered technical issues, and the task group 
leads coordinated communication within their own task groups, attaining effective 
communication between teams and with the PIB proved more challenging.  Early in the program, 
limited overlap of personnel between the task groups led to missed action items or 
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miscommunication between the teams and created frustration.  Although the PIB was ostensibly 
responsible for this communication coordination role, distributing this important responsibility 
across a committee of 12 proved completely ineffective.  The task group leads responded by 
attending each other’s meetings to achieve the necessary coordination of task group work, which 
greatly increased the communication between groups. 

While the task groups found efficient ways to facilitate progress, communication and 
coordination through the PIB was not as effective.  The PIB consisted of two members from each 
task group and a management and at-large representative from both the NRC and industry.  This 
group was instrumental in providing high-level project direction, but of these 12 members, no 
one was identified as the leader, and no real process for PIB review and approval was ever 
developed.  In addition, the relatively compressed schedule for the Pilot Study necessitated quick 
decisions by the task groups and rendered routine approval of such decisions by the PIB 
impractical.  However, even without the input of the PIB, the project team successfully 
completed the Pilot Study and produced results that demonstrated the feasibility of the approach.  
This achievement is attributable to the leadership of the technical task groups. 

Therefore, the overarching structure of the PIB is not required for success of this effort.  In fact, 
a panel of 12 engineers and managers will almost certainly be ineffective in providing routine 
project management.  As the program progresses, the project team recommends a restructuring 
of the project organization.  Clearly, the advantage of the PIB was its ability to provide high-
level guidance and overall program review.  Therefore, the project team recommends that the 
PIB be restructured as an advisory/review committee and that the decision-making authority be 
assigned to a code development leader responsible for facilitating communication between task 
groups and guiding and focusing the task groups toward the final goal. 

8.2 Modular Code Feasibility 
Through the efforts documented in [5], the project team successfully demonstrated that it is 
feasible to develop a modular-based computer code for the determination of primary piping 
rupture probabilities.  In fact, the team developed two separate framework codes using a 
common set of deterministic modules that were interchangeable with modules with similar inputs 
and outputs.  The project team conducted a set of analyses using each framework that 
demonstrated the ability to calculate the probability of rupture under operating conditions taking 
into account PWSCC growth rates, inspections, and leak detection limits.  In addition, the 
problem uncertainties were quantified and propagated throughout the problem such that a 
distribution of rupture probabilities was generated for each Pilot Study problem case.  The 
project team concluded that improved sampling techniques are required for low rupture 
probability calculations and that uncertainty classification and quantification are not trivial and 
should be considered at all levels of development for this complex system.   

In this complex problem where many factors influence the desired results, the project team could 
not develop the framework independently from the rest of the analysis, but instead considered it 
as an integrated part of the whole project.  Furthermore, the framework development cannot be 
considered as a simple “plugging in” of modules in a probabilistic loop.  On many occasions, as 
the team developed and validated the framework so that the flow between modules was 
appropriate, it was necessary to revise the framework logic or a preceding module to correctly 
capture the phenomenon considered or to appropriately represent the response in a downstream 
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model.  Adding new modules or models where the inputs and outputs vary greatly from the 
implemented modules therefore will always require some modification to the framework, and it 
is necessary that the project team understand how a new module affects the downstream modules 
and the overall probabilistic flow. 

The project team will develop the final xLPR code to meet quality standards 
(e.g., ASME-NQA-1-2008 [11]).  However, the team did not perform this task for the Pilot Study 
because feasibility determination was the primary goal.  Therefore, the project team focused on 
the development of a comprehensive CM process that would generally satisfy QA requirements.  
The project team concluded that this process was sufficient for the feasibility study, but lacks the 
overarching structure of a QA program.  SQA encompasses the entire software development 
process, including processes such as requirements definition, software design, coding, source 
code control, code reviews, change management, CM, testing, release management, and product 
integration.  The link between the CM and the QA program usually takes the form of guidelines 
or a CM plan, which provides the roadmap between the required QA steps and methods and the 
CM system that maintains the configuration control.  Even though the development of the 
Version 1.0 code followed a defined CM structure, it was not linked to a QA program, which 
resulted in some difficulty and disconnection in the areas of validation, life-cycle definition, and 
management coordination.  For future versions of the code, the project team recommends that a 
single, project-wide QA program be developed, or the several QA systems located in the various 
xLPR organizations be integrated into a complete QA program for xLPR.   

8.3 Computational Framework 
Within the xLPR Pilot Study, the project team successfully implemented two unique framework 
codes to investigate the advantages and disadvantages of two approaches:  (1) use of available 
commercial software and (2) use of open source code.  The project team used the commercial 
software GoldSim to investigate the commercial software approach for the xLPR model, and 
used the open source code SIAM-PFM to demonstrate the open source approach.  Within these 
frameworks, the project team implemented essentially the same program flow and deterministic 
modules through a detailed CM program.  After completing a verification process, the project 
team exercised each code through a set of Pilot Study sample problems and compared these 
results in [5].  Even though it identified and documented some slight differences between the 
results, the project team found that the comparison between results was favorable and differences 
were explainable.   

An independent contractor conducted a comparison of the two framework codes [7] and 
concluded that each framework has its own set of strengths and limitations, none of which 
greatly promotes one framework over the other.  GoldSim offers prompt model deployment, 
polished interfaces, graphic display, management of Monte Carlo data, easy to understand 
GoldSim model files, and quick learning time for model developers but at the cost of 
workarounds and the possible need for framework enhancements or external tools.  SIAM-PFM 
offers flexibility, scalability potential, and the possibility of developing integrated units for total 
risk assessments involving multiple “components”; however, extra investment is needed to 
further develop the framework to not only make it accessible to a range of programmers, but also 
to bring it to the level of sophistication embodied in the GoldSim framework.   
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To aid in the framework selection process, the independent contractor conducted a cost analysis 
with the following assumptions: 

• use of either the GoldSim or SIAM framework by the NRC staff, over the next 5 years 

• further development of the SIAM framework to provide features similar to GoldSim 

• inclusion of all applicable GoldSim licensing and training costs 

• annual implementation of a new module for failure of piping systems 

• annual training of one NRC staff member on the use of the framework to ensure continuity 
(to account for rotations and transfers) 

The contractor concluded that the SIAM code would be about 30 percent more expensive than 
GoldSim over this 5-year period.  Most of this cost difference was attributed to the second 
assumption above. 

The long-term prospect of software maintenance and support is essential to ensure that the life 
cycle of this computer code extends beyond the range of industry and regulatory use assumed 
above.  A commercial software package is attractive because the revenue needed for the 
development and maintenance of the software is supplied by a variety of customers and not 
reliant on a single funding vehicle.  In addition, a commercial software development company 
has a management and overhead structure optimized for the long-term maintenance of software 
that engineering contract companies or national laboratories lack.  Finally, the fear of bankruptcy 
for commercially driven software companies may be eased by the placement of the source code 
into escrow as a contract provision, which ensures delivery of the complete source code if the 
company is dissolved or goes bankrupt. 

The selection of an appropriate framework for the further development of xLPR should be based 
on not only the technical capabilities, but also the cost impact and longevity potential of the 
software.  For the case of xLPR, since the project team demonstrated that both GoldSim and 
SIAM possess similar technical capability potential, cost and longevity will drive the selection 
process.  For open source software, the project team can develop appropriate coding features, 
implemented and maintained exactly as required by the project, given sufficient time and 
resources.  However, in today’s economy, resources are limited.  Commercial software 
companies are driven to be as diverse in funding opportunities as possible in order to survive.  
This can translate to large cost savings to the xLPR program in that other GoldSim clients may 
fund modifications to GoldSim that benefit xLPR, or GoldSim may fund proposed modifications 
that would benefit all clients.  For project-specific modifications, the cost of directly funding 
GoldSim to make these changes is far less than directly funding a national laboratory to make 
changes to a noncommercial code.  In addition, with the source code escrow process, longevity 
of the commercial software is ensured.  Therefore, based on the comparison, cost analysis, and 
long-term prospects, the xLPR project team recommends that future versions of xLPR be 
developed using the GoldSim commercial software as the computational framework. 
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