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EXECUTIVE SUMMARY 

The Extremely Low Probability of Rupture (xLPR) Version 2 (V2) probabilistic fracture 
mechanics code was developed to assess the likelihood of occurrence of pipe rupture resulting 
from primary water stress-corrosion cracking (PWSCC) and fatigue cracking. The code includes 
a mathematical model developed to represent the physical phenomena that result in pipe cracks, 
leaks, and ruptures, inputs to the model, and criteria against which the results are compared. 
Each of these components has associated uncertainty that reflects: 

• the state-of-knowledge of the physical phenomena, including aspects that are unknown or not 
understood, 

• the way in which the physical reality is defined (scope of the phenomena to be addressed), 

• the mathematical representation of the physical phenomena (the model), 
o mathematical model form chosen to represent behavior, 
o factors believed to contribute to or control the phenomena that are accounted for 

 inputs 
 mechanisms (accounting for behaviors controlling phenomena), and 

• how the failure criteria are defined. 

The uncertainties in the model must be accounted for to ensure that they fully encompass the 
factors contributing to the phenomena under study. These uncertainties can be accounted for in a 
deterministic assessment by using conservative models, bounding inputs, incorporating safety 
factors, and by applying margins to the results. Uncertainties can also be accounted for 
probabilistically by implementing a sampling strategy that considers the full range of expected 
input and model parameter distributions and that applies factors or methods to appropriately 
account for the effects of model and completeness uncertainty on the predicted outcome. These 
methodologies for accounting for the effects of uncertainties are believed to meet the intent of 
Regulatory Guide 1.174 on risk-informed decision-making. 

The xLPR V2 model accounts for PWSCC and fatigue crack initiation and growth to through-
wall cracks, leak detection, and rupture of cracks. It also accounts for inspection and remediation 
actions taken by operators to reduce or eliminate the effects of these degradation mechanisms. 
As part of xLPR V2 development, an effort was undertaken to explicitly identify the known 
sources of uncertainties arising from the various aspects of the model development process in the 
following categories: 

• how the problem was defined relative to the understanding of the physical reality, 

• how the probabilistic code was structured, 

• contributing behaviors and mechanisms accounted for in the model, and 

• inputs accounted for in the model 

This report documents the sources of known uncertainties within xLPR V2 and describes how 
they are accounted for to produce an output that reflects our state-of-knowledge. Quantitative 
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assessment of the uncertainties and their effect on the output is a difficult endeavor due to the 
complexity of the code and the many non-linear relationships involved between the various 
inputs and outputs. The more significant sources of uncertainty are identified for each submodel 
contained within xLPR V2 as well as for the overall computational framework. Most of these 
uncertainties arise due to the assumptions and decisions made regarding how to address a 
complex problem in a model that could be implemented in computer code. A qualitative 
assessment is presented on the implications of these assumptions and decisions on the results of 
the xLPR V2 code. 

This assessment of the estimated effects of key assumptions, decisions, and limitations is based 
on the models programmed into the xLPR V2 modules and computational framework and the 
associated model parameters and uncertainties recommended by the subject matter experts 
involved in development of the code. Users of xLPR V2 should assess the effects of introducing 
uncertainties through use of model parameters and input variables other than those recommended 
by the subject matter experts on a case-by-case basis. 

The key conclusions supported by this report include: 

1. All of the modules contained within xLPR V2 are best-estimate or slightly conservatively 
biased. It is believed that the problem scope is conservatively characterized such that 
failure probabilities (e.g., leak or rupture) will tend to be over-predicted. The bias in 
outcomes predicted by xLPR V2 due to how the problem was defined cannot be readily 
quantified at this time due to a lack of alternative models. 

2. The uncertainties in module development are accounted for by using the sampling 
strategy implemented within the Framework. In many cases, the user has the option of 
influencing input variable and model parameter distributions for the purposes of 
conducting sensitivity studies to better understand the implications of model calibration 
efforts. 

3. Validation testing demonstates that the PWSCC initiation, growth, and other models did 
well in predicting a high probability of occurrence for flaws or very small leaks when 
conditions representing plants in which flaws have been observed in both U.S. and 
international pressurized water reactor plants were used. 
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1  
INTRODUCTION 

1.1 Background 
The Extremely Low Probability of Rupture (xLPR) Version 2 (V2) code was developed as a 
modular-based, probabilistic fracture mechanics code that is capable of determining the 
probability of failure for reactor coolant system (RCS) piping components by appropriately 
modeling both the effects of relevant active degradation mechanisms, such as primary water 
stress-corrosion cracking (PWSCC), and the inspection and mitigation activities used by 
licensees to counter them.  It is comprised of a Framework that provides the input sampling and 
computational structure that links a set of individual deterministic, best estimate models into a 
cohesive unit capable of predicting the probabilities of crack initiation, growth, loss of stability 
(rupture), and leakage due to PWSCC and fatigue cracks while accounting for the effects of in-
service inspection (detection and repair) and both mechanical and chemical mitigation. The 
xLPR V2 code is currently applicable, but not limited to, simulating crack initiation, evolution, 
inspection and mitigation under PWSCC and fatigue loading of pressurized water reactor (PWR) 
piping DMWs in the primary system pressure boundary. 

The xLPR V2 code was developed to address issues regarding demonstration of compliance with 
the requirements in Title 10 of the Code of Federal Regulations, Part 50, Appendix A, General 
Design Criterion 4 (GDC-4) that the primary system pressure boundary piping exhibit an 
extremely low probability of rupture under conditions consistent with the design basis. Rupture, 
when defined as a double-ended guillotine break, is a critical event relative to core damage not 
only due to the loss of coolant accident (LOCA), but also because the collateral damage to 
nearby emergency core cooling systems caused by pipe-whip or steam jet impingement may 
prevent safe plant shut-down. 

Leak-before-break (LBB) assessment methodologies were developed to evaluate whether a plant 
piping system will leak well before any possibility of rupture, thereby providing sufficient 
warning to safely shut down the reactor and eliminating the need for local protective measures 
against pipe rupture. The standard review plan contained in NUREG-0800, Section 3.6.3 [1] on 
LBB evaluation describes the current deterministic methodology for piping assessment. If the 
results of the deterministic assessment are acceptable to the U.S. Nuclear Regulatory 
Commission (NRC), then the extremely low rupture probability requirements of GDC-4 are 
considered to be satisfied. NUREG-0800, Section 3.6.3 precludes application of LBB to piping 
systems with active degradation mechanisms. However, the degradation mechanism PWSCC has 
been identified to be active in systems that were previously approved for LBB. This situation 
raises questions regarding whether the extremely low rupture probability requirements of GDC-4 
can still be satisfied for these systems. 

LBB analyses per NUREG-0800, Section 3.6.3 involve determining the crack size that would 
leak sufficiently to be detected by operators, calculating the critical crack size that would cause 
catastrophic failure (rupture), and demonstrating that the detectible leakage crack size is much 
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smaller than the critical crack size for rupture. Since this approach is deterministic, it must 
depend on the use of explicit margins, safety factors, and conservative models to provide the 
conservative bias required to ensure that the probability of rupture is extremely low. This 
conservative methodology was developed to account for uncertainties, primarily those inherent 
in the input variables used to describe material performance and applied stresses. The lack of 
understanding of degradation mechanisms, such as PWSCC, at the time these deterministic 
methods were developed prevented use of the LBB analyses for degradation-susceptible 
materials and weld locations. Advances in the understanding of PWSCC and PWSCC-
susceptible material performance, along with advances in probabilistic assessment methods, now 
enable the use of best-estimate models and the explicit treatment of uncertainties associated with 
PWSCC and other degradation mechanisms to quantitatively assess their contribution to the 
probability of piping system rupture. 

1.2 Acceptance of xLPR V2 Results 
A large-scale probabilistic tool like xLPR V2 provides a much more nuanced, quantitative way 
of assessing pipe safety, accounting directly for the uncertainty involved with PWSCC initiation 
and growth mechanisms, as compared to the deterministic assessment method in NUREG-0800, 
Section 3.6.3. Broadly stated, the challenge in developing such a tool was to ensure that it 
appropriately incorporated best-estimate probabilistic models to address the expected 
degradation mechanisms and application of mitigation methods and to link these models together 
appropriately to provide accurate information flow through the models, including propagation of 
uncertainty. The goal was to ensure that the effects of model parameters and input uncertainty 
are accurately reflected in the xLPR V2 output probability distributions for comparison to 
applicable acceptance criteria. 

Heretofore, demonstration of compliance with the extremely low probability of rupture 
requirement in GDC-4 was made using deterministic models with input and model uncertainties 
accounted for using conservative models of material behavior and inputs, margins, and safety 
factors applied to loads. While the acceptance criteria for an extremely low probability of rupture 
is adequate for conservative, pass or fail, deterministic LBB assessments, it does not work with 
probabilistic assessments that provide results in terms of the probability (a value between 0 and 
1) of failure under a set of defined conditions. Thus, acceptance criteria for probabilistic 
assessments must be provided as a value below which results are defined as demonstrating 
acceptability for ensuring safe operation of plant components. 

xLPR outputs many different quantities after it completes a simulation, and it is the 
responsibility of the user to select from these outputs and analyze the ones that are germane to 
the specific problem.  The selection depends on the relevant definition of “failure” in the context 
of the tolerance to risk in that use case.  Put another way, “failure” is simply an unacceptable 
outcome.  For example, whereas it may be unacceptable in one use case to have any cracks, 
under another use case, cracks may be completely acceptable, but structural instabilities (i.e., 
ruptures) not.  In this example, both cracks and ruptures can be considered as failure metrics.  In 
this report, the term “failure” is used generally in this way.  It could mean a rupture, leak, crack, 
etc. depending on the context. 
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The xLPR V2 code calculates rupture probabilities based on best-estimate models and inputs, 
enabling a direct comparison to the GDC-4 requirements. However, to make this direct 
comparison, two additional factors must be addressed: 

1. a value needs to be defined to represent the GDC-4 acceptance criterion appropriate for 
comparison to the code’s results, and 

2. a method to identify and appropriately consider sources of uncertainty in inputs and 
models must be developed and documented to provide confidence in the estimates of the 
probability of failure output from the code. 

To address the first issue, the xLPR Acceptance Group was formed with the purpose of 
establishing potential criteria and associated technical bases against which the results from the 
xLPR V2 code could be compared in order to judge their acceptability for meeting the 
requirements of GDC-4 [2]. Development of a sampling strategy to address the second issue, 
using some combination of the sampling methods contained within the xLPR V2 computational 
framework, is the responsibility of the user. Examples of several sampling strategies are 
provided in the Scenario Analysis Report [3]. The appropriate characterization of the uncertainty 
associated with user-provided inputs is addressed on an application specific basis. 
Documentation of the sources of uncertainty inherent to the models and Framework comprising 
the xLPR V2 code and a summary of uncertainty treatment is the subject of this report. 

1.2.1 Proposed Acceptance Criteria 
The Acceptance Group developed recommendations and considerations for defining failure 
based upon the calculated results from the xLPR V2 code. The risk acceptance criteria described 
in a technical letter report [2] defines failure characteristics and provides guidance on use of the 
xLPR V2 code results to establish time-to-failure distributions that can be converted into failure 
frequencies.  These acceptance criteria are presented within this report to provide context only 
as, when this report was prepared, they had not been endorsed by the NRC.   

Rupture due to a full pipe break, as calculated in xLPR V2, was not used directly to define 
failure. Instead, the Acceptance Group defined failure as a leak that satisfies two criteria: (1) the 
leak exceeds 50 gallons per minutes (gpm) in the time interval of a code iteration loop, and (2) 
the leak was less than 10 gpm at the end of the previous code iteration loop time step. This 
definition is general, and the values may be changed for various applications as long as 
appropriate justification is provided. These criteria are considered to be conservative. The 50 
gpm threshold is conservative because it is less than a small-break LOCA that would most likely 
not result in collateral damage due to dynamic effects. Using the criterion that leakage in the 
previous time step be less than 10 gpm is conservative because it suggests that there is no leak 
detection below 10 gpm; however, in reality much smaller leaks (on the order of 0.1 gpm) can be 
detected and are thus actionable (e.g., lead to safe plant shut down). 

The Acceptance Group also recommended 10-6 failures per year per plant as the acceptance 
criterion for failure frequency. The acceptance criterion of 10−6 failures per year was developed 
with the understanding that it is to be assessed against the 95% confidence level of mean results. 
Each time an applicant or the regulator uses the xLPR V2 code to evaluate plant (or generic) 
conditions, the results would be compared to the acceptance criteria to determine whether the 
event or condition analyzed is acceptable. There are a variety of applications envisioned for the 
xLPR V2 code, so there may be a variety of acceptance criteria that could ultimately be 
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developed. However, the initial application of the xLPR V2 code is to evaluate the risks 
associated with PWSCC to determine whether there is an acceptably low probability and 
frequency of failure achieved with current designs and inspections, or if changes are needed.  
The criteria recommended by the Acceptance Group are used to provide context for the 
evaluation of the effects of bias and uncertainty in this report. 

1.2.2 Regulatory Guidance on Uncertainty in Probabilistic Assessments 
Regulatory Guide (RG) 1.174 [4] describes an NRC-approved approach for using probabilistic 
risk assessment methodologies for licensing basis changes. RG 1.174 defines acceptable small 
changes in risk as changes to core damage frequency (CDF) and large early release frequency 
(LERF) using a metric of mean yearly frequencies. The xLPR V2 code is used to estimate the 
failure probabilities needed to generate mean annual frequencies of failure per plant, as well as to 
appropriately consider the uncertainty on the mean frequencies of failure. The acceptance 
criterion of 10−6 failures per year recommended by the Acceptance Group [2], where failure is 
defined as a change in leak rate from less than 10 gpm to greater than 50 gpm in one month, was 
developed for assessment against an upper bound 95% confidence level on the mean results. This 
criterion would be consistent with the intent of RG 1.174, which states that realistic mean values 
are to be used with due consideration of uncertainty. Therefore, all probabilistic xLPR V2 results 
should consider uncertainty, making the documentation of sources and treatment of uncertainty 
within the code and its inputs vital to its confident use. 

1.3 Objective 
The appropriate treatment of uncertainties in models and inputs in a probabilistic analysis is key 
to interpreting the outcome (performance parameter of interest). The objective of this report is to 
provide detailed documentation of the sources and treatment of uncertainty within the xLPR V2 
code and to discuss the implications of these uncertainties and treatment strategies on the results 
output by the code. 

The xLPR V2 model development and selection efforts focused on accounting for the full range 
of PWR service conditions, pipe and weld geometries, degradation mechanisms, and input 
variables of interest in a probabilistic leak-before-break analysis. Best-estimate, deterministic 
models were used to represent initiation and propagation of cracks due to the known degradation 
mechanisms of fatigue and PWSCC, in-service inspection, and mechanical and chemical 
mitigation or remediation. Actions to manage uncertainty in model parameters and distributed 
input variables used to generate the estimates of leak and rupture probabilities included defining 
the range of applicability of the models and identifying the mathematical forms to best represent 
the associated input distributions. Uncertainty is accounted for within the xLPR V2 code by 
sampling on defined distributions of model parameters and user-defined distributions of input 
variables using some combination of the sampling strategies incorporated into the xLPR V2 
code.  To gain additional insights into the role of uncertainty within the outputs, the uncertainty 
associated with individual parameters and variables may be further characterized within the 
sampling structure as reducible or irreducible.   

The deterministic suite of models used within xLPR V2 were selected based on a set of criteria 
that included peer review and comparisons to the efficacy of other, available models in 
predicting the behavior of interest [5,6].  While model parameter uncertainty is accounted for 
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within xLPR V2, model uncertainty itself is only directly considered for crack initiation, for 
which three different models are provided to allow comparison of the sensitivity of results to the 
model selected. 

This report provides a detailed discussion of the sources, treatment, and effects of uncertainties 
within the xLPR V2 code. The discussion of uncertainties and assumptions starts with a 
summary of the general simplifications and assumptions in the problem definition. A detailed 
discussion of the Framework and each sub-model and its inputs follows. The final chapter is 
devoted to summarizing the primary contributors to the overall bias and uncertainty in the xLPR 
V2 code output. The user is responsible for characterizing the uncertainty in a number of 
common inputs used by both the sub-models and the Framework. 

1.4 References 
1. U.S. Nuclear Regulatory Commission, NUREG-0800, “Standard Review Plan for the 

Review of Safety Analysis Reports for Nuclear Power Plants: LWR Edition,” Section 
3.6.3, “Leak-Before-Break Evaluation Procedures,” March 1987. [NRC ADAMS 
Accession No.: ML042080088] 

2. xLPR Acceptance Group Report, “Acceptance Criteria for Use With xLPR Version 2 
Code,” dated November 7, 2016. [NRC ADAMS Accession No.: ML16271A436] 

3. “xLPR Scenario Analysis Report,” SAND2017-2854, Sandia National Laboratory, 
Albuquerque, NM, March 2017. 

4. Regulatory Guide (RG) 1.174, Revision 3. “An Approach for Using Probabilistic Risk 
Assessment in Risk-Informed Decisions on Plant-Specific Changes to The Licensing 
Basis,” USNRC, January 2018. [NRC ADAMS Accession No.: ML17317A256] 

5. xLPR-WP-MG-CG_V1, Crack Growth Subgroup Work Plan, 2012 
6. xLPR-WP-MG-CI_V1, Crack Initiation Subgroup Work Plan, 2012
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2  
UNCERTAINTY 

This chapter on uncertainties includes general background information in Subsection 2.1, a 
description of the phenomena addressed by the xLPR V2 code in Subsection 2.2, and the effects 
of general code-level assumptions on bias and uncertainty in Subsection 2.3. 

2.1 Background 
Uncertainty describes the scatter in predictions or measured data about some mean value, and 
bias describes the skewness of the residual errors, or whether a model tends to overpredict or 
underpredict the expected results. These two terms are used throughout this report to describe the 
effects on the code output of various assumptions and decisions made during development of the 
models and framework that comprise the xLPR V2 code. Understanding the factors contributing 
to bias and uncertainty in the outputs will aid the user in interpreting the results of any analysis 
made using xLPR V2. 

Uncertainty is inherent to all analytical methods. All models, whether deterministic or 
probabilistic, represent an approximation of reality. As such, they have the same basic elements: 

• a mathematical equation representing an understanding of the physical reality to be modeled, 
and 

• a series of inputs that are based on the perception of the factors affecting the physical reality. 

Uncertainty is inherent in model predictions because the model and its inputs are only 
approximations of a physical phenomenon. This uncertainty should be understood to provide 
confidence in the model’s predictions. In a simple analysis, it is convenient to assume that all 
information is known and can be readily described with input of known quantities into an 
appropriate model. Unfortunately, in many cases, the important variables are not known with a 
high degree of accuracy and models tend to be simplified representations of the physical reality 
to be assessed. Uncertainties in both inputs and models arise due to both inherent randomness 
and lack of knowledge. Inherent randomness, or aleatory uncertainty, explains why the same 
inputs might result in a distribution of responses. For example, when a structural material is 
tested to characterize its material properties, the inherent randomness in the microstructure of the 
tested samples results in a distribution of the measured properties. Epistemic uncertainties arise 
when making statistical inferences from data and, perhaps more significantly, from 
incompleteness in the collective state of knowledge due to a lack of sufficient data or 
information. For example, there is a paucity of available data to characterize WRS uncertainties 
on the values at the ID and through the thickness.  This is because WRS cannot be measured 
directly but must be inferred from other imprecise measurements.  Both types of uncertainty can 
be quantified, but only epistemic uncertainties can be reduced with increased knowledge (data) 
or study. This distinction between types of uncertainty can provide important information to the 
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user to enable focused efforts aimed at reducing epistemic uncertainties to refine the output 
uncertainty, and to develop methods to appropriately address aleatory uncertainty. 

Addressing uncertainties can be done using implicit or explicit methods or some combination. 
The choice of method depends on the state of knowledge regarding the uncertainties in the 
models and inputs and on whether a deterministic or a probabilistic assessment is being 
performed. It is also important to understand the impact of the choice of method on the model 
predictions. 

In deterministic analyses, such as those in the design stress reports per Section III of the 
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code [1], it is 
common to use a combination of margins, safety factors, and conservative bounding values of 
key model parameters and other inputs to account for known and unknown sources of 
uncertainty. The problem with this approach is that it is very difficult to estimate the combined 
effects of these multiple uncertainty treatments on the true risk of failure. However, in many 
cases the multiple layers of conservativisms have been shown to result in an overly conservative 
estimate of risk [2]. 

On the other hand, probabilistic models are typically comprised of a set of deterministic models 
linked by a framework that enables sampling of randomly distributed input variables and model 
parameters to directly account for expected input variability and uncertainties. Probabilistic 
analyses can range from simple models with only one or a few inputs treated as distributed and 
sampled to very complex models in which many of the inputs are sampled from defined 
distributions. Most probabilistic models contain a combination of distributed inputs that are 
sampled and inputs that are treated as constants. If the distributions are not known or not well 
defined, and a sensitivity study can be used to demonstrate that a given parameter does not 
significantly affect the value of the calculated failure probability, then the input value may be 
treated as deterministic, typically using either a best estimate (mean or median) value or a 
conservative bounding value. Accurately distinguishing between aleatory and epistemic 
uncertainties can be worthwhile as different mathematical or sampling procedures can then be 
applied to calculate the effects of the uncertainty on the output value of failure probability. 
Treating these two types of uncertainty separately enables the user to inform further studies that 
focus on reducing the epistemic uncertainties that most influence the uncertainty in the output. 

Aspects of uncertainty that should be captured include input variable uncertainty, model 
uncertainty, model parameter uncertainty, and completeness uncertainty. Input variable 
uncertainty is addressed by the end user by defining distributions that characterize the range in 
expected input values. Model uncertainty can be addressed by conducting sensitivity studies on 
various mathematical forms that could be used to represent the behavior of interest. Model 
parameter uncertainty is addressed by defining distributions for parameters used to calibrate 
models to specific sets of environmental conditions based on statistical analysis. These 
uncertainties are then propagated through the model. Completeness uncertainty, which can be 
considered a subset of model uncertainty, is either known or unknown and can be addressed 
through the use of an uncertainty factor or conservatisms. These uncertainties are due to 
assumptions and simplifications that are made in developing models to represent complex, real-
world problems; for example: 

• defining models that may not include all variables that affect the component behavior of 
interest, 
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• defining the distribution types and forms for characterizing distributed inputs and model 
parameters that may not accurately represent those distributions, 

• treating some inputs as constants, thereby not capturing their true effect on the outcome 
distribution, and 

• linking models together in a manner that may distort the flow of information between them. 

It is important to understand the limitations in the model used to represent the behavior of 
interest and the implications of these limitations on the bias and uncertainty of the model 
predictions. Also important is understanding how information flows through a probabilistic code 
comprised of multiple models. Information flow through the code controls the cumulative impact 
of model and framework uncertainties and biases on the calculated failure probabilities. It is 
important to understand and adequately account for the interactions of sub models within a 
probabilistic code, particularly those that use the same input variables, to ensure that 
uncertainties on the inputs are not accounted for multiple times. Defining correlated inputs and 
developing appropriate methods for treating correlated input uncertainties is also important in 
minimizing repeat-counting of uncertainties [3]. 

2.2 Phenomena Modeled 
A discussion of model uncertainty and bias must begin with an understanding of the problem that 
the model was developed to address. In the case of xLPR V2, the real-world component behavior 
of interest is degradation of DMWs in components such as pressurizer surge nozzles, steam 
generator (SG) nozzles, reactor pressure vessel (RPV) nozzles, and reactor coolant pump nozzles 
by PWSCC and fatigue. This is a complex problem involving many factors, including crack 
initiation and growth mechanisms that are active in the environments and loading conditions of 
interest, leak detection, stability assessment of the cracks, and an ability to account for weld 
residual stresses, mitigation and repair of the welds, and in-service inspections. 

Perhaps the most complex and difficult-to-model aspects of PWSCC are initiation and crack 
morphology. While initiation is complex, appears to have stochastic tendencies, and well-vetted 
mechanistic models are not presently available, its impact within an xLPR realization is 
generally binary (i.e., a crack either initiates or it does not).  In contrast, the role of crack 
morphology is distributed throughout the analysis, affecting crack growth, leak rate, and crack 
stability.  PWSCC tends to be very tight with discontinuous pathways caused by crack growth 
that tends to follow high angle grain boundaries that are more susceptible to corrosion cracking 
mechanisms. This mechanism results in a crack morphology with leak path characteristics 
similar to a porous medium, and with many ligaments remaining to hold the crack tightly closed 
behind the main crack front. These characteristics provide a degree of residual structural stability 
that is difficult to characterize and model. Fatigue cracks for normal PWR operating conditions 
(i.e., no environmental enhancement, such as in boiling water reactor conditions) are primarily 
stress-driven.  As a result, they tend to have a simpler morphology with a contiguous crack face 
and do not present the same modeling complexities as cracks caused by PWSCC. 

Unlike stress-corrosion cracks in wrought metal, which have a rock-candy appearance due to the 
polygonal shape of its grains, cracks in welds usually have an undulating or wavy character that 
reflects the wavy morphology of the grain boundaries [4]. The metallographic crack profile in 
Figure 2-1 for a plant weld illustrates how stress-corrosion cracking (SCC) proceeds along grain 
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boundaries, with evidence of secondary intergranular cracking also apparent. Metallographic 
examinations for a second plant weld further illustrate the expected segmented (discontinuous) 
crack morphology. Figure 2-2 shows a segmented (discontinuous) morphology with branching 
on the weld inner diameter (ID), suggestive of multiple crack initiations. The section transverse 
to the direction of cracking in Figure 2-3 further illustrates the expected interdendritic and 
serrated (wavy) morphology with branching. 

 
Figure 2-1 
Metallographic Section Showing the Nature of Intergranular SCC in a Reactor Vessel 
Outlet Nozzle to Safe-End Alloy 182 Weld in Ringhals Unit 4 [4] 

 
Figure 2-2 
Cracking Morphology at the Intersection of Axial and Circumferential Cracks on the ID of 
Reactor Vessel Outlet Nozzle to Pipe Weld at V. C. Summer Station [5] 
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Figure 2-3 
Transverse Metallographic Section for Reactor Vessel Outlet Nozzle to Pipe Weld at V. C. 
Summer Station (Eddy Current Indication #1—Polished and Etched) [5] 

A compounding issue with modeling the leakage and rupture behavior of PWSCC and fatigue 
cracks in service is that, while studies of postulated cracks have been made and studies of cracks 
initiated and grown in laboratory conditions have been performed, very little leakage and no 
rupture data exist for cracks in actual nuclear power plants. While some leakage due to cracks 
caused by PWSCC has been observed in a few plants, insufficient information is known about all 
of the assembly and service factors contributing to those leaks to permit development of models 
that completely represent their behavior. 

Development of a probabilistic code to account for the many factors contributing to the 
prediction of failure in primary system DMWs due to PWSCC and fatigue degradation involved 
a number of decisions. These decisions addressed which physical mechanisms to include in the 
models, how best to mathematically represent these mechanisms, and what level of granularity in 
the models was necessary to capture all the details contributing to failure without overwhelming 
the computational system. Accounting for the stochastic nature of the problem required 
definition of distributions to represent all significant input variables, including model parameter 
uncertainty, and knowledge of how these distributions could change with plant operating time. In 
considering a 40- or 60-year plant operating life, time-dependent inputs and model parameters 
may need to be sampled multiple times. Key submodel results, such as surface crack size or 
through-wall crack leak rate, need to be calculated for every time step through the expected 
operating life. Faced With the possibility of having to track and save this significant amount of 
information during a simulation, choices, assumptions, and simplifications were essential in 
defining the problem in such a way as to provide confidence in the results without the models 
being either too simplistic or computationally excessive. This balance was important as model 
simplifications can introduce bias and uncertainties that may affect the predicted probabilities. 

2.3 Representation of Phenomena 
xLPR V2 was developed to assess the effects of the physical phenomena of PWSCC and fatigue 
degradation in DMWs in primary piping systems with a goal of accounting for as many of the 
complexities surrounding these issues as possible. However, due to the limitations described 
previously and the need to define a computationally tractable problem, simplifications and 
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assumptions had to be made. These simplifying assumptions result in limitations, biases, and 
increased uncertainty in the code predictions relative to the actual field behavior that the code 
was developed to address. Significant decisions regarding how best to represent the physical 
phenomena to be modeled were made in the following areas: 

• treatment of complex component geometries, 

• selection and representation of key attributes of physical phenomena relevant to the identified 
degradation mechanisms, 

o models to account for the defining aspects of the degradation and assessment 
mechanisms 

o identification of key inputs controlling the behavior and their characterization as 
uncertain or constant 

• definition of failure, and 

• model structure to account for uncertainties. 

These decisions have implications for understanding and interpreting the model predictions 
because each decision has an impact on the model prediction bias and uncertainty. Therefore, it 
is important to document the key simplifying assumptions both in how the problem is 
represented in the mathematical model and in how the code is structured to address the problem 
as defined. Assumptions made in representing the problem are discussed in this chapter, while 
the assumptions in the code structure are described in all of the subsequent chapters (Chapters 
3-14). 

2.3.1 Uncertainty in xLPR V2 
xLPR V2 was developed in a modular manner to take advantage of the best-estimate models 
currently available, as well as those that may be developed in the future, for representing each 
aspect of the assessment of PWSCC and fatigue crack evolution from initiation to leakage and 
potential rupture. These best-estimate models account for all the key factors believed to 
contribute to accurate predictions of the calculated probabilities, including the uncertainties on 
these factors. The key factors are defined by (and within) the deterministic modules incorporated 
into the xLPR V2 code as well as by the computational Framework that links the modules 
together and controls the flow of information from sampling of the inputs, to passing information 
between modules, to collecting and compiling outputs. The modules were each developed to 
represent at least one specific aspect of the xLPR V2 calculation, including: 

1. Axial Crack Opening Displacement (AxCOD) 
2. Circumferential Crack Opening Displacement (CrCOD) 
3. Crack Coalescence (Coalescence) 
4. Crack Transition (CTM) 
5. PWSCC and Fatigue Crack Growth Rate (CGR) 
6. PWSCC Crack Initiation (CI-SCC) 
7. Fatigue Crack Initiation (CIF) 
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8. Axial Crack Stability (AxCS) 
9. Circumferential Surface Crack Stability (SC_fail) 
10. Circumferential Through Wall Crack Stability (TWC_fail) 
11. In-Service Inspection (ISI) 
12. Leak Rate 
13. TIFFANY (Thermal Stress Intensity Factors for Any Coolant History) 
14. K Calculator for Circumferential and Axial Part-Through-Wall Cracks (PW-Cracks) 
15. K Calculator for Circumferential and Axial Through-Wall Cracks (TW-Cracks) 

The development of all the models underlying the software modules is based on data from 
controlled studies meant to represent the conditions under which the subject degradation 
(PWSCC and fatigue in-service cracking) behavior and assessment (including ISI, leak 
monitoring, mitigation, and stability determinations) are expected to occur. 

The controlled laboratory studies upon which the degradation models are based were performed 
with a goal of understanding the key factors affecting both PWSCC and fatigue cracks in nickel-
alloy, stainless steel (SS) and, carbon steel (CS) materials. The results were then used in the 
development of best-estimate models for evaluating DMWs. While most factors believed to 
contribute to crack initiation and growth could be included in model development, in some cases 
accounting for variables did not improve the accuracy of the model predictions. In other cases, it 
was believed that field knowledge of specific variables would be limited, constraining the ability 
to accurately account for their effect in predicting field behavior. Both situations led to decisions 
about the level of granularity necessary and attainable to capture the effects of various factors 
believed to contribute to crack evolution that have implications on the predicted probabilities of 
leakage and rupture. 

Finite element analysis (FEA) modeling of the behavior of cracks caused by PWSCC under 
various loading scenarios to calculate leakage and rupture has not evolved to a level where 
predictions that account for the complex crack morphologies are readily available. The result is 
that the models currently used to predict stress intensity factors (K values), leak rates, and 
stability of cracks caused by PWSCC are conservatively based on modeling the cracks as fully 
open (i.e., no remaining ligaments to provide constraint to crack opening and increased crack 
stability). The modular nature of the xLPR V2 code will allow better models to be implemented 
when they become available in the future. 

In summary, the dominant identified factors affecting the uncertainty and bias contained within 
the xLPR V2 code include: 

• limitations in our understanding of how to model certain features (e.g., constrained and 
discontinuous cracks caused by PWSCC), 

• balancing sufficient analytical granularity against computational complexity, 

• limitations on the factors accounted for in the experiments used to obtain the data upon 
which the models are based, and 

• limitations on the field information expected to be available for use as inputs to the code. 
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The first two factors are discussed in the following section while the last two factors are 
addressed in the module chapters (Chapters 4-14). 

2.3.2 Assumptions and Simplifications 
General xLPR V2 code-level assumptions and simplifications that were made in determining 
how best to represent the problem that the code was designed to address and their expected effect 
on the bias and uncertainty of the outcomes predicted by the code are described in Table 2-1. 
Bias, also termed accuracy, denotes how well a measured value represents the true value. Typical 
terms used to characterize bias (e.g., conservative, non-conservative) are not absolute in their 
meaning and thus rely on the context in which they are used. Here and in the module chapters 
that follow, bias is therefore defined based upon the output from an individual module or the 
Framework and is discussed in terms of a tendency to overpredict or underpredict results relative 
to expectations or validation data, regardless of the effect that the specific output might have on 
subsequent computational elements or the overall analysis results. Uncertainty refers to how 
precisely or repeatably we can measure or estimate a value. The more tightly grouped a set of 
estimates or measurements of a value is, the higher the precision or lower the uncertainty of the 
estimate (measurement) method. 

2.3.3 Implicit Uncertainties 
This report documents the sources of known uncertainties within xLPR V2 by comparing the 
uncertainties and biases in the model outputs to observed behavior and then rationalizing the 
differences as either best-estimate, overpredict, or underpredict. However, it is recognized that 
xLPR V2 does not model the effects of every degradation and failure mechanism and has its own 
inherrant limitations. When decisions were made by the developers regarding which effects to 
include, how to model them, and how to implement those models, additional implicit 
uncertainties and biases were introduced. For instance, some degradation mechanisms, like high-
cycle fatigue or crack growth due to safe shutdown earthquake (SSE) loads, were knowingly 
omitted due to their percieved low impact or lack of observed effects on failure metrics of 
interest for the objectives of the xLPR V2 development effort. In other cases, the choice of how 
to to model a given degradation mechanism over another approach can carry its own implicit 
bias (e.g., K-controlled SCC growth, see Section 7). Even fundamental design decisions can 
affect uncertainty, like the limitations of GoldSim to model multiparameter correlations. 
Therefore, the user should understand that, when considering potential applications of the code, 
decisions like these, explicit or otherwise, can all affect the uncertainty and bias in xLPR V2. 
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Table 2-1 
xLPR V2 Problem Definition-based Assumptions and Implications 

Problem Definition Assumptions Technical Basis Effect on Bias and 
Uncertainty 

All cracks are assumed to be fully opened 
with no remaining ligaments to provide crack 
face opening constraint. 

This mathematical simplification is 
needed because currently available, 
best estimate models of crack 
growth, coalescence, stability, and 
large leak rates (e.g., >50 gpm) are 
based on a fully open crack. Typical 
cracks caused by PWSCC are 
actually a series of smaller flaws that 
have a range of interconnection. 
These cracks have also been 
observed to be clogged with boric 
acid deposits due to their tightness. 
Assuming that these smaller flaws 
are planar and congruent so that they 
can be represented by one continuous 
flaw that is idealized by a maximum 
depth and length will tend to over 
estimate crack size and opening. 

Results in overprediction bias 
on both rupture and leak rates 
but is expected to reduce the 
uncertainty in rupture and leak 
rate predictions (reduce the 
scatter predicted in results) 
relative to that observed in 
field data. 

Pipe and weld geometry are idealized as 
described by: 

• a simplified design consisting of three 
basic components: a left pipe, a weld, and 
a right pipe 

• only a single transverse plane is 
considered through the center of the weld 
for circumferential cracks 

• Right and left pipe components are only 
considered for the material properties 
they contribute to the system analysis 

• left and right pipe and weld components 
share the same wall thickness and 
diameter 

• weld width is assumed to not vary in size 
from ID to outer diameter (OD) as shown 
below 

  
 

This idealization is a necessary 
mathematical simplification. 

The actual uncertainties in more 
complex geometries and crack 
locations, which cannot be quantified 
at this time due to a lack of sufficient 
data, are expected to average out to 
the simplified assumptions over 
many realizations. 

The effects of these 
assumptions are expected to be 
small. 
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Problem Definition Assumptions Technical Basis Effect on Bias and 
Uncertainty 

It is assumed that dividing the weld 
circumference into multiple subunits 
(segments) and allowing one axial and one 
circumferential crack to initiate in each 
subunit can be used to represent multiple 
crack initiations around the circumference of 
a weld. 

Industry experience shows that 
multiple cracks initiate at locations 
around the circumference of welds. 

This assumption replicates 
observed distributed cracking 
behavior and provides for 
sufficient initiation location 
granularity so that bias and 
uncertainty are minimized. 

It is assumed that sampling certain material 
properties on a subunit basis is sufficient for 
representing spatial variability in properties 
expected within a given weld. 

Subject matter experts deemed this 
method a reasonable approach for 
replicating actual material 
heterogeneity expected around the 
circumference of a weld. 

The effect of this assumption 
is expected to be minimal. 

PWSCC and fatigue crack initiation are 
assumed to be independent, so that no 
synergy is accounted for between the two 
crack initiation mechanisms. 

Accounting for possible synergies 
between PWSCC and fatigue cracks 
during the early stages of crack 
initiation is beyond the current state 
of knowledge of these mechanisms. 

The effect of this assumption 
should be minimal because 
applicable piping design 
requirements render fatigue-
initiated cracks unlikely. 

Cracks are assumed to be either 
circumferential or axial in orientation. One 
circumferential and one axial crack are 
allowed to initiate in any given subunit, but it 
is assumed that they initiate and grow 
independently with no interaction. 

Crack orientations are actually quite 
complex and crack interactions are 
likely to occur. Intersecting cracks 
could result in either blunting or 
coalescence depending on the 
relative crack angles. There are 
currently no models (other than 3-D 
FEA) that can account for complex 
crack shapes and possible 
interactions. 

The uncertainty in ignoring 
crack interaction effects is 
expected to be less than would 
be observed in actual field data 
where the interacting effects of 
cracking would be present, but 
bias is expected to be minimal 
since competing interaction 
effects are expected to cancel 
out. 

All circumferential cracks are assumed to be 
coplanar, which is taken to be the axial center 
of the weld. 

This is a simplification that results in 
more coalescence events than may 
realistically occur. If there were 
sufficient data to define the 
proximity effects of out-of-plane 
cracks, which is not the case, then 
the results would be more realistic, 
but with more uncertainty. 

Rupture and leak rates are 
expected to be overpredicted. 
Uncertainty in results is 
expected to be smaller than 
observed in field data due to 
the reduced complexity of the 
crack geometry. 
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Problem Definition Assumptions Technical Basis Effect on Bias and 
Uncertainty 

All cracks are assumed to take one of three 
crack shapes: (1) an idealized semi-elliptical 
surface crack (SC), (2) an idealized through-
wall crack (TWC) where the outside crack 
length and inside crack length are equal (in 
terms of radians for circumferential cracks or 
in terms of absolute length for axial cracks), 
or (3) a non-ideal transitioning crack (TRC) 
where the outside crack length is shorter than 
the inside crack length. 

This is a necessary mathematical 
simplification because the K, crack 
growth rate (CGR), crack opening 
displacement (COD), and leak rate 
models all depend on input of 
idealized crack shapes. The actual 
shape of cracks caused by PWSCC 
can be quite complex due to the grain 
morphology dependence of crack 
growth. The three simplified crack 
shapes are more representative of 
fatigue cracks. 

The simplified crack shapes 
are expected to reduce 
uncertainty (scatter) in the 
predicted crack growth rates 
relative to those in the field. 
Scatter in leak rate and rupture 
predictions are also expected 
to be reduced. The effect on 
bias cannot be quantified but 
would be less than that for 
only one or two crack shapes. 

It is assumed that the cracks grow in a 
symmetric manner. For SCs, TRCs, and 
TWCs, the growth rates at the two ID surface 
crack tips are averaged to achieve a single 
crack growth rate that is applied to both 
surface crack tips. For TRCs and TWCs, the 
crack growth rates at the two OD surface 
crack tips are averaged to achieve a single 
crack growth rate that is applied to both crack 
tips. SC growth is independently assessed at 
the ID crack tip and the deepest point of the 
crack, which is assumed to be at the crack 
center, resulting in an aspect ratio that 
changes throughout SC growth. 

This is a necessary mathematical 
simplification to ensure that the 
crack is symmetric (i.e., the deepest 
point is at the center). It is expected 
that the crack size will be 
representative of the actual crack 
behavior. 

The effect of this assumption 
is expected to be small because 
the uncertainty in crack 
location, which cannot be 
quantified at this time due to a 
lack of sufficient data, would 
be expected to average out to 
the assumed symmetric 
behavior. 

The plant operating time is divided into a 
maximum of three intervals where the 
operating conditions (e.g., pressure and 
temperature) are assumed to be constant. 
Each time interval is further subdivided into 
monthly time steps for calculation of the 
change in failure probability with time. 

The three intervals and monthly time 
steps adequately reflect the observed 
plant operational changes with time 
and are reasonably consistent with 
laboratory testing that underlies the 
individual models. 

Little effect on bias and 
uncertainty is expected. 

2.4 Summary of General Assumptions 
There are two general assumptions listed above that are expected to result in the overprediction 
of leakage and rupture using xLPR V2. These assumptions are: 

1. All cracks are assumed to be single, fully opened cracks with no remaining ligaments 
between series of smaller cracks to provide crack face opening constraint. This 
assumption leads to overpredictions of: 

a. crack growth (due to higher crack tip stress intensities), 
b. leak rate (due to higher predictions of COD and actual crack size), and 
c. rupture (due to not accounting for crack opening constraint provided by 

ligaments). 
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2. All circumferential cracks are assumed to exist in the same plane such that crack 
coalescence proximity rules are more easily met. There is not sufficient information 
available at this time to realistically quantify the amount of this conservatism. 

Quantification of the effects of the simplifying assumptions in Table 2-1 cannot be made as there 
were no other models identified by the Models Group that better represent the actual physical 
phenomena for comparison. The uncertainties arising from the assumptions contained in Table 
2-1 are not directly accounted for in xLPR V2 via sampling of distributions. Instead, these 
assumptions were made to either provide a best estimate of expected behavior (such as the 
simplifications made in representing the piping component geometry) or to provide a 
conservative representation of the physical phenomena (such as in the assumption of a fully 
opened crack caused by PWSCC). Additionally, any implicit bias introduced when developing 
the code is not addressed in this report. Benchmarking with other codes developed to perform 
LBB calculations and validation against field data provide confidence that the xLPR V2 code 
performs as expected and provides results that follow expected trends [3, 6].    
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3  
FRAMEWORK UNCERTAINTY 

3.1 Introduction 
The xLPR V2 code consists of a set of independent, deterministic, physics-based modules 
describing various aspects of the PWSCC and fatigue crack initiation and evolution process in 
primary system piping components integrated by a central computational Framework to provide 
a statistical assessment of piping degradation and failure. Through Dynamic Link Libraries 
(DLLs) written for each module, conversion of inputs to appropriate values to be received by 
each module, and bookkeeping functions, the framework provides the link between inputs, 
modules, and outputs. By linking all of the modules, the Framework enables calculation of the 
initiation of axial and circumferential cracks due to PWSCC, fatigue, or both (or defines an 
initial flaw as specified by the user) and simulation of the crack evolution over time for 
susceptible piping welds to calculate a probability of failure. 

The Framework is an integrated set of software tools comprised of the following four major 
components: 

1. a model file developed using the GoldSim* software ([1], [2]), 
2. an input “deck” in the form of an Excel Workbook file, 
3. a preprocessor in the form of an Excel Add-In, and 
4. a set of DLLs, which are compiled libraries consisting of interfacing code invoked by the 

GoldSim model file or preprocessor to execute the physics-based modules. 

The Framework reads in user input, performs calculations to convert user inputs to forms 
appropriate for transfer to the various modules, and manages the output to display results. The 
Framework’s GoldSim model file coordinates execution of the independent, deterministic 
modules and passes information between modules. Repetitive sequencing of probabilistic 
sampling of module inputs and module execution by the Framework creates probabilistic results 
suitable for estimating probability of piping failure using several outputs. The GoldSim software 
includes probability distribution functions, a capability to correlate certain random variables, and 
the ability to perform multiple-realization analyses using a Monte Carlo approach, making it 
inherently suitable for providing the structure and features required by the xLPR V2 code 
developers. 

                                                 
* GoldSim is a highly graphical, object-oriented computer program for building and executing dynamic, 
probabilistic simulations. See the GoldSim User’s Guide for more information. 
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3.2 Framework Structure and Functional Summary 
The Framework provides the interface between the various components of the xLPR V2 model 
and enables all aspects of the model to work in concert to provide the desired outputs. The 
interfacing functions include: 

• Input database and graphical user interface: The Framework reads the user inputs from the 
Excel Inputs Workbook, graphical user interface, and the TIFFANY and Leak Analysis of 
Piping – Oak Ridge (LEAPOR) subdirectories where the lookup tables are stored. 

• GoldSim-DLL interfaces: The Framework passes information between the GoldSim file and 
the DLLs via input argument arrays as specified by each module’s Software Design 
Description (SDD) document. 

• DLL-module interfaces: 
o information passes from the DLL input argument array to the embedded module 

and from the module to a DLL output argument array in a manner specified by 
each module SDD 

o error codes, which are interpreted by the Framework in a manner consistent with 
guidance provided by each module’s Software Requirements Document (SRD), 
are also returned 

• GoldSim outputs interface: available xLPR V2 outputs include: 
o time-dependent crack depth for the first five initiating circumferential and axial 

cracks 
o time-dependent inner and outer crack half-length for circumferential and axial 

cracks 
o time-dependent total circumferential cracked fractional surface area and total 

axial cracked area 
o time-dependent PWSCC K values for circumferential and axial cracks 
o time-dependent probability of non-repair for both circumferential and axial cracks 
o time-dependent leak rate per crack for both circumferential and axial cracks 
o total time-dependent leak rate 
o First leakage probability as a function of time. Probability as a function of time 

for occurrence of leakage rates up to three defined threshold levels (e.g., small 
break >100 gpm, medium break >1,500 gpm, and large break >5,000 gpm) or 
occurrence of leaking crack opening areas (COAs) up to three defined threshold 
levels (e.g., >0.146 in2, >2.183 in2, and >7.278 in2) 

o time-dependent estimates of total crack, leakage, and rupture probability with and 
without SSE, with and without leak rate detection, and with and without ISI 

o time-dependent estimates of surface crack only ruptures with and without SSE, 
with and without leak rate detection, and with and without ISI 
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o time-dependent estimates of the total number of cracks in both the circumferential 
and axial directions 

o an indicator function signaling when there is either a rupture or the total leak rate 
jumps from below a user-defined lower threshold (e.g., 10 GPM) to above a user-
defined upper threshold (e.g., 50 GPM) within one time step, with and without 
ISI, as a function of time. 

The overall structure of the Framework is based on four main features: (1) inputs interface, (2) 
deterministic model, (3) probabilistic model (sampling structure), and (4) landing platform. 
These features are described in Sections 3.2.1 through 3.2.4. Further details on the structure and 
function of each of these Framework components are provided in xLPR-GR-FW [5]. The rest of 
this chapter focuses on a summary of the assumptions made in developing the Framework and 
the implications of each assumption on the predicted results, discussion of the sampling structure 
and how it accounts for uncertainties throughout the Framework and modules, and validation of 
both the Framework sampling structure and the xLPR V2 code as a whole. 

3.2.1 Inputs Interface 
The Excel Inputs Workbook and the GoldSim Dashboard provide the structure used to interface 
between the user and the code. There are five inputs provided through the GoldSim Dashboard: 
(1) number of epistemic realizations, (2) epistemic random seed, (3) aleatory random seed, (4) 
choice on whether to use Latin hypercube sampling (LHS) for epistemic sampling, and (5) 
choice on whether to use LHS for aleatory sampling. All other inputs required to run the code are 
provided via the Excel Inputs Workbook and the TIFFANY and LEAPOR lookup table text files. 

The Excel Inputs Workbook consists of a set of tabs describing the different options to run the 
model and all the inputs required by the various deterministic modules. Some of the inputs allow 
the user to select options for the analysis to be performed. Most of the inputs detail the 
component geometry, properties, environmental conditions, and model parameters. The inputs 
defined in the Excel Inputs Workbook are read by the GoldSim software at the start of each 
simulation. The Excel Inputs Workbook is described in greater detail in xLPR-SDD-FW [4]. 

The Framework establishes the initial state of the system as defined by the user inputs, derived 
variables, and specified options. Input processing produces an initial system state in units that are 
dimensionally consistent with the requirements of the calculation algorithm. The Framework 
samples inputs and, for certain inputs, must verify that the sampled inputs make sense (e.g., that 
no unrealistic combination of extreme values are sampled such as having an uncracked pipe that 
cannot carry the design loading). The Framework may also perform minor calculations to 
convert some of the inputs into the specific forms required by the various modules (e.g., 
converting forces or moments to stresses). In all cases, the Framework must pass the appropriate 
inputs to the modules with the correct units and in the required order. 

While the TIFFANY and LEAPOR modules are actually included within the set of deterministic 
models, for the sake of expedience they are run from the Excel Inputs Spreadsheet in the 
preprocessing mode to produce transient parameter and leak rate look-up tables, respectively. 
These lookup tables are stored in individual text files and are imported by the Framework at the 
beginning of a simulation. 
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3.2.2 Deterministic Model 
The deterministic model is the set of calculations performed for a single realization using a 
single set of inputs. It is the main core of the Framework in which all the physics modules are 
linked (as DLLs) and aggregated using the unique input set defined for each realization in a 
given simulation or run to initiate and evolve cracks. These cracks are then evaluated for 
potential leakage or rupture as they evolve through the realization. The GoldSim software 
provides the structure for the deterministic model and is used to control the flow of information 
between the modules for each realization and to advance the realizations through time until a 
rupture occurs or the end of the simulation period is reached. 

The modules include a number of external requirements that cannot be satisfied within the 
module itself but must be enforced in the DLL wrapper for each module or by the Framework. In 
general, these requirements include determining when each module is to be called, passing of 
inputs that are in conformance with the requirements of each module (e.g., units, range of 
validity, data-types), acceptance and appropriate storage of outputs, and interpretation of error 
codes. 

All of the deterministic calculations are requested, performed, and managed by the Framework 
starting with initialization of the parameters for the current realization using the user-defined 
sampling strategy. The Framework then calls the various modules as needed and tracks the 
system variables throughout the simulation. The general flow of information through the 
deterministic model calculations is shown in Figure 3-1 and is outlined below. 

• Run initialization 
o space and time discretization 
o geometric calculations 
o material property calculations 
o spatial variability 
o stress calculations 
o load limits 
o discrete time periods 
o crack property initialization 
o additional input processing for DLLs 

• Crack initiation 
o initial flaw calculations 
o call crack initiation DLLs (as needed) 
o identify crack initiation mechanism (PWSCC or fatigue) 
o convert initiation times to calendar time 
o order cracks by arrival time 
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• Time loop 
o update system properties and conditions (as needed) 

 new normal operating temperature, pressure, and oxygen concentration 
 mitigation (physical and chemical) 
 active transients and numbers of cycles 
 stress calculations independent of crack properties 

o axial crack progression (as needed) 
 initiate new axial cracks 
 call K-solution DLLs 
 perform K calculations 
 call crack growth DLL 
 update crack type 
 call crack transition DLL 
 crack stability 

• call crack stability DLLs 

• perform crack stability call reduction calculations 
 call COD DLL 
 perform leak rate calculations 
 call ISI DLL 

o Circumferential crack progression (as needed) 
 initiate new circumferential cracks 
 call K-solution DLLs 
 perform K calculations 
 call crack growth DLL 
 update crack type 
 call coalescence DLL 
 update crack type 
 call crack transition DLL 
 Crack stability 

• call crack stability DLLs 

• perform crack stability call reduction calculations 
 Call COD DLL 
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 Perform leak rate calculations 
 call ISI DLL 

o Go to next time step; stop if rupture or end of simulation period 
 

 
Figure 3-1 Diagram showing the flow of information through the xLPR V2 code. 

Information flow through the modules is primarily linear, in that the output from one module 
provides the input for the next module in a deterministic manner.  The Framework provides the 
vehicle for passing of information and bookkeeping information, as well as providing some 
information modification activities, which results in a more complex, three-dimensional 
information flow that is impossible to capture in a two-dimensional space. 

Inputs and model parameters are sampled by the Framework following the sampling strategy 
selected by the user to account for input variable and model parameter uncertainty.  Each input is 
sampled once per realization (except for several inputs that are sampled independently per 
subunit or through the thickness to represent spatial variability).  Once sampled, each input is 
treated as deterministic throughout the realization for all modules. That is, the same input value 
is used for all modules that require that specific input.  For example, many modules require the 
input of material yield strength.  For each realization, the Framework samples from the 
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distribution describing the uncertainty in material yield strength to select one value that is then 
input into all modules that require it.   

The purpose of the xLPR V2 code is to characterize degradation and failure due to PWSCC 
initiation and growth and fatigue crack initiation and growth.  This involves three different types 
of modules and information flow: 

1) modules that describe the environmental conditions for crack initiation and growth,  

2) modules that modify the crack array (e.g., size, location, and type), and  

3) modules that assess stability and detectability of the cracks.   

The Framework provides the bookkeeping function of keeping track of the crack array and 
passing information between the crack array matrix and the various modules as well as passing 
all other information between modules.   

Module and Framework activities that define the environmental contribution to crack intiation 
and growth include: 

• conversion of inputs to required stresses, moments, and crack tip K-solutions; 

• TIFFANY, which provides transient loadings; and 

• mitigation, which may modify material properties, WRS, or weld thickness. 

Module and Framework activities that result in modification of the crack array include: 

• crack initiation 

• mitigations 

• crack growth 

• crack coalescence 

• crack transition (defines the shape of cracks transitioning from surface cracks to through-
wall cracks 

• COD 

All of these modules except for COD change the size, location, or type of crack, thereby 
modifying the crack array matrix.  These crack array matrix modifications are made sequentially 
in the time loop such that uncertainty in the array-modifying output of one module may be 
amplified by the uncertainty in the next array modifying module in the time loop.  

Module and Framework activities that use the final crack array to assess cracks for detectability 
include: 

• crack stability 

• leak rate 

• ISI 

These modules do not modify the cracks or environmental susceptibility to cracking, but the 
uncertainty on their output is dependent on the final crack array, the uncertainty of which is 
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controlled by uncertainty of the module input variables, modules that describe the environmental 
conditions contributing to cracking, and the modules that act to modify the crack array directly. 

Because the uncertainty of each module is accounted for by sampling on the input variables and 
model parameters for that module, uncertainties on variables that are modified sequentially by 
multiple modules (such as the crack array) may be a combination of multiple uncertainties, 
particularly with respect to crack number and size. 

3.2.3 Probabilistic (Sampling) Structure 
The sampling algorithm provides the probabilistic component that operates with the 
deterministic model to account for input variable and model parameter uncertainties. A number 
of sampling schemes can be used to perform the sampling required for a probabilistic analysis. 
Within xLPR V2, input variable and model parameter sampling relies on the characterization of 
the uncertainty as either aleatory (i.e., due to natural randomness) or epistemic (i.e., due to lack 
of knowledge). The sampling structure then defines the number and order of realizations based 
on additional user settings and samples the specific values to use for each uncertain variable 
during each realization. The sampling structure is composed of an outer loop to sample epistemic 
variables and an inner loop to sample aleatory variables. It also accounts for the user-selected 
sampling options, including simple random sampling (SRS), LHS, discrete probability 
distribution sampling, and importance sampling.  

3.2.4 Landing Platform 
The landing platform is the link between the Excel Inputs Workbook, the deterministic model, 
and the sampling structure. Data from the various spreadsheets are read into the landing 
platform, which then serves as a central hub integrating the module inputs, sampling scheme, and 
deterministic model. The landing platform assembles all the inputs and the user-selected options 
required by the physics models, references and feeds inputs to the appropriate modules, provides 
the necessary logic for correctly assigning the sampled inputs, and establishes a structure to 
enable the correct flow of data throughout the model. For each input designated in the Excel 
Inputs Workbook as distributed or uncertain, the Framework sampling structure selects a value 
following the sampling options selected by the user and then populates the landing platform 
accordingly. Throughout the time-loop within a given realization, the correct input values are 
then provided for each module within the deterministic model. 

3.3 Sources of Uncertainty in the Framework 
Uncertainty, as used within the context of the xLPR V2 code, consists of: 

• well-characterized randomness in the inputs to the physical models, 

• statistical calibration parameters describing model uncertainty, and 

• areas where there is a known lack of knowledge, which include how accurately the models 
describe the real-world behavior of DMWs under the PWSCC and fatigue degradation 
conditions. 

Unknown, unknowns are not discussed in this report. 
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Every effort was made to construct xLPR V2 using best-estimate and state-of-the-art physical 
models; however, the complex and multiscale nature of the degradation mechanisms and systems 
being addressed required simplifications to streamline the calculations. Some of these 
simplifications involved decisions on how to represent the various aspects of the physical 
problem being addressed. Other simplifications involved assumptions made to simplify complex 
mathematical calculations or to fill information gaps in models or data. These simplifying 
assumptions, along with the uncertainty inherent in many of the model inputs, result in model 
biases and uncertainties that affect the xLPR V2 outcomes. 

The simplifications made regarding how best to represent the physical system in a mathematical 
model are discussed in Chapter 2. Assumptions and simplifications made to enhance how the 
code works to link the modules and pass and track information as it moves between modules are 
controlled by the Framework and thus are described in this chapter. 

The Framework sampling structure provides the ability to account for uncertainties in the 
modules and inputs, but it also contains simplifying assumptions and sources of bias and 
uncertainty itself that must be understood and accounted for to confidently interpret the code’s 
results. 

Example uncertainties in the user inputs are detailed in [3] and will not be further discussed here. 
The uncertainty and bias of each of the physical models are discussed in Chapters 4 - 14 of this 
report. This chapter contains a brief summary of how the Framework functions, its limitations, 
validation against field observations and other, similar codes, and a discussion of assumptions 
implemented by the Framework and their effect on model prediction bias and uncertainty. 

3.3.1 Assumptions and Code Development Decisions 
xLPR V2 is a probabilistic code, and as such it must run a large number of simulations in a short 
period of time. Additionally, the fidelity of some parts of the code is limited by the current state 
of knowledge. Thus, during development, a number of simplifying modeling assumptions were 
made that deviate from the exact physical reality of PWSCC and fatigue cracking in nuclear 
power plant piping welds. These major modeling assumptions and simplifying decisions are 
described in Table 3-1 along with supporting information and the expected impact of each on the 
results output by the code. 

The assumptions are divided into categories based on the functions performed by the 
Framework, limitations of the Framework or modules, and some module-specific functions. Note 
that mitigation effects are not modeled by a separate module. Instead, the Framework imposes 
mitigation by changing the stress state, material properties, or water chemistry during the 
simulation as specified by the user. 
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Table 3-1 
Assumptions and Simplifications Made During xLPR V2 Framework Development 

Assumption Technical Basis Effect on Bias and Uncertainty 

Stresses 

All forces and moments are 
converted by the Framework and 
stored as stresses. The Framework 
converts them back to forces and 
moments as required by the 
individual modules. 

Conversions may result in a loss of 
fidelity in the data and a subsequent 
increase in uncertainty. 

These conversions are made for 
each realization (i.e., using 
different sampled values) so the 
effects are expected to average out 
with little contribution to bias. The 
contribution to uncertainty is also 
expected to be minimal. 

Failure Criteria 

The Framework records a rupture 
event when a TWC stability run 
error occurs and the loads are at 
least 90% of the limit load in the 
absence of cracks. 

The TWC module cannot 
accurately predict stability for loads 
on an un-cracked weld that are 
greater than 90% of the limit load. 
If this condition occurs, a run error 
is transmitted to the Framework, 
triggering the recording of a rupture 
event. 

This assumption is expected to 
result in an overprediction of the 
rupture probability. 

The Framework records run errors 
(201) output from both the Multiple 
SC and SC Stability modules as SC 
rupture events. 

A 201 error occurs when the 
loading or crack size puts the 
neutral axis out of range. If the 
critical bending moment ratio is 
increasing (closer to 1 indicating a 
rupture) and the neutral axis is out 
of range in the next time step, it is 
assumed that the Framework could 
have missed a potential rupture 
event. 

This assumption is expected to 
result in an overprediction of the 
rupture probability. 

Seismic loads are assumed 
unimportant in the rupture 
calculations for axial cracks and 
need not be considered 

Axial flaws in xLPR V2 do not 
coalesce with one another like 
circumferential flaws can. Also, 
most seismic loads are 
characterized as axial membrane or 
bending with little hoop loading. 

Minimal effect on bias and 
uncertainty. 

If the user-specified leak rate jump 
indicator thresholds are exceeded, 
or if a rupture occurs, the 
Framework records a leak rate jump 
failure. 

The Acceptance Group’s 
recommendations [6] use leak rate 
jump thresholds to define failure in 
terms of an identifiable plant 
condition and thereby preclude 
potential dynamic effects that are of 
primary concern for the double-
ended guillotine break. 

This results in an extremely 
conservative bias in that the failure 
probability could be significantly 
overpredicted. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

Cracks 

The first pre-existing crack is 
assumed to occur at 0 radians (top 
dead center of the weld) and no 
subunit can have more than one pre-
existing flaw. 

This is consistent with the general 
assumption in Chapter 2 for 
PWSCC or fatigue-initiated cracks. 

Bias and uncertainty are expected 
to be acceptably low. 

Mitigation/ISI 

All repairs are assumed to be 
perfect and repaired cracks will not 
contribute to any future failures. 

 
 

This is a practical simplification 
reflecting well-developed repair 
processes and notably decreased 
PWSCC susceptibility in materials 
used in repairs. 

Any impact on bias and uncertainty 
on xLPR V2 code results are 
expected to be minimal. 

Recalculation of stresses using post-
mitigation welding residual stress 
(WRS) is assumed to account for 
the effects of mitigation due to 
application of the Mechanical Stress 
Improvement Process (MSIP®). 

The post-mitigation WRS values 
are consistent with field experience 
with MSIP® mitigation. 

Little effect on bias and uncertainty 
is expected. 

Weld inlay and overlay (WOL) 
mitigations are assumed to be 
idealized such that the inlay does 
not change the pipe ID and the 
overlay does not go into the pipe. 
Changes are reflected in WRS, 
material properties, thickness and 
OD (for weld overlay). 

Field experience indicates that the 
dilution effect with an overlay or 
any small decrease in ID from an 
inlay are both modest effects at best 
in comparison to other attributes of 
the mitigation action. 

Little effect on bias and uncertainty 
is expected.  

Weld inlays are assumed to be 
“perfect” in that the crack array is 
reset to zero if an inlay mitigation is 
performed.   

This is a practical simplification 
reflecting well-developed weld 
processes and notably decreased 
PWSCC susceptibility in materials 
used in inlay mitiations. 

This assumption may result in an 
underprediction bias in the number 
of cracks present, but the effects are 
believed to be minimal. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

Imposed Limits 

If input values are outside the range 
accepted by a module, the 
Framework uses the maximum or 
minimum acceptable value and 
alerts the user in most cases. 

No extrapolations are performed for 
input values outside the range of 
validity for any individual module. 
Instead, an alert is given, and the 
code continues to run. 

Depending on the input value that 
is out of range, this assumption 
may cause the code to overpredict 
or underpredict the result. Further 
investigation is thus needed on the 
part of the user. 

To prevent a run error for 
circumferential cracks, the 
Framework assumes that the inner 
half-length can never achieve a 
value of π (rad) and will limit the 
value to 0.99π (rad). 

Mathematically necessary 
limitation of the circumferential 
crack stability modules since a 
TWC of half crack length of π (rad) 
is a full pipe rupture (instability is 
expected well before this point) and 
solutions for stability of a SC with 
a half crack length of π (rad) are 
not available. 

 

 

 

 

 

 

Little effect on bias and uncertainty 
is expected. 

Module-Specific 

The Multiple SC stability module 
considers TRCs and TWCs in 
addition to SCs by temporarily 
converting TRCs and TWCs to 
“deep” SCs. This is assumed to be 
acceptable. 

The purpose of the multiple SC 
stability module is to determine 
pipe rupture due to all 
circumferential cracks subjected to 
combined tension and bending 
loads. Accounting for all three 
crack types requires a 
normalization method that enables 
them to be considered using the 
same stability equations. 

This will tend to slightly 
underestimate rupture of TWCs. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

In the Crack Transition (CT) 
module, the COD correction factors 
(H) are applied in the current time 
step when calculating the leak rate. 
The K-solution correction factors 
(G), such as those for the OD crack 
length assumption, are applied in 
the time step following their 
interpolation. Thus, there is a one-
time-step lag in the application of 
the corrected K values for TRCs. 

The CT module is called by the 
Framework after the K values are 
calculated so that the corrections 
cannot be implemented until the 
next time-step, as described in [8]. 
However, COD corrections are 
implemented in the current time-
step. 

Ideally, the Framework would have 
an internal iteration prior to 
progressing to the next time step so 
that there would be no lag; 
however, it wasn’t practical to 
implement such an approach given 
the constraints of the project. 

The impact of this time lag in 
application of the K-solution 
correction for TRCs is expected to 
have little effect on bias and 
uncertainty because the associated 
incremental change in shape of the 
transition crack should be modest. 

It is assumed appropriate to account 
for uncertainty on leak rates less 
than 10 gpm outside of the leak rate 
module (LRM) by the Framework 
applying an uncertainty factor 
sampled from a distribution. 

The LRM currently includes 
morphology parameters that can be 
used to account for uncertainty on 
small cracks but as crack 
morphology information is not yet 
readily available this alternative 
approach to account for uncertainty 
in leak rate calculations was 
recommended in xLPR-SDD-LRM 
[9]. 

Application of this assumption 
reduces bias and uncertainty in 
predicted leak rates < 10 gpm and 
in the effects of leak detection. 

3.3.2 Summary of Key Assumptions 
Of all the assumptions listed in Table 3-1, there are three that could have an effect and would 
result in an overprediction bias. These are: 

1. The Framework records a rupture event when a TWC stability run error occurs and the 
loads are greater than 90% of limit load in the absence of cracks. 

2. The Framework records run errors (201) output from the SC stability modules as SC 
rupture events. 

3. If the user-defined leak rate jump indicator thresholds are exceeded, or if a rupture 
occurs, the Framework records a leak rate jump failure. 

Sensitivity studies may be useful in quantifying the effects of these assumptions on output from 
the xLPR V2 code if a need for such quantification is identified. The other assumptions were 
judged to be less significant, but they may also be considered for further assessment and 
quantification. 
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3.4 Treatment of Uncertainties in the Framework and Modules 
Most of the uncertainty in the xLPR V2 code arises due to: 

• input variable uncertainty 

• uncertainties and biases in the modules and model parameters used to characterize various 
aspects of the PWSCC and fatigue degradation processes (model uncertainty) 

• key simplifying assumptions made in defining the initial problem statement (completeness 
uncertainty) 

Many of the code inputs may be defined by distributions that can be sampled to estimate the 
expected randomness in code outputs. All the physics models contain calibration parameters that 
can be defined as distributions that may be sampled to account for some aspects of model 
uncertainty. In the case of crack initiation, three different models are included to further allow 
the user to account for uncertainty in the initiation model form. Sensitivity studies on the 
available mathematical model forms can be run to further quantify model uncertainty. There are 
no factors that account for the key simplifying assumptions made in defining the problem 
statement (completeness uncertainty). These assumptions were all made to be conservative as 
described in Chapter 2. 

For the purposes of this report, variables are defined as measurable quantities that vary from 
component to component and are referred to as input variables or variables [10]. Parameters do 
not represent actual measurements or attributes but instead refer to quantities defining a 
theoretical model, typically referred to as model calibration parameters [10]. In a probabilistic 
assessment, both input variables and model parameters can be defined by distributions that can 
be sampled as a means of accounting for uncertainty. Both are inputs to xLPR V2 and thus may 
be defined as either constants or distributions in the Excel Inputs Workbook. 

3.4.1 Input Sampling 
A Monte Carlo simulation method is used to propagate uncertainty in the input variables and 
model parameters through the modules to characterize uncertainty in the various outcomes 
predicted by the xLPR V2 code [5]. Model parameter uncertainties are accounted for by defining 
distributions for the parameters used to calibrate module predictions to field or laboratory 
measured values. Input distributions are defined relative to the range of expected or measured 
values for a given variable or parameter. The Monte Carlo method provides a sampling structure 
that enables each input variable or model parameter to be randomly sampled from the full 
distribution of values for each realization based on the user-selected sampling scheme. By 
running sufficiently many realizations, the full range of all input values is typically sampled with 
sufficient combinatorial variations such that the effect of the accumulated uncertainties is 
captured in the distribution of the predicted output values. 

In cases for which very low probabilities of failure are expected, with the low outcome 
probabilities controlled by values at the tails of the distributions of key input variables, it is 
important to ensure that the tails of the distributions are well-sampled. Using SRS combined with 
the Monte Carlo method requires that a very large number of simulations be run to ensure 
adequate sampling of the tails of all the distributions to fully predict very low frequency 
occurrences. For complex codes with a large number of inputs, this can be computationally 
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daunting. Since random sampling does not keep track of how many times any specific value has 
been sampled, it does not ensure that all expected values in a distribution are sampled within any 
given sample size. In all cases, the most likely values will be sampled at a higher frequency than 
the less likely values in the tails of the distributions. 

LHS is a sampling method that ensures adequate sampling of the entire distribution of all inputs 
by keeping track of the sampled values to prevent repetitious sampling [5]. Using this method, 
the tails of the distributions can be sampled to the same extent as the middle of the distribution to 
ensure that the effects of the entire distribution on the range of predicted outputs is captured. 

Importance sampling is a method that can be used in addition to SRS or LHS to fully capture the 
effects of specific ranges of input values identified as important to controlling the values of a 
predicted outcome without having to sample from the entire input distribution [5]. Importance 
sampling enables sampling from a region within the range of a given input distribution believed 
to control the prediction of low failure probabilities or other outputs of interest, thereby reducing 
computational run-time. The bias on the predicted outcome resulting from not sampling from the 
entire distribution of inputs is corrected by weighting the outcome using a likelihood ratio (true 
distribution relative to the simulated distribution). 

SRS, LHS, and importance sampling methods are available in xLPR V2 and some combinations 
of these methods can be specified by the user. Sampling scheme selection criteria are based on a 
desire to obtain a fully converged solution set with a minimal amount of required simulation 
runs. These sampling options and their use are discussed in more detail in the Computational 
Framework Report [5]. 

3.4.2 Spatial Variability Sampling 
In xLPR V2, most variables are sampled once per realization with the sampled values assumed to 
be constant around the circumference of the weld. However, there is a subset of variables that are 
expected to vary around the circumference or through the thickness of the weld. These variables 
may be sampled multiple times during each realization to capture their spatial variability. 

To account for material variability around the circumference, the weld is discretized into a user-
specified number of subunits to allow the Framework to sample some inputs by subunit instead 
of sampling a single value for the entire weld. Most of these spatially varying inputs are sampled 
independently for each subunit, but a few are correlated to maintain a physically realistic 
material variability.  Some of the spatially varying inputs that are sampled with correlation 
include: 

• fatigue crack initiation strain threshold is correlated to C0, a low cycle fatigue initiation 
model parameter, and 

• point-to-point through thickness correlation of WRS values. 

The independent and other correlated spatially varying inputs have been split into two types: (1) 
weld-to-weld variability (sampled only once per realization), and (2) within-weld variability 
(sampled several times generally corresponding to the number of subunits for each realization). 
The two values are multiplied within the Framework to generate a different value in each subunit 
to capture the expected variability around the circumference of the weld. 
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WRS is also a spatially-varying input, but instead of varying around the circumference, it varies 
through the thickness of the weld. WRS profiles are sampled by the Framework employing a 
point-to-point correlation method to preserve the basic WRS through-thickness profile shape. For 
axial WRS, the Framework ensures that the WRS is equilibrated through the thickness of the 
weld (i.e., the integral of the stress over the thickness should be approximately zero). 

3.4.3 Correlated Variables 
It is important to account for correlated input variables and model parameters in a probabilistic 
assessment to ensure that predicted outcome uncertainties are not increased by redundant 
consideration of uncertainties in these values and to prevent physically unrealistic combinations 
of values. For instance, yield strength typically correlates with ultimate strength in steels because 
the metallurgical factors affecting one property affect the other property in the same way. If 
correlation between these variables was not accounted for, the uncertainties due to metallurgical 
inhomogeneity would be counted separately for each, thereby inappropriately increasing the 
outcome uncertainty. The Framework sampling algorithm can only account for correlations 
between two inputs at a time, and only for a pre-defined set of correlation pairs. The user can set 
correlation parameters in the Excel Inputs Workbook. Moduel parameters that are correlated are 
described in the Computational Group Report [5]. 

3.4.4 Treatment of Module Uncertainty by the Framework 
Most modules accept model parameter values that are sampled from user-defined distributions 
by the Framework sampling structure to account for relevant sources of model calibration 
uncertainty. However, for a few modules, instead of sampling from the input distributions, the 
Framework samples from a user-defined uncertainty parameter that is then applied to the output 
of the module before the output is used by any other modules, the Framework, or in results post 
processing. 

The two modules that are executed by the preprocessor, TIFFANY and LEAPOR, are run with 
deterministic inputs to develop sets of lookup tables for subsequent interpolation by the 
Framework. The lookup table granularity was specifically selected to balance table size with 
parameter increments small enough to assure accurate values resulting from linear interpolation 
and thus has no substantive effect on bias or uncertainty.  Then, when a simulation requires 
TIFFANY or LEAPOR results, an uncertainty factor is applied directly to the interpolated value 
prior to it being passed to another module as an input. For TIFFANY results, the uncertainty 
factor is sampled from a distribution specified in the Excel Input Workbook and is applied to the 
TIFFANY-calculated K or delta K values to incorporate some uncertainty in the calculated 
loading that accounts for the conservatism in the design duty cycle as described in an appendix to 
the TIFFANY MVR [11]. In the case of LEAPOR results, a random uncertainty factor is applied 
to the leak rate table interpolated value to account for the uncertainty in leak rate due to crack 
morphology for leak rates below 10 gpm, if specified by the user. 

3.5 Limitations 
Limitations on the use of xLPR V2 arise mainly from the simplifications and assumptions that 
occurred during code development. The problem definition was focused on PWSCC and fatigue 
degradation in primary water, DMWs. The code does not calculate the effects of any other 
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degradation mechanisms, such as time-dependent thermal aging embrittlement of cast austenitic 
SS base metals. However, the sensitivity of this effect could be easily addressed by inputting a 
fully embrittled value of fracture toughness. The code considers a simplified pipe butt weld 
geometry and thus is not appropriate for use in assessing complex geometries such as vessel 
penetrations. The code is further limited by the definition of a large crack as being one that is 
fully open and has a simplified morphology (semi-elliptical or constant depth SC, idealized 
TWC, or a TRC). This definition provides an oversimplified representation of the complex 
shapes associated with cracks caused by PWSCC and is expected to result in overprediction of 
both rupture and leak rate. Also, the code is only valid for the ranges of inputs to which the 
models and Framework were calibrated, verified, and validated. Extrapolation beyond these 
ranges is not supported. These limitations are described in detail in the general assumptions 
presented in Table 2-1 and the Framework assumptions presented in Table 3-1. Additionally, the 
limitation on thermal aging embrittlement of cast austenitic SS materials can be addressed by 
using fully-aged material properties, which is a conservative treatment. 

The Framework is also limited by the capabilities of the GoldSim environment. GoldSim is an 
object-oriented software language that enables a great deal of latitude in building complex 
models of component and material behavior, but it has limitations that ultimately affect the xLPR 
V2 code. First, GoldSim is limited by memory in the output information that can be saved and 
attempting to save information beyond the limits of GoldSim can cause the program to crash 
unexpectedly. This memory constraint also limits the number of realizations that can be run 
(number of epistemic and aleatory runs) in each simulation. While the effects of these limitations 
on bias and uncertainty are difficult to estimate directly, in general, limiting the number of 
realizations may result in under- or over-estimating calculated probabilities, especially if there is 
lack of convergence, and increased uncertainty.  However, the user may overcome these memory 
limitations by combining the results from several different simulations.  For example, to generate 
106 realizations, ten simulations could be run separately with different randomly-selected 
epistemic and aleatory random seeds, an epistemic sample size of 1000 and an aleatory sample 
size of 100, and all variables set to aleatory. 

3.6 Validation 
The test plan described in xLPR-STP-FW-Acceptance [12] seeks to ensure that realistic results 
are predicted by xLPR V2 when compared with service cracking known to have occurred in 
nuclear power plants, primarily in the United States but also in Sweden and Japan. Both generic 
plant information and plant information specific to field cracking event cases are covered. The 
field events used for validation included RPV outlet nozzle cracks, SG nozzle cracks, and 
pressurizer safety relief nozzle cracks. In several field cases, plant-specific information was not 
known, and the input set prepared for these test cases may not exactly represent the relevant 
plant parameters. In these cases, generic values or estimates were used. 

Due to the limited field data available, supplemental tests based on comparisons to results 
produced by other codes were also conducted. While these tests are not anchored directly to real-
world data, they provide an added level of confidence because the alternate codes implement 
methodologies that are consistent with current evaluations of mitigation and rupture. 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

35 

Three different types of validation tests were conducted: 

• Service Tests – Compared the results of xLPR V2 to service experience cases where 
information about cracking was available or where detailed deterministic calculations have 
been made in predicting crack growth and leakage 

• Benchmark Tests – Benchmarked xLPR V2 against comparable probabilistic fracture 
mechanics codes such as the PROMETHEUS [13] and Beyond-PRAISE [14] 

• Model Behavior Tests – Demonstrated that the overall behavior of xLPR V2 is consistent 
with expert understanding of the expected system behavior 

In total, 21 specifically defined test cases intended to validate the integrated xLPR V2 
Framework and modules were performed. Information from V.C. Summer, North Anna, 
Ringhals, and Tsuruga nuclear power plants, in which PWSCC has been observed in primary 
system piping components, was used as input to xLPR V2 as well as to PROMETHEUS and 
Beyond-PRAISE. The specific test cases were used for validation to the extent that their results 
could be compared to the observed events at those plants with respect to cracks. Generic inputs 
were used to model plants in which no cracking had been observed and the results were 
compared to the results of the plant-specific analyses. Generic inputs were also used when 
detailed information was not available for the plants where cracking was observed. 

The purpose of the acceptance study was to validate the physics used to represent crack 
evolution and its implementation with comparison to real life observations. As a consequence, 
the nature of the uncertainty (epistemic vs. aleatory) was not taken into consideration since the 
focus was only on the mean behavior. Thus, all plants were simulated using only a single loop 
(aleatory and epistemic uncertainties combined) to reduce the number of runs necessary to 
estimate stable mean values. 

The expected outputs for the test cases were based on observed (deterministic) behavior at the 
selected plants. However, xLPR V2 and the comparison codes were exercised probabilistically as 
specified in the software test plan [12]. Therefore, the resulting predictions could not be directly 
compared to the observations but were instead evaluated within the context of the observations. 
Test cases were categorized based on the outcome of the tests as follows: 

• (Pass) means that the test performed as expected 

• (Miss) means that the outcome was not as initially anticipated. In the case of all tests 
described as a “miss,” further studies were conducted to demonstrate that the issues did not 
arise due to problems with the code itself. 

• (Fail) means that the test revealed an issue and the code needed to be corrected accordingly. 

The results of the evaluation of the xLPR V2 predictions with respect to the 21 test cases from 
xLPR-STRR-FW-Acceptance [15] are: 

• 18 test cases passed and the results were consistent with expectations described in the 
software test plan. 

• 3 tests cases were considered a miss as the results differed from the expected behavior 
described in the software test plan. However, further analyses showed that, for two of these 
cases, the differences were explained by discrepancies in the input sets used. In the third 
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case, one aspect of the failure mechanism (a reduced critical flaw size for elevated applied 
stresses) was not fully considered when developing the test case. Subsequent testing using 
test cases that accounted for the reduction in critical flaw size demonstrated that the code 
performed as intended. 

• In all cases, the probabilities of cracking and leakage were lower for the generic inputs than 
for the plant-specific analyses.  These results follow expectations as the WRS profiles for VC 
Summer and the other plants were known to be atypically high compared to the WRS 
profiles expected across the nuclear fleet and used in the generic RPV scenario. North Anna 
was the only double-vee DMW, so a generic WRS profile would not be applicable for its 
analysis.   

• None of the tests were considered to have failed. 

The comparisons with other probabilistic fracture mechancis codes were supplemented with 
additional analyses when the results between codes differed due to different implementation 
philosophies. Notably: 

• Beyond-PRAISE considers the WRS profile as constant, whereas xLPR V2 and 
PROMETHEUS allow for uncertainty over the WRS profile. 

• PROMETHEUS and Beyond-PRAISE use the full timespan as measured in calendar years, 
whereas xLPR V2 uses time as measured in effective full power years. 

The additional analyses demonstrated that differences among the codes lead to small discernable 
variations in the results but support the conclusion that xLPR V2 results compare well with the 
results from both PROMETHEUS and Beyond-PRAISE. 

In light of the validation testing results discussed above, the xLPR V2 code is considered to be 
validated for its intended use. 

3.7 Summary 
The Framework, much of it developed using the GoldSim Monte Carlo simulation software, 
provides the structure and functionality required to link all the models describing the PWSCC 
and fatigue crack initiation and evolution mechanisms, including models for inspection and 
repair, leak detection, mitigation, and stability in DMWs in primary system piping components. 
The Framework provides the interfacing functions between the distributed and constant inputs, 
the modules, the sampling structure, and the calculated outputs, ensuring that information is 
passed between modules and the Landing Platform in the appropriate format. 

Many assumptions and simplifications went into development of the Framework to capture the 
key factors required to adequately describe the complex crack evolution process without 
sacrificing computational efficiency. Most of these assumptions and simplifications have a 
minimal effect on the bias and uncertainty of the outputs. There are three key assumptions and 
simplifications that result in a conservative, overprediction bias to the outputs. These 
assumptions are as follow: 

• the Framework records a rupture event when a TWC stability run error occurs and the loads 
are greater than 90% of the limit load in the absence of cracks, 
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• the Framework records run errors output from the multiple SC and SC Stability modules  as 
rupture events, and 

• if the user-defined leak rate jump indicator thresholds are exceeded, or if a rupture occurs, 
the Framework records a leak rate jump failure. 

Finally, the integrated Framework and modules were validated against both field data 
representing leaks detected in service (including assessment against plants with no leaks) and 
other probabilistic fracture mechanics codes representing methodologies that are consistent with 
current evaluations of mitigation and rupture [15]. 
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4  
WELD RESIDUAL STRESS UNCERTAINTY 

4.1 General Summary 
The WRS profile is expected to be a key input to any xLPR V2 analysis because of its 
contribution to defining the ID surface stresses that drive crack initiation and the through-wall 
stresses that drive crack propagation due to PWSCC resulting in the overall code output being 
sensitive to the WRS profile used. There is currently not a consensus model that can be used to 
define WRS profiles. As a result, many assumptions are made by WRS analysts regarding how 
best to represent the many factors contributing to WRS. In xLPR V2, the user can input their 
own WRS profiles or those developed by the WRS Subgroup. Because of this flexibility, WRS 
model and completeness uncertainty should be addressed on a case-by-case basis. The discussion 
in the remainder of this section illustrates the uncertainty and bias expected in using the WRS 
profiles developed by the WRS Subgroup. 

4.1.1 WRS Modeling 
In probabilistic LBB calculations for safety-related nuclear power plant piping systems, best-
estimate, through-thickness WRS profiles, along with an informed characterization of the 
associated uncertainty, are essential inputs for modeling the degradation mechanisms of interest. 
WRS enables PWSCC initiation and provides the driving force for subcritical crack growth due 
to PWSCC and contributes to fatigue in the relevant materials and environments. Through-
thickness axial and hoop WRS profiles for typical as-deposited welds, welds with repairs (15% 
and 50% through wall from the ID), and mitigated welds (MSIP®, inlay, and WOL) were 
developed for DMWs known to be susceptible to PWSCC. The results are provided for use with 
the xLPR V2 code. Users are also able to define their own WRS profiles for specific components 
of interest. WRS plays a key role in driving crack initiation and growth and thus its 
characterization and quantification is a dominant factor in calculating probabilities of leak and 
rupture. Because WRS profile development is resource-intensive, it is believed that many users 
will select to use the WRS profiles developed by the WRS Subgroup. However, no matter which 
option is chosen, it is important to understand the associated contribution to bias and uncertainty 
of the code output. Only the WRS profiles developed by the WRS Subgroup are addressed here. 
These discussions and conclusions may or may not pertain to WRS profiles developed by 
individual users. 

Based on scoping studies for xLPR V2 applications, it was decided that representing the WRS 
profiles with uncertainty at 26 points through the thickness at the weld centerline provides 
sufficient resolution for crack driving force calculations. To eliminate the possibility of an 
unrealistic saw-tooth profile that could result from independently sampling the distributions of 
values at each of the 26 points, a point-to-point correlation is enforced. 
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WRS profile estimates were developed by analysts using finite element modeling of the welding 
processes. The WRS Subgroup formulated modeling procedures for the analysts to follow when 
creating their finite element models. These procedures were informed by experience in related 
research programs by NRC (NUREG-2162 [1]) and the Electric Power Research Institute (EPRI) 
(MRP-316 [2]), with particular finite element modeling suggestions previously documented in 
Rev. 1 of MRP-317 [3]. Adherence to this guidance ensured consistency among the analysts 
regarding details that the WRS Subgroup considered important, such as heat input, thermal 
boundary conditions, weld bead geometries, and materials. Other modeling details were left to 
the discretion of the individual analysts. A detailed discussion of the modeling guidance is 
contained in [4]. 

For each component of interest, WRS profiles were produced by four experienced analysts using 
either of the commercial finite element codes ABAQUS Version 6.14 or ANSYS Version 17. 
The recommended WRS profile for each component was then compiled by taking a weighted 
average of the four modelers’ predictions. The analyst-to-analyst uncertainty is expected to 
bound uncertainty caused by all other factors, and the recommended uncertainty distributions 
were therefore derived from the variability among the four independently-produced predictions, 
as described in detail in xLPR-MSGR-WRS [4]. 

The analysts developed WRS profiles for the following three generic nozzle components, 
including weld repair and mitigation effects, and one plant-specific variant. Details and 
considerations on the selection of these configurations follow in the points below. 

• Westinghouse replacement SG nozzle to safe end weld 
o The pipe dimensions are 29.0 in (736.6 mm) inner diameter and 2.450 in (62.23 

mm) thick. The materials are an A508 nozzle, Alloy 182 weld metal, and a CF8A 
SS safe end. The operating temperature is 617°F (325°C); however, all WRS 
profiles were compiled at 300°C for convenience. 

o The chosen geometry represents a replacement SG weld using a narrow gap 
groove weld. 

o SG welds have previously not been modeled frequently. The SG inlet nozzle 
operates at hot leg temperature so Alloy 182 DMWs here are susceptible to 
PWSCC. The earliest Westinghouse SG replacements in the U.S. fleet were 
performed using welds with Alloy 82/182 and an Alloy 52 inlay until Alloy 
52/152 welding techniques were sufficiently perfected to support the exclusive 
use of these materials. Because stress-strain curves as a function of temperature 
are almost identical between Alloy 82/182 and Alloy 52/152, the predicted WRS 
fields should not differ significantly between the two materials. 

• Westinghouse RPV outlet nozzle to safe end weld 
o The pipe dimensions are 29.0 in (736.6-mm) inner diameter and 2.450 in (62.23-

mm) thick. The materials are A508 for the nozzle, Alloy 182 weld metal, and a 
CF8A stainless steel safe end. The operating temperature is 617°F (325°C). 

o Hot-leg nozzles operate well within the high-susceptibility temperature range for 
PWSCC. The SS safe end in the selected example is a cast material. While this 
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may not make much difference in the WRS determinations, most WRS analyses 
to date have assumed wrought SS materials. 

• Babcock & Wilcox cold leg pipe to reactor coolant pump inlet weld 
o The pipe dimensions are 28.0 in (711 mm) outer diameter and 2.75 in (69.89 mm) 

thick. The materials are A106 piping to a CF8A cast austenitic SS safe end using 
Alloy 182 weld metal. The specific cold leg operating temperature was not 
initially known. 

o Although the cold leg to reactor coolant pump welds operate at a lower 
temperature as compared to the RPV hot leg nozzle and SG nozzle, they are the 
only butt weld locations directly in the Babcock & Wilcox primary system loop 
that have a DMW. The current concerns with PWSCC have been in the higher 
operating temperature hot legs and SG nozzles, but there are still concerns with 
DMWs in lower temperature environments. 

o The weld process provided for the Babcock & Wilcox reactor coolant pump 
nozzle was rather complicated with machining and the addition of a transition 
piece. There is a little more variation in these results as compared with those from 
the SG and RPV nozzles. 

• V.C. Summer 
o The hot leg nozzle at this plant is a rather unique variant that experienced 

cracking after 17 years in service because the welding procedures produced high 
tensile WRS on the nozzle inner surface near the DMW. 

o The hot leg nozzle configuration is similar to that of the generic example 
described above except for the following differences identified or assumed for the 
purpose of evaluating this specific case: 
 The butter layer was deposited in the shop and then post weld heat treated. 
 The DMW was performed in the field where in-process nondestructive 

evaluation (NDE) revealed defects leading to the weld being rejected. 
 The weld metal was deposited; however, it is unknown whether the ID 

weld-out from the bridge was made first followed by the OD weld-out, or 
vice versa. 

o Experience suggests that performing the ID weld last is a worst-case scenario. 
However, since the sequence of the repair weld is not known with certainty, both 
options (i.e., inside-out and outside-in) were considered. The case where the 
outside weld was followed by the inside weld is considered most limiting because 
it leads to the highest tensile stresses at the ID near the wetted surface. As such, 
this sequence was used to develop the WRS profiles that are included with xLPR 
V2. 

WRS profiles, assuming repair welds, were developed for each of the welds described above. 
The repairs were defined and modeled independently by each analyst, but all repairs were 
modeled on the ID to depths of 15% or 50% of the weld thickness. The repairs were modeled 
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prior to performing the closure weld. For both these repair depths, the analysts independently 
defined the repair groove geometry, axial location, etc., so that uncertainty was present. 

The effects of WRS mitigation were estimated based on literature solutions for the main four 
types of stress mitigation used in PWRs as described in detail in xLPR-MSGR-WRS [4]. These 
are full structural WOL, optimized WOL, MSIP®, and inlay*. The mitigated WRS fields are 
implemented as a set of rules to be applied to the baseline, unmitigated WRS profiles. 

The generic welds were chosen because sufficient information was available to provide the 
analysts with detailed component drawings, weld deposition details including number of weld 
beads and layers, and material properties for the thermal and structural analyses. 

Finally, WRS profiles were obtained from the literature for other welds exhibiting field 
experience with observed cracking to enable validation testing. These profiles are provided for 
welds from North Anna, Ringhals, and Tsuruga. 

Each analyst used their own numerical techniques to solve for the WRS resulting from each 
welding process described above. Specific guidance was followed by each of the analysts to 
ensure that the models were similar enough to provide meaningful results. All details of the WRS 
modeling approach and results are contained in xLPR-MSGR-WRS [4]. 

4.1.2 WRS Profile Tables 
WRS is considered to be one of the most significant inputs in the xLPR V2 code and the ability 
to probabilistically evaluate its effect depends upon appropriately defining and sampling from a 
well-characterized WRS distribution. WRS profiles for each of the components of interest are 
provided for use in combination with other stress inputs (as described in the Stress Requirements 
report [5]) to calculate the through-thickness K values that drive crack growth. 

WRS profile information is input into xLPR V2 in a series of tables of values. An example is 
shown below in Table 4-1. The axial and hoop WRS fields for all of the cases are provided in the 
WRS Subgroup report [4] along with the necessary uncertainty parameters for the unrepaired and 
unmitigated baseline cases and the corresponding repair and mitigation cases. The uncertainty is 
characterized using the mean and standard deviation of each point as shown in Table 4-1. The 
correlation parameter is recommended to be taken as 0.9 to avoid significant differences in point-
to-point uncertainty (i.e., sawtooth behavior) in all cases as supported by the detailed discussion 
in [4]. 

  

                                                 
* Newer methods such as peening are not being considered at this time. 
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Table 4-1 
Example Axial WRS Profile Information (MPa) 

Pre-Mitigation Axial WRS SG_unrepaired Axial Stress 

Point 
Sampling Loop: 

Epistemic 
Correlation Type: 

Point-to-Point 
Correlation 

Coef. 0.9 

Number x/t Stress Distribution Type Mean Std. Dev. 

1 0.00 -147.17 NORMAL -147.17 18.34 

2 0.04 -120.00 NORMAL -120.00 18.34 

3 0.08 -85.65 NORMAL -85.65 18.34 

4 0.12 -70.71 NORMAL -70.71 18.34 

5 0.16 -57.53 NORMAL -57.53 18.34 

6 0.20 -55.42 NORMAL -55.42 18.34 

7 0.24 -53.15 NORMAL -53.15 18.34 

8 0.28 -58.47 NORMAL -58.47 18.34 

9 0.32 -63.09 NORMAL -63.09 18.34 

10 0.36 -60.36 NORMAL -60.36 18.34 

11 0.40 -55.70 NORMAL -55.70 18.34 

12 0.44 -43.01 NORMAL -43.01 18.34 

13 0.48 -36.02 NORMAL -36.02 18.34 

14 0.52 -31.98 NORMAL -31.98 18.34 

15 0.56 -28.36 NORMAL -28.36 18.34 

16 0.60 -13.10 NORMAL -13.10 18.34 

17 0.64 15.49 NORMAL 15.49 18.34 

18 0.68 23.28 NORMAL 23.28 18.34 

19 0.72 41.07 NORMAL 41.07 18.34 

20 0.76 58.38 NORMAL 58.38 18.34 

21 0.80 79.74 NORMAL 79.74 18.34 

22 0.84 142.38 NORMAL 142.38 18.34 

23 0.88 175.88 NORMAL 175.88 18.34 

24 0.92 184.09 NORMAL 184.09 18.34 

25 0.96 112.82 NORMAL 112.82 18.34 

26 1.00 -15.87 NORMAL -15.87 18.34 
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4.2 Model Limitations 
The WRS profile is defined at 26 points through-the-thickness of the weld. These data describe 
the weld profile variation at each point as well as the expected distribution of values describing 
uncertainty in WRS predictions. Data is provided only for the welds and conditions described 
above and discussed in more detail in the WRS Subgroup report [4]. The user may also provide 
their own WRS profiles, but they must be provided in the same format. 

4.3 Model Verification 
In order to provide confidence in the WRS results, all of the analysts’ finite element models were 
independently verified to check that the dimensions matched those in the drawing provided, the 
thermal and structural boundary conditions represented the actual weld conditions, the sequence 
of weld beads performed in the model were consistent with the desired sequence, the WRS 
profile data were taken from the location indicated by the modeler at the appropriate time step, 
and the material property values were input correctly. 

4.4 Model Validation 
Because WRS measurements were not available to directly validate the WRS profiles developed 
for each of the cases described above, the four analysts’ experience in accurately determining 
WRS fields was validated against predictions of a larger group of analysts and several deep hole-
drilling measurements made on a nozzle mock-up. The validation strategy was based on the 
NRC-EPRI weld mock-up round robin in which 14 analysts’ predictions (including the four 
analysts involved in the WRS Subgroup) and two sets of deep hole-drilling data were developed 
as described in detail in Appendix C of the WRS Subgroup report [4]. The geometry chosen for 
the round robin is representative of a pressurizer surge nozzle due to its safety significance and 
relevance to flaw evaluation. The geometry is similar to the SG and RPV nozzle cases used for 
xLPR V2 but with a smaller diameter (14 inches instead of 29 inches) and slightly different 
nozzle and SS piping materials. Based upon the validated experience of the WRS Subgroup 
members, the results from the 14 analysts would be expected to bound the predictions of the 4 
analysts that provided results for use in xLPR V2. 

The round robin results are shown in Figure 4-1. The range of variability is approximately 400 
MPa at all points through the thickness. Few of the results showed any consistent bias through 
the thickness. Instead, the results showed a large amount of point-to-point variability. The data 
from this round robin provided the basis for developing the methods used to characterize 
uncertainty in WRS profile predictions and for developing the sampling strategy used to account 
for this uncertainty in xLPR V2 as described in detail in xLPR-MSGR-WRS [4]. 
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Figure 4-1 
Axial WRS Predicted from 14 Different Analyses and Two Measurements (iDHD) 

4.5 WRS Model Uncertainty 
As observed during the xLPR Pilot Study [6], uncertainty in WRS is one of the major 
contributors to uncertainty in the probability of rupture and probability of first leakage. Figure 
4-1 provides a good example of the variability in WRS predictions due to variability in modeling 
technique and experience. 

Recent improvements in computational efficiency have facilitated advances in WRS predictions, 
but no universally accepted guidelines for conducting these analyses have been established. 
Therefore, the assumptions and estimation techniques employed vary from analyst to analyst, 
causing some variability in the predicted WRS profiles for a given weld as shown in Figure 4-1 
for a larger group of analysts and in Figure 4-2 for the group of four analysts in the WRS 
Subgroup. The sources of uncertainty in the WRS models and the sampling strategy developed to 
account for the uncertainties are summarized here. 
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Figure 4-2 
Steam Generator Baseline Results 

4.5.1 Sources of Uncertainty in WRS Profile Predictions 
A number of sources of uncertainty affect the analytical determination of WRS in DMWs that 
are not directly accounted for in the WRS profile characterization methods used for xLPR V2 
due to a lack of information. These sources of uncertainty include: 

• thermal and physical material constant variability for the thermal analyses 

• heat input and weld torch speed 

• weld bead sequence and size 

• structural material property variability (i.e., nonlinear stress-strain curves) 

• elastic property variations along with coefficient of thermal expansion 

• weld inter-pass temperature 

• strain hardening law (kinematic, isotropic, or mixed). However, each analyst provided 
separate solutions using kinematic and isotropic hardening. The average of the two solutions 
was then used to provide results similar to mixed hardening, which is considered the most 
accurate. 

Uncertainty caused by heat input and weld bead sequence and size were found to be of second 
order importance [4]. Material property variability in the temperature-dependent material 
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property inputs also plays a role in WRS uncertainty, but it could not be included due to lack of 
sufficient material data at high temperature. 

Table 4-2 identifies the assumptions, simplifications, and dependencies that are considered to be 
most important with respect to the WRS modeling efforts. The effects are relative to the 
probability of crack initiation due to PWSCC, which would be a precursor to the probabilities of 
leak or rupture. 

Table 4-2 
Effects of Assumptions Made in WRS Models 

Assumption Technical Basis Effect on Bias and Uncertainty 

Axisymmetric solutions were used. 

The actual weld bead progressively 
traverses the full circumference of 
the pipe or nozzle as each weld pass 
is deposited, while the 
axisymmetric assumption forces 
each modeled weld pass to be 
deposited at once. 

Recent full-scale, three-dimensional 
solution results show that WRS 
fields away from the weld start and 
stop locations compare reasonably 
well with axisymmetric results. 
However, in the field, most weld 
repairs are expected to be partial-
arc, resulting in elevated axial WRS 
over a limited portion of the 
circumference. This leads to 
elevated axial WRS in a local area, 
which would tend to focus through-
wall growth, producing detectable 
leakage prior to unstable rupture. 
The axial WRS near the inside 
surface can be greater than that 
calculated using an axisymmetric 
stress analysis because of the 
requirement for equilibration 
through the thickness. 

This assumption could lead to 
underprediction of the WRS profile 
in local areas that may result in 
underprediction of leakage. 

All analysts used their own 
FORTRAN-based user routines to 
model the assumed heat flux 
introduced when weld beads are 
deposited. Thermal boundary 
conditions consisted mainly of 
convection heat loss with radiation 
heat losses ignored. The key is to 
model the weld fusion zone 
correctly, which was required for 
each modeler.  

In previous research ([1], [3]), finite 
element models of WRS were 
shown to be only weakly sensitive 
to heat input. 

Little effect on bias and uncertainty 

Weld beads were assumed to be 
rectangular rather than irregular 
shapes. 

Extensive work on nozzle analyses 
over the years shows this to be a 
good assumption ([1], [3]). 

Little effect on bias and uncertainty 
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Assumption Technical Basis Effect on Bias and Uncertainty 

Fully uncoupled thermal and 
structural solutions were assumed 
to be adequate. 

The thermal solution temperature 
versus time histories served as input 
to the structural portion of the 
analysis. 

No effect on bias and uncertainty 

Each nozzle case was analyzed with 
two hardening law assumptions: 
isotropic and nonlinear kinematic 
hardening. Final results were 
assumed to be the average of these 
two approaches. 

The average provides predictions 
that are close to the mixed 
hardening solutions [4]. Mixed 
hardening provides the most 
accurate solutions for multiple pass 
welds since both translation and 
expansion of the yield surface 
occurs. 

Little effect on bias and uncertainty 
since the average provides the most 
accurate values of WRS 

It was assumed that data taken at 26 
evenly spaced points through the 
thickness at the weld centerline was 
sufficient in defining the WRS 
profiles. 

The point-to-point presentation of 
results is compatible with the 
Universal Weight Function method 
used for determining the K-
solutions. 26 points is sufficient to 
capture the WRS fields to predict 
accurate K values. 

Little effect on bias and uncertainty 
because 26 points provide sufficient 
accuracy 

To remove material property 
variation as a source of modeling 
uncertainty, a common set of 
material properties were supplied to 
all four analysts. No distributions 
were provided. 

Material properties for both the 
thermal analysis and the structural 
analysis were required. Database 
development can require an 
extensive effort for each material. 
The WRS Subgroup deemed it 
appropriate and simpler to use 
properties from a single database 
[4] and to account for uncertainty 
due to material properties in WRS 
predictions by assuming that the 
uncertainty is bounded by modeler 
uncertainty. 

The contribution to uncertainty and 
bias expected from variability in 
material properties is captured in 
the modeler uncertainty. 

It is assumed that the WRS 
uncertainty among only four 
analysts is representative of the 
actual WRS uncertainty in the field. 

Modeler differences are similar to 
measurement uncertainty [4] 

Little effect on bias but uncertainty 
may be underpredicted because of 
the small sample size 

Weld repairs of 15% depth and 
50% depth were assumed in 
developing the WRS profiles. 

In general, information may not be 
available on whether weld repairs 
are present and, if so, their depth. 
15% and 50% were expected to 
bound possible repairs. 

The effect on uncertainty and bias 
in the WRS profile predictions is 
expected to be minimal. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

Uncertainty at each point was 
assumed to have a normal 
distribution. 

Characterization of the uncertainty 
at each point through the thickness 
was performed using the 
Uncertainty Characterization 
Spreadsheet tool.  

Little effect on uncertainty and bias 
is expected 

4.5.2 Treatment of Uncertainty in WRS Profiles 

4.5.2.1 Characterizing the Distribution of WRS at Each Point 

Based on the data provided by the four analysts, distributions for WRS at each point through the 
weld thickness had to be developed for use in defining the uncertainty. There are many methods 
for selecting a distribution to represent limited data, but the one chosen by the WRS Subgroup 
employed the Uncertainty Characterization Spreadsheet ([7], [8]) developed for this purpose by 
the ad hoc Uncertainty Analysis Group. The fundamental steps in the method are to calculate the 
skewness and kurtosis of the data, compare these values to the values of select theoretical 
distributions, choose the distribution family whose skewness and kurtosis is closest to the data, 
and determine the parameters of the distribution by moment matching. The results of the 
application of this methodology showed that the distribution of WRS values at each of the 26 
points through the thickness could be equally well represented by either a uniform distribution or 
a normal distribution. The normal distribution was chosen because it satisfied the sampling 
strategy requirements presented below. The mean of the normal distribution was estimated at 
each point through the thickness. However, the standard deviation was estimated over all points 
and then the average value was applied at each point as shown in Table 4-1. 

The resulting normal distribution parameters (mean and standard deviation) describe the 
uncertainty at each point through the thickness and were determined for each of the cases 
analyzed. A similar process to characterize uncertainty should be followed by any user wishing 
to utilize their own WRS profile data. 

4.5.2.2 WRS Sampling Strategy 

WRS is one of the most complex values to sample in xLPR V2 due to the following constraints: 

• It is spatially varying through the thickness of the pipe. Spatial variability is represented by 
the 26 values through the thickness of the pipe. Uncertainty is represented via a normal 
distribution for each of these values. 

• Independently sampling from the distributions at each point is not appropriate as it would 
lead to drastic point-to-point changes in the WRS profile, which is considered unrealistic. 

• In the case of axial WRS, which is used for circumferential crack initiation and growth, the 
axisymmetric assumption requires that the integral of stress through the entire thickness be as 
close to zero as possible. 

• While WRS is spatially varying, its importance in terms of influence requires that some kind 
of efficient importance sampling be applied, allowing for more of the extreme cases that 
could result in TWCs or ruptures. 
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To account for the uncertainty inherent in WRS profile predictions, a strategy for sampling from 
the WRS profile distributions needed to be established to maintain the integrity of the WRS 
profiles through the thickness and to enable random sampling at each point. Important 
constraints applied to the sampling process include: 

• To reduce the variability in the location of WRS amplitude values, the stress must be 
specified at equally spaced points. In xLPR V2, 26 points through the thickness are used. 

• To maintain the general shape of the WRS profile for a specific analysis, the WRS profile 
must be minimally correlated by a point-to-adjacent-point correlation parameter to ensure a 
smooth profile through the weld thickness. 

• The WRS fields were developed using axisymmetric solutions; therefore, for axial WRS used 
in the calculation of circumferential crack growth, the profile must integrate to zero so that 
stress equilibrium is achieved through the thickness. 

• The hoop WRS used for axial crack growth calculations has no equilibrium requirement. 

• Importance sampling must be allowed. 

A sampling strategy supporting these constraints was developed using the Cholesky 
decomposition method [4]. This method allows the correlation coefficient to be defined for the 
WRS at the ID point while allowing the point-to-point values to satisfy the second constraint 
listed above. The Cholesky decomposition sampling method employs a point-to-point correlation 
for maintaining the general shape of the WRS profile (i.e., it avoids high amplitude changes from 
one location to the neighboring location) and is an efficient numerical technique for solving 
linear equations. The resulting WRS profiles obtained using this method were found to best 
represent the profiles developed by the analysts as described in xLPR-MSGR-WRS [4]. As such, 
this method was implemented in xLPR V2. 

Testing showed that the method developed for sampling WRS gives acceptable results relative to 
all the required constraints. The WRS profiles are smoothed due to the correlation coefficient 
and display a reasonable range of integration. The integration is closer to zero than the original 
mean profile most of the time. Furthermore, importance sampling can be applied to the ID stress 
and propagated through the thickness successfully. 

4.6 Summary 
WRS is a key input parameter affecting PWSCC initiation and K values responsible for driving 
PWSCC growth and the resulting crack sizes used in leak rate calculations. It is thus of great 
importance to provide well-characterized WRS profile distributions obtained from accurate 
models of DMW fabrication processes for components of interest. 

The user is able to separately develop and input its own WRS profiles or use the profiles 
developed by the WRS Subgroup. The profiles generated by the WRS Subgroup were obtained 
from four experienced analysts using their own techniques and following modeling guidance 
provided by the WRS Subgroup on the welding processes, component geometries, and other key 
factors. The uncertainty due to all factors other than modeler variability was assumed to be 
secondary relative to the variability in the WRS predictions as determined by the four analysts. A 
spreadsheet tool developed by the ad hoc Uncertainty Analysis Group was used to characterize 
distributions for the WRS values at each of the 26 through-thickness locations in each DMW and 
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for each condition (e.g., baseline, repair, and mitigation). Uncertainties and biases in user-
defined WRS profiles must also be well-characterized to enable appropriate propagation of these 
uncertainties through the xLPR V2 code. As described above, factors contributing to WRS 
profile uncertainty as typically obtained using finite element modeling include weld pass 
sequence, heat input, and most importantly, material properties. The sampling strategy developed 
by the WRS Subgroup to account for WRS profile uncertainty is based on the Cholesky 
decomposition method. This method maintains the point-to-point correlation, profile shape, and 
equilibrium condition (for axial stresses) constraints while allowing for importance sampling. 

A key question in using the profiles developed by the WRS Subgroup is how well uncertainty in 
the results from just four modelers and the associated WRS sampling strategy implemented in 
xLPR V2 represent actual WRS uncertainties in operating PWRs where PWSCC is a concern. 
This question cannot be definitively answered at this time. However, it should be noted that the 
Framework Acceptance STRR [9] results showed that the small leaks and detectable flaws due to 
PWSCC observed in service could be predicted by xLPR V2 with satisfactory accuracy using the 
WRS profiles provided by the WRS Subgroup for V.C. Summer and the WRS profiles for North 
Anna and Ringhals obtained from others. 
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5  
TIFFANY UNCERTAINTY 

Excursions of the coolant temperature in nuclear power reactors produce stresses within the 
walls of the pressure vessel and piping. These stresses are a result of the temperature gradients 
produced and are referred to as radial gradient thermal stresses. Coolant temperature changes are 
therefore a source of cyclic stresses that can be an important contributor to fatigue crack 
initiation and growth. 

5.1 General Summary of TIFFANY Models and Output 
TIFFANY is a stand-alone, deterministic module, used as a preprocessing module for xLPR V2 
[1]. It computes the changes in stresses and K values, as a function of crack size, caused by 
cyclic conditions arising from temperature and pressure excursions of the reactor coolant for 
both pre-mitigation and post-mitigation pipe weld geometries. A given transient condition is 
defined by pressure, temperature, the rate of change in pressure and temperature with time, and 
transient type, where: 

• Type I is a temperature-pressure transient, 

• Type II is a thermal stratification transient, and 

• Type III is a mechanical transient, such as an operating basis earthquake event. 

TIFFANY provides look-up tables of maximum and minimum ΔK values, changes in ID surface 
stress, and related information, such as transient rise-time. The outputs of TIFFANY are used in 
fatigue crack initiation and growth calculations performed within the Framework. A conservative 
output for TIFFANY would be an overprediction of the transient stress and K value. 
Underprediction would be non-conservative. 

The necessary information for calculation of the cyclic ΔK values due to coolant temperature 
excursions is typically the temperature-time history of the coolant at the location of interest. 
From this information, it is necessary to determine the history of the radial variation of 
temperature within the pipe wall. The ability to treat the heat conduction aspect of the problem 
provides the resulting temperature field from which the stresses can be calculated. This is 
accomplished by the use of relationships derived from elasticity theory for axisymmetric bodies 
subject to axisymmetric temperature fields. Once the stresses are known, the resulting K values 
for semi-elliptical cracks on the ID surface are calculated using the methods developed by the K-
Solutions Subgroup. Both axial and circumferential cracks are treated. The ΔK values are found 
from the temporal variation of K and identification of the maximum and minimum values of K. 
Important additional features of the code include consideration of convective heat transfer and 
the ability to include the influences of cladding, inlays, or overlays on both the temperature fields 
and stresses. The Framework applies a log-normally distributed uncertainty factor to the output 
values of stress and ΔK from TIFFANY as described in Subsection 5.4.3. For example, using a 
median value of 0.5 to account for the conservative design basis transients with a 2-sigma factor 
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of 2 uncertainty would result in the design basis transient conditions being a 2-sigma upper 
bound. 

5.2 Model and Module Limitations 
TIFFANY calculations are limited to straight sections of pipe and do not consider interfacial 
stresses that could arise due to variations in thickness between pipe sections (such as those for 
nozzle-to-pipe welds). This is not expected to affect the accuracy of the calculations for welds 
with small changes in thickness but could increase the uncertainty on calculations for welds in 
which thickness variations are large. This type of uncertainty should be included in the transient 
uncertainty factor that is applied by the Framework as described in Subsection 5.4.3. 

In addition, The TIFFANY module is only capable of analyzing one transient at a time. The 
module outputs only the largest and smallest values of the ΔK values for a given crack size and 
type. This means that intermediate maxima and minima are bounded, but not specifically 
captured in the TIFFANY output. It is the responsibility of the user to define the transients being 
analyzed as accurately as possible. 

5.3 Module Validation 
TIFFANY and FEA results were compared for two temperature-transient histories: ramp loading 
and loss of flow. Excellent agreement (within the 5% accuracy criterion used for verification) 
between the two set of results was observed as described in the TIFFANY Module Validation 
Report (MVR) [2]. 

5.4 Inputs and Input Uncertainty Characterizations 

5.4.1 Inputs 
The inputs to TIFFANY are comprised mainly of the component geometry, material properties, 
and transient stress (e.g., temperature and pressure) information. TIFFANY uses only 
deterministic, best-estimate values of all inputs. Material properties are taken to be constants 
even though it is known that these properties vary slightly within the temperature range of 
interest. Variability in the material properties used in TIFFANY are not expected to contribute 
significant uncertainty to its output. Pipe geometry variability (from nominal dimensions) is also 
not expected to add significantly to uncertainty in the ΔK and stress outputs. Uncertainty in the 
transient stress definitions is expected to control the uncertainty in the TIFFANY output. While 
these inputs are taken as constants by TIFFANY, they are rarely known (or are even knowable) 
with meaningful accuracy. Although not treated explicitly within TIFFANY, this uncertainty 
must be assumed to directly transfer to the outputs. The effects of these and other input and 
model uncertainties are treated outside of TIFFANY as described in Subsection 5.4.3. 

Up to 20 transient loads of different types and frequencies can be defined for simulating transient 
fatigue loads that are postulated to occur during plant operation. The “Transient Definitions” tab 
of the Excel Inputs Workbook includes a default set of inputs for each of the 20 transients that 
could be of Type I, II, or III. The three types of transients are defined as: 

• Type I - Temperature-pressure-time transient: stresses from this type of transient represent 
heat-up and cool-down transients or any normal or upset thermal transient where the 
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temperature and pressure vary with time. Additional input for this transient is the piping 
system global thermal expansion stress (at normal operating temperature), which will be 
input as membrane and bending stress values that will be scaled by the average calculated 
wall temperature to generate a time history of membrane and bending thermal expansion 
stresses for the input transient. 

• Type II - Thermal stratification transient: stresses from this type of transient represent the 
global bending and membrane stresses associated with stratified flow during a transient. 
They are conservatively combined with the other transient stresses due to changes in 
temperature and pressure. 

• Type III - Mechanical transient: stresses from this type of transient represent global bending 
and membrane stresses associated with an operating-basis earthquake and similar transients 
that only cause mechanical loading (i.e., no thermal loading). 

A Type II transient can only occur in combination with a Type I transient, so a stand-alone Type 
II transient is not available. For each transient, the type and other details for calculating the 
corresponding loads must be defined. A rise time is also a necessary input for calculating the 
crack growth due to Type III transients. Transient scheduling is controlled by input values 
provided separately to the Framework, including: 

• the start time and end time of each transient, which will only allow the transient to be active 
between these two times; 

• the frequency of occurrence of each transient (i.e., the number of transient events per year); 

• the number of cycles per transient event; and 

• the front-back loading parameter, which shifts the scheduled time of the transient within the 
period defined by the transient frequency. 

5.4.2 Outputs 
Outputs from TIFFANY include Kmax and Kmin values that are needed for fatigue crack growth 
analyses that involve the transient change in cyclic stress intensity factors, ΔK (Kmax - Kmin). The 
Kmax and Kmin values due to the radial gradient thermal stresses and other loading are output for a 
standard list of crack sizes and angular locations in the case of circumferential cracks. 

TIFFANY separately runs transients for each transient type specified and conservatively 
combines the K values for the Type I and II transients. TIFFANY calculates the change in stress 
values for Type I, II, and III transients because these stress outputs are needed for 
circumferential crack initiation and circumferential crack stability calculations. 

For each execution, TIFFANY produces 34 lookup tables for each transient, each operating 
period, and each transient type and stores them individually as datasets. These lookup tables 
include one-dimensional, two-dimensional, and three-dimensional arrays. If an error occurs, then 
a message is provided in the error log file. 

5.4.3 Treatment of Model and Input Uncertainty 
The existing TIFFANY code, which was developed to provide inputs to the PRAISE code, 
performs strictly deterministic calculations using only deterministic values of all inputs. 
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Uncertainties present in the material properties and geometry inputs are considered to be 
minimal. The primary source of input uncertainty in TIFFANY is the time-temperature-pressure 
history of the postulated transient that goes into defining the associated stresses. This information 
can come from a variety of sources, such as design stress reports or actual plant measurements. 
The design duty-cycle transient input from design stress reports is typically very conservative in 
terms of transient severity, frequency of occurrence, or both, and would be expected to bound the 
transient input from actual plant measurements. 

These transient input uncertainties cannot be treated within TIFFANY. Instead, uncertainty is 
accounted for in the results from TIFFANY using an uncertainty factor applied directly to the 
resulting maximum stress changes and the corresponding maximum delta K values by the 
Framework. This factor is meant to represent the uncertainties associated with transient event 
definition uncertainty. The uncertainty factor is defined as an input to the Framework with a log-
normal distribution, for typical input from design stress reports (as opposed to plant 
measurements), with a median value of 0.5 and a 2-sigma factor of 2 that is used as a multiplier 
on the TIFFANY output values. The uncertainty factor multiplier is based upon that used 
previously for the PWR Owners Group piping risk-informed ISI application [3], which was 
reviewed and approved by the NRC. The purpose of this multiplier is to allow some uncertainty 
to be applied to the stress and K solutions calculated by the TIFFANY pre-processor, which is a 
completely deterministic calculation. Within the xLPR V2 code, the uncertainty factor, whether 
sampled or constant, is applied to the stress values used for the crack initiation and stability 
modules. It is also applied to the K values selected from the TIFFANY-generated look-up tables 
prior to calling the crack growth module. The same uncertainty factor is used for both stress and 
K values because, for a given crack size (depth and length), the calculated K value is directly 
proportional to the stress. 

5.5 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

As described above, the primary source of uncertainty in TIFFANY predictions is expected to be 
the stresses used to define the transients that are being analyzed.  Assumptions were made in 
developing the TIFFANY that are also expected to be sources of uncertainty and bias.  As 
described in Table 5-1, these additional sources of uncertainty are expected to be minor and are 
not treated within TIFFANY. Since any contribution to uncertainty affects the output of 
TIFFANY, the use of an “uncertainty factor” or multiplier for each transient and each realization 
applied to the TIFFANY results by the Framework is expected to account for all uncertainties in 
TIFFANY predictions by providing a conservative, bounding value of the output (i.e., the 
maximum stress report inputs for the design duty-cycle transients are upper 2-sigma bound values). 
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Table 5-1 
Assumptions Made to TIFFANY Models and Module 

Assumption Technical Basis Effect on Bias and 
Uncertainty 

Linear elastic behavior 
assumed  

The use of linear elastic behavior is conservative, as the 
effects of through-wall thermal gradients and pressure 
driven stresses are impacted by the highly constrained 
material behavior, as all of the strain is elastic in nature. 
This prevents significant and potentially advantageous 
stress redistribution, which would normally occur in an 
inelastic material environment and could result in 
reduced stresses or limit the maximum stresses. 

Expected to add 
overprediction bias to 
stress and K value 
predictions 

Classical heat 
conduction is assumed 

The exclusion of radiation and convection heat transfer 
behavior is reasonable, as the typical operating 
temperatures in nuclear piping components are 
insufficient to generate significant radiant heat transfer 
behavior, and convection heat transfer is only 
significant at material surfaces, which are already 
captured. 

No bias or uncertainty 
contribution expected 

Thermophysical 
properties are taken to 
be independent of 
temperature 

These properties vary minimally with temperature May result in some bias 
with temperature but the 
effect is expected to be 
minimal 

Plane cross-sections 
remain plane and there is 
no net axial force due to 
the radial temperature 
gradient 

Axial forces resulting from the radial temperature 
gradient are expected to be small due to the small 
difference in coefficient of thermal expansion between 
nickel and steel alloys. Therefore, this simplifying 
assumption is only expected to result in a very minor 
increase in uncertainty 

May result in a very minor 
increase in uncertainty and 
insignificant 
underprediction bias on 
stresses 

The effective elastic 
modulus, E, is calculated 
as a weighted average of 
the cross-sectional areas 
and elastic modulus 
values for the inner and 
outer material 

Simplifying assumption that may not account for the 
stresses arising due to the dissimilar elastic modulii. 

The structural behavior of radial bi-metallic material is 
simulated by using a single constant value of E and 
Poisson’s ratio, µ, derived using the rule-of-mixtures 
method. The variation of E and µ between typical 
nickel and steel alloys is relatively small when 
compared to the variation of thermal conductivity and 
diffusivity, α. 

Minimal effect expected 
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Assumption Technical Basis Effect on Bias and 
Uncertainty 

The solutions employed 
to obtain K from the 
stresses are for long 
circular cylinders with 
axisymmetric boundary 
conditions but are 
assumed to be applicable 
to other piping 
components, such as 
elbows, tees, and 
nozzles.  

This assumption simplifies the problem to one with a 
readily tractable and reliable solution. This assumption 
neglects the thickness variability in the nozzle-to-pipe 
DMWs and thus may add to uncertainty in results for 
these welds. Variation in thickness provides additional 
constraint that is not accounted for but results in over-
estimation of K. 

This assumption is 
expected to result in slight 
overprediction of K. Any 
increase in uncertainty is 
accounted for in the 
transient uncertainty factor 
applied by the Framework. 

Linear interpolation of 
TIFFANY outputs in the 
look-up tables is 
assumed to be 
acceptable. 

The look-up table granularity was specifically selected 
to balance table size with parameter increments small 
enough to assure accurate values resulting from linear 
interpolation. 

No effect on bias or 
uncertainty is expected 

5.6 Summary 
TIFFANY provides a method for analyzing the stress fields arising from application of thermal 
transients to reactor coolant piping. While many simplifying assumptions were made in the 
development of this model to calculate stresses due to thermal and pressure gradients through 
pipe wall thickness, most are considered to have a minimal or a slight overprediction effect on 
model bias and uncertainty. Thus, TIFFANY is considered to be a best estimate model. The most 
significant factor contributing to uncertainty in TIFFANY predictions is the variability in the 
user-defined transient temperature and stresses used as inputs to the model. While these sources 
of uncertainty and bias are not treated directly within TIFFANY, the uncertainty factor defined 
by the user and applied by the Framework to the results of TIFFANY are expected to provide a 
conservative bound to the output that accounts for all sources of uncertainty and bias in the 
TIFFANY model and inputs. Because design-based transient definitions tend to be very 
conservatively biased, it is expected that the application of a median uncertainty factor of 0.5 
with a 2-sigma factor of 2 uncertainty to the TIFFANY-calculated stress and K values will result 
in a reasonably conservative (overprediction) bias when design-based transients are input. 

5.7 References 
1. xLPR-MSGR-TIFF, “Technical Basis Document; Cyclic Stress Intensity Factors Due to 

Operating Transients – Module Development (TIFFANY),” January 2016. 
2. xLPR-MVR-TIFF, “xLPR Module Validation Report for TIFFANY,” Version 1.0, 
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(SRRA) Model for Piping Risk-Informed In-Service Inspection, Rev. 1-NP-A, February 
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6  
LEAK RATE UNCERTAINTY 

6.1 Introduction 
The LRM is used as a preprocessing module in xLPR V2 to provide look-up tables of leak rates 
as a function of crack length and COD for bounding pressure and temperature combinations and 
for both fatigue and PWSCC mechanisms. It incorporates a fluid flow solution strategy based on 
the models developed by Henry and Fauske for fluid flow through a long pipe. In order to more 
accurately adapt these equations for fluid flow through a crack, modifications were made to 
account for pressure losses due to entrance effects, phasic acceleration, friction, flow path 
deviations, flow area changes, and crack morphology effects. Four regimes of fluid flow were 
identified requiring four different models of fluid behavior. In the two primary models, Regime 1 
represents a very tight crack with two-phase choked flow, and at the other extreme, Regime 4 
represents orifice flow of a single-phase fluid. The fluid flow rate increases from Regime 1 to 
Regime 4, and Regimes 2 and 3 provide for an appropriate transition between these two primary 
models. 

6.2 Models for Leak Rate Analysis 
The LRM calculates the leakage rate of high-temperature, high-pressure water in a sub-cooled 
state that is “flashing” (adiabatic flow boiling) through a crack in a pipe. The transition leak rate 
model, as implemented in the LRM is divided into four flow regimes, where Leff is the effective 
flow path length and Dh is the hydraulic diameter: 

• Regime 1 (Leff / Dh ≥ 30): tight cracks with two-phase choked flow as simulated by the 
Henry-Fauske model. 

• Regime 2 (12 ≤ Leff / Dh < 30): a bridge between Regimes 1 and 3, where the mass flux, Gc, 
calculated at Leff / Dh = 30 in Regime 1 is assumed constant. Changes required to project 
back to Leff / Dh = 30 and calculate the assumed constant mass flux for this regime are 
accomplished by adjustments to the inner and outer COD only. The pipe wall thickness, L, 
and crack length, 2c, remain fixed. 

• Regime 3 (4.6 < Leff / Dh < 12): a transition region between two-phase choked flow and 
single-phase liquid orifice flow using a linear interpolation of the square of the mass flux, 
with Leff / Dh as the interpolant variable. The value at Leff / Dh = 4.6 is determined by Regime 
4. 

• Regime 4 (Leff / Dh ≤ 4.6): wide cracks with orifice flow of single-phase liquid, where the 
critical pressure ratio, pc / po, is assumed to be a linear function of Leff / Dh. To complete the 
model definition, the value of pc / po at Leff / Dh = 4.6 is assumed fixed at 0.552, and pc / po = 
0 at Leff / Dh = 0. Subcooled liquid water properties are determined at the pressure and 
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temperature inside the pipe. Regime 4 treats the wide crack as a thin square-edged orifice, 
where the subcooled liquid is assumed to be incompressible. 

The detailed models used for the leak rate calculations in each regime and the many associated 
references are described in detail in Section 3 of the LRM SDD [1] and Subsection 2.4 in the 
Leak Rate Subgroup report [2] 

6.3 LEAPOR Module Development 
The leak rate software code, LEAPOR (Leak Analysis of Piping – Oak Ridge) [2], is used to 
calculate the leak rates for given crack sizes, pipe geometry, and operating conditions of interest 
in xLPR V2 using the leak rate models described in the previous section and detailed in the  
LRM SDD [1]. The general thermohydraulic model implemented into LEAPOR has also been 
used in Probability - Leakage (PR-LEAK), Pipe Crack Evaluation Program (PICEP), and 
Seepage Quantification of Upsets In Reactor Tubes (SQUIRT) and is generally regarded as 
providing a good estimate of flow rates through long cylinders. While LEAPOR development 
was strongly based on many of the models included in these other leak rate codes, many 
modifications and additions were made in LEAPOR development ([1], [2]) that improve the 
flexibility, efficiency, and accuracy needed to meet  the xLPR V2 requirements. 

The leak rate model within LEAPOR requires the accurate and computationally-efficient 
determination of certain thermodynamic properties of water as a subcooled liquid, saturated 
liquid, wet and saturated steam, and dry (superheated) steam. Third party software, such as the 
ASME IAPWS-IF97 Steam Properties for Industrial Use (released in 1997) [3], provides an 
implementation of the International Association of Properties of Water and Steam (IAPWS) 
formulation. 

The two solution variables calculated by LEAPOR are the mass flux, Gc , and pressure, pc, both 
at the exit plane of the crack. All other variables are either input data, functions of the two 
solution variables, or functions of empirical relations. The equations for the solution for these 
variables represent a closed, coupled set of two non-linear equations with two unknowns. 
LEAPOR uses a Modified Quasi-Newton method to adjust the Newton iterative-solution 
procedure to exhibit a more globally convergent character and to help guide the iterations to the 
correct solution. 

6.4 Inputs and Outputs 

6.4.1 LEAPOR 
The inputs required for LEAPOR include pressure and temperature ranges, pipe geometry, and 
crack morphology parameters. The pressure and temperature range inputs are set to default 
values that can be changed by the user. Two sets of crack morphology parameter inputs are 
available for two degradation mechanism types, PWSCC and fatigue. The crack morphology 
default values are the mean of measured distributions. The uncertainty in the leak rate estimation 
is believed to be controlled by the uncertainty in the crack morphology parameters [2], but since 
crack morphology parameter distributions are not well-characterized, this uncertainty is treated 
outside of LEAPOR within the time loop by the Framework. The primary output of LEAPOR is 
look-up tables of leak rates by pressure and temperature conditions, crack size, and COD. These 
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look-up tables are provided as inputs to the Framework for interpolating the leak rate for each 
TRC and TWC. The inputs and outputs are described in more detail in xLPR-MSGR-LRM [2]. 

6.4.2 Framework Leak Rate Module 
To improve the computational efficiency of the Framework, LEAPOR is run as a preprocessor, 
outputting leak rate tables for either PWSCC, fatigue, or both cracking mechanisms acting 
together as functions of crack-opening area, crack length, pressure, and temperature. The 
Framework uses these tables during runtime and interpolates to find the correct leak rate based 
on the ID COA as calculated by the Framework and the user-defined pressure and temperature 
limits. LEAPOR implicitly assumes that the COA on the ID and OD are the same (i.e., that the 
fluid flows through an idealized crack shape). Since this is not usually true, during runtime xLPR 
V2 uses the ID crack size as the input to obtain a leak rate from the appropriate look up table. If 
the fluid flow is in Regime 1, an adjustment is made by the Framework by also obtaining the 
leak rate based on the OD crack dimensions and then averaging the two leak rates. 

The dominant source of uncertainty in the leakage rate calculations is believed to come from the 
crack morphology parameters, but the limited crack morphology data inhibit quantification of 
their contribution to leak rate uncertainty. This uncertainty is only relevant for low leak rates (< 
10 gpm) where the effects of crack morphology would be the largest. Because of the limited 
crack morphology information, the Framework applies an uncertainty factor to the leak rate to 
represent the effects of crack morphology variability. This factor is defined using equations 
derived to describe the uncertainty in the data in Regime 1 due to crack morphology parameters 
from controlled studies. The uncertainty factor is determined from the standard deviation of the 
leakage rate by interpolating between the equations representing leak rates at 280 ℃ and 340 ℃ 
when the leak rate is less than or equal to 4 gpm. Between 4 gpm and 10 gpm a linear fit between 
the coefficient of variation (COV) at 4 gpm and the COV at 10 gpm is used to determine the 
COV value at the desired leak rate. No uncertainty is applied for leak rates above 10 gpm. 

6.5 Module Limitations 

6.5.1 LEAPOR 
Crack morphology is known to have a large effect on the scatter in leak rates for cracks in 
Regime 1, which have small CODs. There is insufficient data available to fully quantify the 
effects of the various crack morphology parameters. Instead, a method was developed to account 
for uncertainties attributed to crack morphology by estimating the COV of the data in each 
Regime and using this value to describe uncertainty due to crack morphology in Regime 1. 

6.5.2 Look-up Tables 
The goal of decreasing xLPR V2 Framework computational run-time resulted in the decision to 
calculate leak rates for specific cracks within the time-loop indirectly through use of look-up 
tables provided by LEAPOR run as a pre-processor. The full range of effect of some input 
variables is limited by the use of static look-up tables. For example, leak rate calculations are 
only considered to be accurate within the pressure-temperature limits defined by the User prior to 
running LEAPOR in preprocessor mode. If a problem is run outside those limits within the time-
loop, the accuracy of the leak rate prediction cannot be guaranteed. 
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While LEAPOR offers three different cross-sectional flow area shapes (i.e., rectangle, diamond, 
and ellipse), xLPR V2 utilizes only the elliptical shape option to reduce the number of tables 
required. It is believed that the elliptical shape best represents cracks caused by PWSCC. 

6.6 LEAPOR Validation 
LEAPOR was validated against the available laboratory data, which is divided into three 
categories: flow through a horizontal pipe (to simulate Regime 4), flow through artificially 
produced slits (to simulate Regime 2), and flow through naturally occurring pipe cracks (to 
simulate Regime 1). These categories represent three out of the four regimes for which LEAPOR 
predicts leak rate. LEAPOR predictions were also compared to predictions made using the 
SQUIRT Code. LEAPOR is a modified and updated version of the SQUIRT Code and thus is 
based on the same basic models. As expected, the predictions compared well for all regimes for 
which SQUIRT is applicable. 

The LEAPOR analyses show good agreement with the experimental data through artificial slits 
with an average error percentage of 18%. Even the comparison with horizontal pipe data, which 
represents large, open cracks in pipes shows reasonable predictions with an average of 37% 
error. These results show good confidence in the use of the Henry-Fauske thermo-hydraulic 
model. There is clearly uncertainty in the crack morphology parameters since the percent error 
increases when compared to the cracked pipe data. However, these results also show good 
confidence in the use of the crack morphology variables as they are currently defined by the lack 
of bias observed in the LEAPOR calculations compared to the cracked pipe data. These results 
are discussed in greater detail in the LRM MVR [5], including comparisons to each experimental 
data set. 

6.7 Leak Rate Model and LEAPOR Module Assumptions, Uncertainty and 
Bias 

A number of assumptions were made in representing the leak rate behavior of PWSCC and 
fatigue cracks in nuclear primary water piping components. These assumptions contribute to the 
model uncertainty and bias and are listed in Table 6-1, along with some description of the 
expected effect of the assumptions on the xLPR V2 code outputs. Uncertainty and bias also exist 
in the inputs accepted by the module, in the model parameters, and in the models used as the 
basis for development of the LRM. Only model and model parameter uncertainty are discussed 
here. 

The overall module bias is quantitatively presented in the preceeding section. Table 6-1 attempts 
to detail the sources of the uncertainty. Perhaps the primary assumption in the LRM and the 
experimental data used for its validation is that the crack morphology and shape are assumed to 
consist of a single, distinct crack of a symmetric shape (idealized with a constant COD in most 
cases). In reality, PWSCC tends to be discontinuous, composed of many smaller branching 
cracks with ligaments connecting the crack faces. Leak rates through cracks with true PWSCC 
morphology have never been tested in well-controlled experiments, so it is difficult to quantify 
the bias presented by modeling it as a single, distinct, open, crack. This source of uncertainty and 
bias is not accounted for within the LRM. 

Most of the assumptions made in developing the leak rate models pertain to mathematical 
simplifications of the physical mechanistic understanding of fluid flow to enable solution 
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methodologies that provide computation efficiencies. It is believed that these assumptions have 
only a minor effect on the resulting uncertainties in the predictions of leak rate and can, 
therefore, be ignored. The main source of uncertainty in the LRM is caused by the lack of 
information to characterize the variability in the parameters used to describe the crack 
morphology. The uncertainty in these parameters has the largest effect when the leak rate is 10 
gpm or less. The default crack morphology parameters are based on limited data, and the 
uncertainty associated with these parameters, defined by the COV, is believed to be significant. 
Therefore, it is expected to see the most deviation in LEAPOR calculations from experimental 
measurements for those data sets where the crack is very tight (Regime 1) and the flow rate is 
low (e.g., < 10 gpm). For the very large COA (~1.4 in.2), COD (~0.35 in.), and flow rate (940 
gpm) at the transition from Regime 3 to orifice flow in Regime 4, the effects of crack 
morphology on the overall flow rate is expected to be minimal. To account for the contribution 
of crack morphology and other factors to the uncertainty in predictions of flow rates, the 
Framework applies an uncertainty factor, the value of which is based on the calculated COV, to 
leak rates in Regime 1. 
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Table 6-1 
Assumptions Made in the Development of LEAPOR and Implications on Leak Rate 
Prediction 

Assumption Technical Basis Effect on Bias and Uncertainty 

All cracks are assumed to be 
distinct and planar or a set of planar 
cracks that act as a single crack. 

Planar cracks are an idealized 
representation assumed throughout 
xLPR V2. Actual PWSCC is 
characterized by a distributed, 
connected network of cracks in 
three dimensions rather than a 
single, idealized two-dimensional 
planar crack. A model for the actual 
flow through a porous medium of 
diffuse and connected sets of 
cracks, which would be very 
different from the idealized case, 
has not yet been developed for use 
in xLPR V2. 

This assumption is expected to 
result in the overprediction of leak 
rate for a given crack size and 
underprediction of scatter 
(uncertainty) in predicted leak rates 
relative to actual PWSCC. 
However, there is no data on actual 
PWSCC to quantify these expected 
effects. 
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The flow models assume a steady 
state condition. 

These assumptions are consistent 
with those made in developing the 
Henry-Fauske thermohydraulic 
models upon which LEAPOR is 
based. Most are assumptions made 
to simplify the mathematical 
solution methods used and are 
expected to have little effect on 
model uncertainty and bias. 

Little effect on bias and uncertainty 
is expected 

The flow is assumed to be 
adiabatic. 

The fluid at the crack entrance is 
assumed to be a subcooled, 
incompressible liquid. 

At a prescribed, empirically-
derived position along the flow path 
(12 times the hydraulic diameter, 
Dh), the metastable liquid is 
assumed to initiate bubble 
nucleation and, thus, vapor 
generation. 

The fluid at the onset of vapor 
generation is assumed to experience 
an isentropic expansion. 

The liquid and vapor phases in the 
vapor-generation region of the 
model are assumed to be in 
mechanical (phase velocities are 
equal) and thermal equilibrium. 

The entire process of state changes 
from the crack entrance plane to the 
crack exit plane is assumed to be 
adiabatic and thermodynamically 
reversible, and therefore, isentropic, 
such that the entropy of the 
subcooled liquid water in the pipe 
is equal to the entropy of the 
equilibrium mixture of vapor and 
liquid phases at the crack exit 
plane. 

Reducing the isentropic rate of 
vapor generation by exponentially 
relaxing the evolution of the vapor 
quality through the application of 
an empirically-derived coefficient, 
N, is assumed to be appropriate as 
described in detail in ([1], [2]). 

This empirical adjustment moves 
the model away from the thermal-
equilibrium assumption towards a 
more physically realistic non-
equilibrium model, but this is a 
highly unknown area of fluid 
dynamics that no model is currently 
capable of calculating. Both of 
these assumptions are intrinsic to 
the Henry-Fauske model. 

This method is believed to reduce 
model bias and uncertainty, but 
whether the leak rate is over or 
underpredicted depends on how 
close the estimated vapor 
generation rate is to the actual 
vapor generation rate. 
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Zero slip (i.e., mechanical 
equilibrium) is assumed at 
boundaries, with the two phasic 
velocities assumed to be equal. 

No slip means that the fluid 
velocity at the solid boundary is 
zero. It is a well-established 
boundary condition in fluid 
dynamics that rarely has a 
measurable effect, especially at 
high pressure and, in comparison, 
to the effects of turbulence. 

Little effect on bias and uncertainty 
is expected 

The flow is assumed to reach a 
choked state at the crack exit plane, 
also referred to as the throat or 
choking plane, which represents the 
maximum flow rate that can occur 
for a given set of operating 
conditions. 

This is the basis of the Henry-
Fauske models. 

Little effect on bias and uncertainty 
is expected 

The calculation of volumetric flow 
rate outside of the pipe will use an 
assumed specific volume of 
subcooled liquid water at 20°C 
(68°F) and 101.35 kPa (14.7 psia). 

Based on Regulatory Guide 1.45, 
Revision 1, which cites ISA-67.03-
1982 [4]. The assumed atmospheric 
temperature and pressure would be 
applicable to normal PWR 
operating conditions for leak 
detection systems outside of the 
leaking pipe. 

Believed to be an insignificant 
effect 

LEAPOR assumes that a value of 
0.95 for the discharge coefficient, 
CD, best represents the entrance 
effects of cracks caused by 
PWSCC. The discharge coefficient 
is the ratio of the flow area of the 
vena contracta near the entrance to 
the flow area at the crack channel 
entrance plane. This coefficient is 
used in determining the pressure 
loss due to entrance effects. 

At small length scales typically 
associated with a tight crack, the 
edges of the entrance plane will 
appear rounded or smooth relative 
to the small length scales of the 
inner surface morphology of the 
crack channel near the entrance. 
LEAPOR was run with 825 
different inner and outer crack 
length and COD combinations 
through all four flow regimes for 
discharge coefficients of 0.95, 0.8, 
0.7, and 0.6 with a maximum 
percent difference of 1.63% for all 
cases. 

The percent difference is defined as 
the deviation from the leakage rate 
calculated when the value of 0.95 is 
used for the discharge coefficient. 

Since the maximum percent 
difference is 1.63% for all cases, 
any uncertainty in the value of the 
discharge coefficient can be 
ignored. 
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For the condition when L/Dh ≥ 12, 
where Dh is the hydraulic diameter 
evaluated at the exit plane and L is 
the total flow path length (pipe 
thickness), the frictional pressure 
drop is calculated by assuming two-
phase exit flow. 

When L/Dh < 12, the frictional 
pressure drop is calculated 
assuming single phase exit flow. 

The different frictional losses are 
due to the assumption that when 
L/Dh = 12, the fluid transitions from 
a single-phase fluid to a two-phase 
fluid. The Henry-Fauske model is 
based on this assumption. This is 
believed most representative of the 
transition from single to two-phase 
flow. 

Little effect on bias and uncertainty 
is expected 

The hard-coded increment size used 
for binning crack length and COD 
to generate the leak rate look-up 
tables is assumed to be appropriate. 

It was believed by the Leak Rate 
Subgroup that allowing the user to 
define the discretization could lead 
to increased computational time 
with information-dense tables. 

No effect on bias and uncertainty is 
expected 

The minimum and maximum 
values of pressure and temperature 
used to generate the leak rate look-
up tables are assumed to be 
bounding. 

The default values were chosen to 
address the range of problems of 
interest from the database of 
PWSCC-susceptible locations of 
concern for LBB (e.g., MRP-219 
[7]). Use of simulation values 
outside of these ranges increases 
the uncertainty of the leak rate 
predictions as the crack 
morphology parameters are based 
on the default temperature and 
pressure limits. 

Little effect on bias and uncertainty 
is expected 

Linear interpolation of leakage 
rates from the leak rate look-up 
tables is assumed to be acceptable. 

The incremental size of crack 
lengths and CODs that make up the 
look-up tables are small enough to 
assure accurate leak rate values 
resulting from linear interpolation. 

No effect on bias and uncertainty is 
expected 

The ID crack length and COD are 
assumed appropriate to use when 
calculating leakage rates from the 
look-up tables. 

For large leak rates (i.e., those 
outside of Regime 1) where the ID 
crack length and COD are used, the 
leak rate predicted for the idealized 
crack was found to be very close to 
the actual leak rate. 

No effect on bias and uncertainty is 
expected 

It is assumed that the average of the 
leak rates calculated for the inner 
and outer COA provide an accurate 
representation for cracks whose 
inner and outer COA differ for 
cracks with L/Dh>30 (Regime 1). 

Validation analyses showed that a 
correction only needs to be applied 
when the flow is in Regime 1.  

This assumption reduces bias and 
uncertainty in predicted leak rates 
for PWSCC cracks <10 gpm in 
Regime 1. For very large 
differences in COA, the 
underprediction of leak rate could 
be non-conservative, but large 
differences are not expected in 
PWSCC cracks < 10 gpm in 
Regime 1. 
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The uncertainty due to the crack 
morphology variables is based on 
the COV determined for crack 
morphology variability in Regime 1 
and is assumed to be applicable 
only if the leakage rate is less than 
10 gpm. 

The COV is believed to accurately 
account for the uncertainty 
observed in predictions due to crack 
morphology variability. Crack 
morphology variations do not have 
a substantial effect for leak rates 
beyond 10 GPM. 

Application of this assumption 
reduces bias and uncertainty in 
predicted leak rates for flow < 10 
gpm because the flow rate and its 
variability for tight cracks are more 
accurately predicted when crack 
morphology effects are accounted 
for. 

While uncertainty due to the 
morphology of cracks caused by 
PWSCC is considered for small 
cracks, no uncertainty is applied to 
the leak rate of large cracks as it is 
assumed that large cracks have a 
large COD that greatly reduces the 
effects of crack morphology. 

Cracks caused by PWSCC, even 
large ones, are better defined as a 
porous medium with many 
chambers and remaining ligaments 
that constrain the crack from 
opening, as well as limiting the 
flow path, characteristics that are 
not well-represented by the 
calculations used to determine COD 
and leak rate in xLPR V2. 

Large leak rates are likely to be 
overpredicted where the effects of 
crack morphology are expected to 
be small. 

6.8 Summary and Conclusions 
LEAPOR development was based on the validated SQUIRT code. Thus, there are some aspects 
of SQUIRT that were incorporated into LEAPOR without independent validation (e.g., Darcy 
friction factor and velocity head loss equations [2]). LEAPOR prediction results compared well 
with both SQUIRT predictions and with laboratory leak rate data, providing confidence in its 
ability to satisfactorily predict leak rates across all four flow regimes with minimal bias. The 
developers consider the models contained within LEAPOR to be best estimate models when the 
recommended model parameters are used within their validated ranges of application. 

Model uncertainty arises due to limited studies on the effects of crack morphology on leak rate, 
as well as due to simplifying assumptions made during model development. For tight cracks with 
low leak rates, the dominant source of uncertainty is driven by the crack morphology parameters. 
The user has the option to account for this uncertainty using the available COV relationship 
described above. The COV accounts for the large uncertainty due to lack of knowledge of the 
crack morphology parameters for tight cracks in Regime 1 with leak rates < 10 gpm. When 
accessing the leak rate look-up tables, the Framework uses only the ID COD and for Regimes 2 
through 4 because validation studies showed that this approach matches actual leak rate values 
quite well. However, Regime 1 flow rate predictions were found to match more closely with 
actual leak rates using an average of the ID and OD CODs. Thus, the average of the two leak rate 
values is calculated by the Framework for Regime 1. It is believed that the use of this average 
and the COV in Regime 1 realistically accounts for all model and module uncertainty in the leak 
rate calculations. 

The assumption of a fully opened and leaking crack caused by PWSCC may result in an 
overprediction of large leak rates for orifice flow conditions in Regime 4, where the effects of 
crack morphology should be minimal. The large uncertainties in tight-crack morphology in 
Regime 1, which will influence the effect of leak detection (0.1 to 10 gpm), are realistically 
simulated by the xLPR V2 code. 
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7  
K-SOLUTIONS UNCERTAINTY 

7.1 General Summary 
The stress intensity factor or K values required for evaluating crack growth and crack stability in 
the xLPR V2 code are calculated by the K-solution modules: K-part-wall (KPW) for SCs and K-
through-wall (KTW) for TRCs. Stresses that are used in the calculation of the K values include 
internal pressure, dead weight, thermal expansion, and WRS. Due to the complexity of the WRS 
distributions in DMWs, calculation of the K values is not straightforward. While several methods 
were considered for calculation of the K values, application of a universal weight function 
method (UWFM) that directly uses stress distributions at the crack location was determined to 
best suit the robustness, accuracy, and calculational speed requirements of the xLPR V2 code. 
This method was also demonstrated to provide accurate representation of stress intensities arising 
from WRS. 

7.2 Model Summary 

7.2.1 KPW 
The weight function method is an efficient means of calculating the K value for cracks subjected 
to arbitrary stress distributions (as opposed to using a polynomial to represent the stress 
distribution). For an arbitrary stress distribution σ(x) on the crack face, the Mode I stress 
intensity factor, KI, for a part-through-wall crack is calculated using: 

= ( , ) ( )  [7-1] 

where: m(x,a)  = Mode I weight function, 1/√m 
σ(x)   = stress distribution obtained in the absence of a crack, MPa 

The weight function, m(x, a), is dependent on the geometry of the structure, including the crack 
depth, a, as well as the coordinate, x. In the UWFM, one general form of weight function is used 
to approximate the weight functions for a large variety of cracked geometries in Mode I. For the 
deepest point of a semi-elliptical SC, a three-parameter universal weight function is written as: 

(x, a) = 22 ( − ) / 1 + 1 − / + 1 − + 1 − /
 [7-2] 

where M1, M2, and M3 are coefficients that depend on the geometry of the cracked structure. 
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For the surface point of a semi-elliptical SC, a three-parameter universal weight function is 
written as: 

( , ) = 2( ) / 1 + / + + /
 [7-3] 

where N1, N2, and M3 are coefficients that depend on the geometry of the cracked structure. 

The universal weight function coefficients M and N are determined by equating the equation for 
the K value with independent reference solutions. As such, standardized influence coefficients, 
G0 and G1, can be utilized [1]. 

The developed closed form calculation models for SCs provide best-estimate K value solutions 
for a semi-elliptical crack in a weld location subject to a stress distribution that only varies in the 
wall thickness direction. Circumferential cracks are also subject to a global bending stress. 
Calculation of stress intensity was only considered at the deepest point and the surface point of 
semi-elliptical cracks since it was assumed that the Kvalues for these two points are adequate for 
providing the driving force for crack growth calculations. The assumption of idealized semi-
elliptical cracks and the evaluation of K values at the deepest and the surface points is consistent 
with an industry consensus approach that has been used in several structural integrity assessment 
codes such as ASME Section XI [2], British R6 [3], and American Petroleum Institute 579 [4]. 

For SCs, closed-form relations for influence coefficients G0 and G1 were developed representing 
the deepest point and the surface point on the crack for the following geometries: 

Ri/t ratios: 1, 3, 5, 10, and 20 

a/t ratios: 0, 0.2, 0.4, 0.6, and 0.8 

a/c ratios: 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 

where Ri represents the inner pipe radius, t represents the through-wall thickness, a represents the 
crack depth, and c represents the crack half-length.  Although data are limited to a/t ratios up to 
0.8, efforts were made to provide fitted relations that are smooth and continuous for a/t ratios 
between 0.8 and 0.95. The decision to use these fitted relations was based on engineering 
judgment. For Ri/t values between 2 and 20, but which are not exactly at 3, 5, 10, or 20, linear 
interpolation is used to obtain the G0 and G1 values. The interpolation is performed based on t/Ri. 

The only numerical approximation used in the KPW solution is the assumed piece-wise linear 
variation of stress between discrete locations where stresses are known. The axial solution also 
includes an approximate method to correctly predict crack growth in the depth direction when 
the crack growth in the length direction is limited to the weld width. 

7.2.2 KTW 
The developed through-wall stress intensity calculation models provide a single, best-estimate, 
thickness-averaged K value for an idealized TWC at a pipe weld location subject to a uniform 
stress for crack growth driving force calculations. Circumferential cracks are also subject to a 
global bending stress. It was recognized that, even with the simplified input of a constant stress 
value, the calculated K values generally differ along the crack front from the inside to the outside 
surfaces. The single K value was taken to be the average of the K values calculated at the ID, 
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1/4t, 1/2t, 3/4t, and OD, where t is the wall thickness. The use of a single, thickness averaged K 
value is closely related to the assumption of straight crack fronts for TWCs. A single 
representative value of the K value also provides a straightforward method that allows the fronts 
of TWCs to remain straight during the crack growth calculations. 

For axial TWCs, the crack is subject to a uniform hoop stress, σh. The required output is a 
thickness averaged stress intensity factor, KI, calculated from: = √  [7-4] 

For circumferential TWCs, the thickness averaged stress intensity factor, KI, is calculated from: = ( + )√  [7-5] 

where G0 and G5 are the thickness-averaged influence coefficients, and c is half of the crack 
length at the mid-thickness, 1/2t. Closed-form equations were developed to calculate the G-
values using FEA data to fit the equation. The FEA data cover 2c/t equal to 1, 2, 4, 6, 8, 10, 15, 
20, 25, 30, and 50 for five cases of Ri/t: 5, 10, 20, 50 and 100. Interpolation provides K-values 
for other geometries. 

7.3 Module Summary 
The developed closed-form calculation models for the K values were implemented in two 
software modules, KPW and KTW. Closed-form solutions that depend on influence functions 
were used to provide high computational efficiency, which is important for the repetitive 
calculations required for probabilistic analyses performed using Monte Carlo simulation 
methods. Tables of influence functions, calculated for various pipe and crack geometries using 
FEA, were incorporated into the modules to enhance calculational speed within the time-loop. 

The two K-solution modules provide outputs of stress intensities to calculate driving forces for 
crack growth for the given inputs, which include geometry and operating stresses. At each time 
step within the time loop, the Framework provides inputs to the K-Solution modules and receives 
the K values output by the K-Solution modules. The Framework handles the interfaces between 
these and other calculation modules. The model and module details are provided in xLPR-
MSGR-KSol [5]. 

7.3.1 KPW Module for Axial and Circumferential Part-Through-Wall Cracks 
The KPW module calculates the K value at the deepest point, Kα, and at the surface point, Kc, for 
SCs on the ID of cylinders based on inputs of pipe geometry, crack dimensions, and operating 
stresses. The KPW module implements the stress intensity calculational models based in the 
UWFM with closed form solutions for different Ri/t ratios and a range of crack depths, a, and 
crack aspect ratios, a/c, using the models described in Section 7.2.1. The application of the 
UWFM was pre-integrated in closed-form for an arbitrary set of stress values, eliminating the 
need for numerical integration within the module. 
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7.3.2 KTW for Axial and Circumferential Through-Wall Cracks 
The KTW module calculates the K value averaged over the idealized crack front, Kc, for axial 
and circumferential TWCs based on inputs of pipe geometry, crack dimensions, and operating 
stresses for different Ri/t ratios and a range of full crack lengths, 2c. The stress input for axial 
cracks is a single value of hoop membrane stress, σm. The stress input for circumferential cracks 
is a single value of axial membrane stress, σm, and a single value of the global bending stress, σb. 

7.4 Model and Module Limitations 
All assumptions that were used in the development of the K-Solutions models were propagated 
into the two software modules. KPW and KTW therefore have the limitations imposed by these 
model assumptions. In addition, the software modules were validated by the limited experimental 
data published in the literature. Other module limitations include: 

• The Use of idealized crack shapes limits the ability to account for natural crack growth. 

• The range of crack shapes and pipe geometries is limited to those for which finite element 
solutions were obtained. 

• Through-thickness variation of stresses is not considered for TWCs. 

• There is a need to improve coefficients for SCs with crack depths between 80 and 95% of the 
wall thickness. The current equations are based on data extrapolation for crack depths in this 
range. 

7.5 Module Validation 
K values cannot be measured, so it is not possible to directly validate the predictions of the KPW 
and KTW modules against data. An indirect validation approach was taken by comparing 
laboratory-measured fatigue crack growth rates with crack behavior predicted using the K-values 
from the two modules. The overall validation activities involved using the KPW module to 
calculate the K values for growing SCs and the KTW module to calculate the K values for 
growing TWCs with these Kvalues then used to calculate crack growth rates for a given crack. 
Predicted crack behavior was then compared with that measured in laboratory specimens under 
the same geometry and load configurations. To be consistent with the approach used in xLPR 
V2, the CT module was invoked once the depth of the SC reached 95% of the wall thickness to 
transition the SC to a TWC. 

For an SC, the validation criterion was based on the comparison of predicted a/c values at wall 
penetration, corresponding to a/t = 0.95 in the crack growth calculation using the KPW module, 
to measured a/c at through-wall penetration. The predicted number of cycles to wall penetration 
for a circumferential crack agreed well with experimental results for all six cases analyzed. The 
assumption of semi-elliptical crack shapes for SCs was valid for some fatigue cracks but not for 
others. However, the crack length at through-wall penetration and the time to penetration are 
more relevant to a LBB analyses, and these agreed well with the experimental values. 

Predicted crack angles at the ID and OD were compared to those experimentally measured for 
KTW module validation. θ1 and θ2 represent crack angles after wall penetration. During crack 
transition, θ1 and θ2 are not equal but once the crack is fully transitioned to a TWC, they are 
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equal. The validation criterion was selected as the difference between the experimentally 
measured and predicted θ1/θ2 values at a given θ1/θ2 value during the TWC growth prediction. 
The comparisons of the predicted crack growth with experimental results after wall penetration 
agreed well with the measured crack growth data. The crack angle on the ID remained almost 
constant during crack transition, whereas the crack angle on the OD increased until the two 
angles became equal. The acceptance criterion for TWC accuracy (<5% difference) was met for 
all four cases analyzed. 

The K values for axial cracks were not validated against experimental data due to the lack of 
large-scale testing of axial cracks in piping components. Since the K-solutions for axial SCs and 
TWCs were developed using the same approach, including the finite element source data used 
for circumferential cracks, the fidelity of the axial crack K-solutions is expected to be similar to 
that of the circumferential crack K-solutions. 

7.6 Inputs and Input Uncertainty Characterizations 

7.6.1 KPW Module Inputs and Outputs 
The inputs required to calculate K values for the deepest and surface points of all active SCs 
include pipe geometry, crack geometry, and stress information. The stress input for axial cracks 
is a one-dimensional array of the through-wall hoop stress profile, σ(x) (i.e., tabular stress data). 
The stress input for circumferential cracks is a one-dimensional array of the through-wall axial 
stress profile, σ(x), and a single value of the global bending stress, σb. The stress profile is 
assumed to vary only in the depth direction. A detailed definition of these stress arrays is 
provided in xLPR-TR-Stress [6]. More information on the KPW Module input and output 
parameters is provided in the K-Solutions Subgroup report [5]. 

7.6.2 KTW Module Inputs and Outputs 
The inputs required to calculate the K values for all active idealized TWCss include pipe 
geometry, crack geometry, and stress information. The stress input for axial cracks is a single 
value (average through-thickness stress) of hoop membrane stress, σm. The stress input for 
circumferential cracks is a single value of axial membrane stress, σm, and a single value of the 
global bending stress, σb. A detailed description of how these stresses are calculated is provided 
in xLPR-TR-Stress [5]. More information on the KTW Module input and output parameters is 
provided in the K-Solutions Subgroup report [5]. 

7.6.3 Treatment of Model and Parameter Uncertainty 
Both the KPW and KTW models are treated as deterministic and, as such, model and parameter 
uncertainties are not directly accounted for within the modules. The limited validation results 
showed that the crack growth predictions made using the linear-elastic calculated stress intensity 
outputs from the KPW and KTW modules match experimentally measured crack growth with 
minimal uncertainty. Thus, no “uncertainty factor” is applied to the module outputs nor are any 
of the parameters in Equations 2 to 5 sampled to account for model uncertainty. 

Inputs to the K-solution modules are sampled by the Framework from the user-defined 
distributions. This type of sampling accounts for uncertainties in the initial crack size, pipe 
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geometry, and the loads or stresses that are used to calculate the stress values input into the K-
solution modules. The uncertainty in the change in crack size with time due the uncertainties in 
crack growth for PWSCC and fatigue are also sampled by the Framework. 

7.7 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

The assumptions that were made in developing the models upon which the KPW and KTW 
modules are based are listed in Table 7-1 along with a technical basis for the assumption and the 
expected effect on xLPR V2 code prediction bias and uncertainty. 
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Table 7-1 
Assumptions and Implications in the K-Solutions Module 

Assumption Technical Basis Effect on Bias and Uncertainty 

SCs are idealized as 
semi-elliptical and 
assumed to be normal 
to the free surface. 

The use of idealized semi-elliptical shapes for 
SCs is an industry consensus approach for 
engineering applications. It is not practical to 
model natural crack shapes using FEA in xLPR 
V2. Based on the published studies in the 
literature, as reported in the K-solution MSGR 
[5], the time to leakage and crack length at 
leakage predictions using the semi-elliptical 
shape assumption were found to well reflect 
leakage from natural cracks. 

Bias and uncertainty in calculated 
K-values are not significant. 

For SCs, the stress 
profile is assumed to 
vary only in the depth 
direction. 

The use of stress varying in the depth direction 
only for SCs is an industry consensus approach 
for engineering applications. It was not 
practical to develop closed-form equations to 
account for stress gradients in the length 
direction under the project constraints. Based 
on the published studies in the literature, as 
reported in the K-solutions MSGR [5], the use 
of stress varying in the depth direction only for 
SCs was believed adequate to calculate the K 
values. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions is not significant. 

The K value is only 
calculated at the 
deepest and surface 
points of a semi-
elliptical SC. 

The two K values for the idealized semi-
elliptical SC are used as the driving force for 
crack growth because it is not practical to 
calculate the K values for the entire crack front 
in xLPR V2. Based on the published studies in 
the literature, the use of K values at the deepest 
and surface points of a semi-elliptical SC 
provides reasonable predictions for LBB 
applications. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions is not significant. 

For an axial SC with an 
aspect ratio a/c > 1, the 
K value is calculated by 
an approximate 
method. 

The approximate method is intended to 
correctly predict crack growth in the depth 
direction when the growth in the length 
direction is limited to the weld width. The 
approximate method was developed based on 
calibration against advanced FEA for natural 
crack growth. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions is not significant. 

For a circumferential 
SC with an aspect ratio 
a/c > 1, the K value is 
calculated by setting 
a/c = 1. 

This treatment, per the approximate method in 
the previous entry that was based on 
comparisons with natural crack growth 
simulations, is expected to be conservative.  
However, few cases of circumferential cracks 
are expected to have an aspect ratio (a/c) larger 
than 1.0. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions is not significant. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

For an SC, the fitted 
equations for the K 
value coefficients are 
extrapolated for crack 
depths between 80 and 
95% of the wall 
thickness. 

This treatment was mainly based on 
engineering judgement. There was no 
published finite element data on influence 
coefficients available for crack depths between 
80 and 95% of the wall thickness. Limited 
finite element data were generated to check the 
fitted equations with results showing that the 
curves are smooth and continuous beyond a/t 
of 0.8. Actual growth data for cracks in this 
range are somewhat inconsistent with 
predictions, suggesting a higher uncertainty in 
the K-solutions that may not be captured in the 
KPW module. 

The effect of this assumption may 
be to underpredict uncertainty in 
calculated K values for SCs in this 
a/t range. No effect on prediction 
bias is expected. 

For an SC, the WRS 
profile is assumed to 
have a piece-wise linear 
variation for stress 
between discrete 
locations where stresses 
are known. 

Assuming a piece-wise linear variation for 
stress between discrete locations simplifies the 
closed-form equations to the greatest extent 
and was demonstrated to generate accurate 
results when adequate data points are sampled. 

Since 26 data points are used to 
input WRS, the resultant effect on 
bias and uncertainty of the xLPR V2 
predictions is not significant.  

TWCs are idealized 
with straight crack 
fronts. 

This treatment was based on engineering 
judgement. A CT model is used to account for 
crack shape evolution when transitioning from 
a semi-elliptical SC to an idealized TWC. The 
effect of material heterogeneity is accounted 
for in the CGR module. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions is not significant, given 
the correction provided by the CT 
model. 

For TWCs, the K value 
is averaged through the 
wall thickness. 

This treatment was based on engineering 
judgement. Most modules utilizing stress 
intensity in their calculations for TWC 
behavior (e.g., CGR module and LRM) require 
input of a single value because, at the time of 
development, no stress intensity for non-
straight crack fronts existed. Using the average 
value across the crack front was deemed 
reasonable by the K-solutions Subgroup [5]. 

The resultant effects on bias and 
uncertainty of the xLPR V2 
predictions could not be quantified 
but are expected to be minimal. 

For TWCs, the effect of 
stress gradients on the 
K values was not 
considered. 

This treatment was based on engineering 
judgement. It was not practical to develop 
closed-form equations to account for stress 
gradients within the project constraints. 

The resultant effect on bias and 
uncertainty of the xLPR V2 
predictions could not be quantified, 
but are expected to be minimal. 
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Assumption Technical Basis Effect on Bias and Uncertainty 

For both SCs and 
TWCs, there is 
uncertainty in the K 
values from the fitted 
equations for the 
influence coefficients. 

The equations were fitted to the FEA data. The 
overall fitting accuracy is very good, within 
5% for most cases. 

The resultant effect on bias of the 
xLPR V2 predictions is not 
significant. Since uncertainty is not 
accounted for in either the KPW or 
KTW modules directly, it is 
expected that the uncertainty could 
be slightly underestimated due to 
this assumption. However, this level 
of uncertainty is insignificant in 
relation to the uncertainties in the 
input crack size (depth and length). 

The modules were only 
validated for subcritical 
crack growth due to 
fatigue for 
circumferential cracks. 
No validation was 
performed for axial 
cracks. 

The results from validation against 
experimental data for subcritical crack growth 
for circumferential cracks showed good 
agreement. Since K-solutions for axial SCs and 
TWCs were developed using the same 
approach, including the finite element source 
data, the fidelity of the axial crack K-solutions 
is expected to be similar to that of the 
circumferential crack K-solutions 

The resultant effects on bias and 
uncertainty of the xLPR V2 
predictions should be minimal. 

The K values at each 
tip of a surface crack 
are assumed to be 
equal. 

The K-solution models avoid treatment of the 
difference in K at each surface tip due to global 
bending (i.e., use of the G6 influence 
coefficient) by modeling each circumferential 
SC as being centered on the point of maximum 
bending with scaling of the magnitude and 
applied bending moment to account for the 
relative distance of the crack from the neutral 
axis. 

Uncertainty due to this effect has not 
been quantified, although it is not 
expected to be large. 

7.8 Summary 
The K-solution modules are deterministic in nature with no model uncertainty accounted for 
either within the modules themselves or by application of an “uncertainty factor” by the 
Framework on their output. The models contained within the K-solution modules are considered 
to be best estimate models by the developers. The dominant source of uncertainty in the 
predictions of the K values is from the input stresses defined by the user. Uncertainty on the 
input values and uncertainty in the output of other modules that rely on the K-solution modules, 
such as crack initiation and crack growth, are accounted for in the sampling performed by the 
Framework prior to passing arguments to each K-solution module. 

The uncertainties and biases inherent in the K-solution modules due to the assumptions made in 
their development are for the most part insignificant. The effects of general xLPR V2 
assumptions, such as fully open and co-planar cracks with idealized crack shapes, are included in 
Table 2-1. However, the assumption that a crack initiated by PWSCC can be treated as a 
continuous crack provides an overall conservative bias on the prediction of the K values. The 
limited validation performed for the KPW and KTW modules demonstrated little prediction bias 
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and scatter well within the 5% criterion defined for module acceptance. This level of scatter is 
also judged to be insignificant in relation to uncertainties in the crack size (depth and length) that 
are provided as input to the K-solution modules. 
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8  
CRACK INITIATION UNCERTAINTY 

Software modules for the calculation of crack initiation (CI) times were developed for 
incorporation into xLPR V2. Fatigue and PWSCC initiation mechanisms are included in the 
respective CI-SCC and CIF modules. Models for manufacturing defects and stress-corrosion 
cracking of SS in boiling water reactor pipe welds were not included. Treatment of micro-sized 
flaws before the existence of a flaw of engineering scale is also not addressed. The reference 
depth assumed for a flaw of engineering scale is 6 mm [1]. Furthermore, model development is 
limited to initiation times and crack locations, with guidance provided for initial crack sizes. 

The CI modules accept inputs for several initiation-relevant, potentially time-dependent surface 
conditions (e.g., surface stress, temperature, and water chemistry) and return the initiation times 
and locations of each resulting crack. Probabilistic CI model forms were developed to 
accommodate field or laboratory initiation data, allowing functional dependency for conditions 
that are known to have a strong impact on initiation. PWSCC CI is modeled separately from 
fatigue CI (i.e., the effects are not superimposed and there is no correlation between the two 
models). 

8.1 Crack Initiation Model Summaries 
The probabilistic CI models developed for xLPR V2 define a functional dependence of initiation 
time on the predominant drivers for fatigue or PWSCC initiation identified from field experience 
and laboratory data. For both PWSCC and fatigue, model parameters were fit to data with 
regression or calibration techniques. These empirically based models are widely employed in 
industry applications (including nuclear) and have proven to be effective albeit in a limited 
capacity due to the highly variable nature of PWSCC and fatigue CI. 

To accommodate multiple cracks on a single component or weldment, xLPR V2 allows the 
component or weldment to be discretized into multiple subunits as shown in Figure 8-1. 
Initiation within each subunit (and subsequent growth) is simulated by the xLPR V2 code. The 
CI-SCC and CIF modules are called at least once for each subunit (i.e., the CI modules are called 
“N” times to calculate initiation times for a component discretized into “N" circumferential 
subunits). 

Each CI module is used to calculate initiation times for axial or circumferential cracks but can 
only consider a single orientation each time it is called since different stress states are used as 
inputs for circumferential versus axial cracks. The modules rely on the Framework to provide the 
surface stress input that is relevant for the appropriate orientation (i.e., axial stresses for 
circumferential cracks; hoop stresses for axial cracks) and the selected subunit. For example, if 
both circumferential and axial initiation are selected by the user for consideration in the xLPR 
V2 run, the appropriate CI module must be called “2*N” times to calculate initiation times for 
both circumferential and axial cracks for a component discretized into “N" circumferential 
subunits. 
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Loading and chemical environments are not static in nuclear power plants. The models 
summarized below and described in detail in xLPR-MSGR-CI [1] can only consider CI for a 
given set of conditions. In order to account for changing conditions, up to three time intervals 
may be defined by the user over which the conditions are static. When calculating initiation 
times over multiple time intervals, the incremental contributions to total damage are summed 
over successive intervals until the interval that causes damage to exceed unity is identified. This 
calculation uses a Miner’s rule approach to accommodate changing operating conditions. The 
partial damage in the interval required to bring the total damage to unity is then used to calculate 
the initiation time. 

 
 

Figure 8-1 
Component Circumferential Segmentation into Subunits. 

The circumferential location of an initiated crack (in radians) is determined by sampling 
uniformly over the circumferential bounds of the current subunit. All locations returned are 
between 0 and 2π. All subunits have the same length in radians (as determined by the number of 
subunits input, Nsubunit). Subunit 1 is centered at zero radians, defined as the top dead center of 
the weld. Each subunit thereafter has one of its bounds coincidental with the bound of the 
previous subunit. No subunits have finite overlap. 

The CI Subgroup provided guidance on selection of the initial crack size distributions to be 
employed in xLPR V2. The size distributions of initial crack sizes are defined for the crack depth 
“a” and half crack length “b”. During sampling, when the sampled value of “b” is less than “a”, 
then “b” is set equal to “a”. A summary of these initial crack size distributions is defined in the 
SRDs for CI-SCC [2] and CIF [3]. 

8.1.1 PWSCC Initiation Models 
Three different initiation models were developed for PWSCC to address the significant level of 
modeling uncertainty associated with this initiation mechanism by providing generality and 
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versatility. The models are Direct Model 1, Direct Model 2, and a Weibull model.  All three 
models include the effects of operational surface stress, operational temperature, and zinc 
concentration. Direct Model 2 also includes cold work and other mechanical properties, while 
the Weibull model includes the subunit size in the calculation of initiation time. For all three 
models, each of these dependencies has a strong technical basis. Other dependencies that are not 
explicitly used are captured with model uncertainty terms. 

8.1.1.1 PWSCC Direct Model 1 

Direct Model 1 calculates initiation time directly as a function of temperature and surface stress. 
Multiple parameters are available to allow calibration to data. These parameters include 
uncertainty to capture scatter in the data. Direct Model 1 calculates initiation time for a fixed set 
of conditions in accordance with Equation [8-1] when the surface stress, σ, is greater than or 
equal to the stress threshold parameter, σth: 1, = / , ≥  [8-1] 

where: tINI,nom = initiation time under fixed set of conditions (output) T = temperature (input) σ = surface stress (input) σth = stress threshold parameter (input) A = Direct Model 1 proportionally constant (input) n = stress exponent (input) Q = activation energy for initiation (input) R = universal gas constant (input) 
For Direct Model 1, if the surface stress is less than the stress threshold parameter, no damage 
accumulates (i.e., a crack does not initiate under the fixed conditions). 

The value and uncertainty characterization of A and σth is estimated by calibration to literature 
data or industry experience (e.g., rates of detection, leakage, etc.) for a specific group of 
component types or materials. The temperature and stress effects defined by Q and σth may also 
be estimated from controlled laboratory studies. Uncertainty in A and σth leads to randomness in 
the time to initiation versus surface stress relationship. 

8.1.1.2 PWSCC Direct Model 2 

Similar to Direct Model 1, Direct Model 2 calculates initiation time directly as a function of 
temperature and surface stress, but Direct Model 2 also accounts for the level of cold work and 
other mechanical material properties that are not accounted for in Direct Model 1. 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

82 

For surface stresses greater than or equal to a calculated threshold stress and less than or equal to 
the calculated maximum stress (both a function of yield and ultimate strengths), Direct Model 2 
calculates initiation time by: 

, = / ln −−  [8-2] 

where intermediate values to incorporate effects of cold work, material properties, and 
uncertainty are calculated using Equations [8-3] through [8-7]: 

= ln( )ln −1 −  [8-3] 

= ∙ ∙  [8-4] = + ln( ) [8-5] 

= ( − 1) ( )  [8-6] 

=  [8-7] 

and tINI,nom = initiation time under fixed set of conditions (output) T = temperature (input) σ = surface stress (input) 
σUTS = ultimate tensile strength 
σys = yield strength E = local elastic modulus (input) Q = activation energy for initiation (input) R = universal gas constant (input) B = Direct Model 2 proportionallity constant (input) q = Direct Model 2 environment-cold-work exponent (input) a,b,c,k = Direct Model 2 general cold work parameters (input) v = Material-specific coefficient 
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w = Material-specific exponent z1,z2 = Material-specific cold work parameters  
The model parameters and their uncertainty characterization are estimated from calibration to 
literature data or industry experience for a specific group of component types or materials. The 
temperature effect defined by the activation energy and the cold-work effects in various other 
model parameters were estimated from controlled laboratory studies. 

8.1.1.3 PWSCC Weibull Model The Weibull model calculates initiation time by: 
, = (−ln( )) /  [8-8] where tINI,nom = initiation time under fixed set of conditions (output) UINI = uniform random seed used to sample Weibull distribution (input) β = Weibull slope 

The best-fit Weibull slope is calculated by the Framework from the user-defined Weibull slope 
input. The Weibull Model calculates the reference Weibull scale parameter and then adjusts the 
scale parameter for temperature, surface stress, and number of subunits (i.e., a proxy for wetted 
surface area), if the surface stress is greater than zero, following: 

= 1 − 1 ( ) /  [8-9] 

where T = temperature (input) σ = surface stress (input) n = stress exponent (input) Q = activation energy for initiation (input) R = universal gas constant (input) Nsubunit = number of subunits (input) Tref,σref = reference temperature and stress parameter (input) 
8.1.2 Fatigue Initiation Model 
The fatigue initiation model is a strain-based model that, in general, has many proven 
applications in industry for low cycle fatigue. The model developed for xLPR V2 includes the 
effects of temperature, sulfur content, dissolved oxygen, and strain rate in the form of an 
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environmental parameter [4]. This model can be extended to high cycle fatigue with proper 
adjustment of the fatigue law parameters including the fatigue threshold. 

The general form of the probabilistic fatigue life curves, based on work by Argonne National 
Laboratory [5-8], is written as: 

= +  [8-10] 

where B is a scaling parameter in the general strain-life relationship. 

Alternatively, this is expressed as: 

ln( ) = + − 1 ln( − ) − ln( ) − ln( ) − ln( ) [8-11] 

where N = Number of cycles to fatigue crack initiation Co = Low-cycle fatigue variable (normal distribution) Cenv = Deterministic environmental variable b = Slope of low-cycle fatigue (material-dependent constant) εα = Strain amplitude ε∞ = Strain endurance limit (normal distribution) Fsurf = Factor capturing effects of surface finish (log-normal distribution) Fload = Factor capturing the uncertainty in the loading history (log-normal distribution) Fcal = User-defined factor used to calibrate the fatigue crack initiation model to match empirical component data or other user requirements (constant or log-normal distribution) 
The probabilistic aspect is introduced in Equation [8-11] by considering Co and ε∞ to be random 
variables. The strain amplitude, εα, is one-half the peak-to-peak strain value and ε∞, is the 
endurance limit strain. The terms Co and ε∞ are assumed normally distributed. Cenv is a 
deterministic environmental term dependent on temperature, oxygen content of the coolant, 
sulfur content of the material, and strain rate. Variability associated with surface finish and 
loading sequence is captured in the factors FSurf and FLoad, which are assumed to be log-normally 
distributed. The Fcal term is an additional factor that provides the user flexibility to adjust fatigue 
lives for all other uncertainties between laboratory data and actual reactor piping behavior. These 
factors are intended to address the differences between polished, small-scale laboratory 
specimens tested under uniform cycling and actual plant components with industrial grade 
surface finishes and non-uniform loading. 
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8.2 Model and Module Limitations 
Modeling of PWSCC initiation is challenging because of the process complexity, lack of a 
clearly understood mechanism, and some of the key factors are not usually known for the 
applicable weld or component being evaluated. Therefore, to best predict PWSCC initiation, 
applying plant operating experience and statistical approaches to calibrate the selected models 
are necessary. Conversely, the fatigue model is a fairly mature and has been incorporated into 
xLPR V2 without modification. While every effort was made to implement the best 
computational methods and modeling practices available during xLPR V2 development, some 
limitations exist. 

The difficulty of incporating Direct Model 2 into the Framework arises from the combination of 
the upper stress threshold and the discretization convention used for multiple flaw formation 
whereby the ID surface is divided into a user-defined number of circumferential subunits and 
initiation is simulated independently within each. An example would be a component with an 
axisymmetric hoop stress profile. If the hoop stress happens to exceed the upper stress threshold 
for a given realization, flaws will initiate in all circumferential subunits and the number of flaws 
becomes related to the number of subunits. If coefficients z1 and z2 are properly selected it may 
be reasonable to expect multiple flaw formation in this scenario, but the artificial determination 
of the number of flaws is considered an unintended consequence. 

When using Direct Model 2, the responsibility is with the user to monitor the frequency (i.e., per 
realization) with which the upper stress threshold is exceeded. In xLPR V2, the user would have 
to modify the code to enable this value to be monitored. If this condition occurs at a frequency 
exceeding the user’s desired lower level of risk prediction precision, the user should either (a) 
use Direct Model 1 or the Weibull model instead, or (b) verify the validity of the utilized upper 
stress threshold relationship and then run sensitivity cases varying the number of subunits. 

The PWSCC initiation model parameters are influenced significantly by the near-surface stresses 
associated with components in the underlying data set. Difficulties calibrating CI model 
parameters are exacerbated by the general lack of available information related to WRS and 
therefore require the use of generic conventions to estimate near-surface stress to account for the 
effect of weld repairs, weld configurations, component geometry, and flaw orientation. 

To evaluate initiation, the Framework discretizes the weld component based on a user-specified 
number of subunits, which are independent of the diameter.  All three of the initiation models 
were calibrated to 19 subunits.  While the Weibull Model inherently accounts for the wetted 
surface area, Direct Models 1 and 2 do not.  Users should therefore be aware that the Framework 
does not allow for discretization based on a user-specified wetted surface area per subunit to 
effectively normalize for any potential size effects. Different numbers of subunits would require 
re-calibrating the model parameter inputs for Direct Models 1 and 2 based on a different number 
of subunits, up to 30. 

8.3 PWSCC Module Calibration 
A comprehensive calibration and validation effort was completed to ensure that the PWSCC 
initiation models consistently reflect current laboratory and operating experience for Alloy 
82/182/132 weld materials. The calibration and validation efforts present a statistical framework 
for the integration of laboratory and field data in the development of the three models. The 
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assumptions and implications of the calibration effort are described in detail in the PWSCC CI 
model calibration report [10]. 

As utilized for estimating the effects model parameters, laboratory testing is performed for 
aggressive material conditions and aggressive surface conditions (including cold-work) to initiate 
flaws in reasonable test periods. While it is reasonable to assume representative trends versus 
model variables, the aggregate prediction of initiation time based solely on laboratory results is 
expected to under predict the time to PWSCC initiation for field experience. As such, estimation 
of the probabilistic failure time model is done using field data. This approach has the advantage 
of treating the effects of surface condition and material susceptibility implicitly. 

The generalized statistical framework used in the calibration effort applies a laboratory data set 
for refinement of underlying model dependencies and a field data set for calibration of the 
aggregate initiation time prediction. This statistical framework addresses several practical 
considerations including: (a) treatment of missing or poorly quantified data, (b) treatment of 
time-varying conditions, (c) consideration of multiple flaw initiation, (d) treatment of the 
distinction between flaw detection (the practical proxy for flaw initiation in the field) and actual 
flaw initiation, (e) incorporation of suspended item data (i.e., field components without initiation 
yet detected), and (f) treatment of different sources of variability. 

The outcome of the calibration effort includes: 

• Recommended parameters for use with the PWSCC initiation models, along with their 
technical bases and a delineation of critical assumptions and conservatisms. 

• Documented verification of the recommended model parameters through the use of subset 
analysis (i.e., model development subsets of the data), sensitivity testing, and goodness-of-fit 
demonstration. 

• Documented validation of the recommended model parameters through comparison with an 
independent set of PWSCC initiation experience in Alloy 82/182/132 weld materials for 
international plants. 

• Comparison between field and laboratory PWSCC initiation experience in Alloy 82/182/132 
weld materials. 

• A set of recommendations to consider for future model parameter refinement. 

8.4 Module Validation 
Since superposition of CI mechanisms was not considered, each of the modules were validated 
independently. 

8.4.1 PWSCC Module Validation 
Model validation was performed with an independent set of field experience from Swedish, 
Japanese, and Belgian plants. The models developed from U.S. experience were generally 
bounding of the international experience. Direct Model 2, in particular, demonstrated good 
agreement in terms of distribution shape relative to the international experience. 
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The models were compared with laboratory data for PWSCC initiation testing. Initiation 
susceptibility exhibited by laboratory data was generally higher than the base case models and 
demonstrated less variability. The disparities were most likely due to: 

• Differences in detection capability between laboratory investigations and field inspections. 

• Some laboratory testing included in this analysis featured intentionally cold-worked 
specimens. The proportion of highly cold-worked laboratory materials may not be 
representative of the proportion of field DMWs with highly cold-worked surfaces. 

• The laboratory experience exhibits less overall variability than is predicted by the base case 
models developed from plant experience. This may be due to tighter control of specimen 
material properties and test environments within the laboratory setting. 

Various data subsets were investigated to determine whether there was statistically significant 
evidence that these subsets should be treated with different model parameters. The subsets 
included axial cracks only, circumferential cracks only, pressurizer components only, hot or cold 
leg components only, small-diameter (e.g., <10 in.) components only, and large-diameter 
components (e.g., >30 in.) components only. While best-estimate predictions for these subsets 
could vary (and therefore might motivate separate treatment), there was generally not a 
significant statistical difference in model parameters on account of large parameter uncertainty. 
Given this result, the PWSCC Initiation MVR [11] takes the approach of recommending a single 
set of model parameters for each of the initiation models developed from the comprehensive set 
of U.S. data. 

Various sensitivity tests were performed to understand the effect of different inputs and 
assumptions used during model regression. Across these sensitivity tests, the near-surface stress 
assumed for the field components when performing regression stood out as the most critical 
input. This finding was expected and motivates recommendations given in Section 2.4 of xLPR-
TR-CI-SCC-Calibration [10]. 

Conventional goodness-of-fit tests and metrics were applied to assess the base case model fits 
relative to the underlying data set. These tests confirmed the goodness of fit of the models over 
practical time spans. Details of the validation work are described in xLPR-MVR-CI-SCC [11]. 

8.4.2 Fatigue Crack Initiation Module Validation 
Validation of the fatigue CI module for low alloy steels, CSs, wrought and cast austenitic SSs, 
and Ni-Cr-Fe alloys was taken directly from NUREG/CR-6909 [4]. NUREG/CR-6909 reviews 
existing fatigue ε-N data for these materials in both air and light water reactor environments. The 
effects of light water reactor environments on the fatigue lives of these materials was reviewed 
and incorporated into the model definitions. The key light water reactor parameters affecting 
fatigue life are temperature, sulfur content, dissolved oxygen, and strain amplitude, ε. 

Separate models for estimating the fatigue lives of carbon, low-alloy, stainless, and Ni-Cr-Fe 
steels in light water reactor environments based on the fatigue ε-N data are described in the 
validation report for the CIF module and NUREG/CR-6909 ([4], [12]). These models are defined 
by the relationship in Equation [8-11]. For validation of these models, NUREG/CR-6909 
provides plots comparing the experimental data (e.g., observed lifetimes) against the predicted 
lifetimes. These comparisons do not include the Fsurf, Fload, and Fcal factors since they are 
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intended to address uncertainties for actual plant operation that were not included in the Argonne 
National Laboratory models. The predicted lives for carbon and low alloy steel show good 
agreement with the experimental values. They differ by as much as a factor of 3, but with more 
than 95% of the data falling within a factor of 2. Corresponding comparisons for stainless and 
Ni-Cr-Fe steels in NUREG/CR-6909 show similar levels of agreement between the test data and 
model predictions. 

8.5 Inputs and Input Uncertainty Characterizations 
Uncertainty in the different CI models is characterized by assigning appropriate statistical 
distributions to some of the parameters used in the model definition. The modules rely on the 
Framework to randomly sample from the model parameters distributions and pass the sampled 
values to the modules as input arguments. 

8.5.1 PWSCC Module Inputs and Outputs 
The inputs to the CI-SCC module include the number of subunits, surface stresses, 
environmental conditions, material factors, and model parameters. The outputs include the time 
to initiation for the given subunit, the location of initiation within that subunit, and error flags 
indicating any issues with input ranges or calculations. The initiation crack size is calculated by 
the Framework outside of the CI-SCC module based on the user-defined inputs. 

The recommended default inputs for the PWSCC CI models are described in detail in the 
PWSCC CI Module Calibration Report [10]. In all cases, the default inputs represent a set of 
inputs that should only be modified concurrently and should be considered in the context of the 
conclusion drawn in [10]. 

8.5.2 Fatigue Module Inputs and Outputs 
The inputs to the CIF module include the number of subunits, loading and environmental 
conditions, and model parameters. The outputs include time to initiation for the given subunit, 
the location of initiation within that subunit, and error flags indicating any issues with input 
ranges or calculations. 

Values of the constants used in Eqn. 8-11 for a variety of piping materials for light water reactor 
applications are from NUREG/CR-6909 [4]. The inputs for the environmental functions included 
in Cenv are S*, O*, T* and  with Cenv calculated by the expressions provided in the CIF module 
SRD [3]. Suggested within-heat and heat-to-heat variances are also included there. The 
recommended distributions for FSurf and FLoad are taken from NUREG/CR-6909 [4] and are based 
on tests performed on specimens with roughened surfaces and subjected to variable loading. The 
validation work presented in NUREG/CR-6909 does not directly address validation of these 
factors since plant data is very limited. 

8.5.3 Quantification of Uncertainty in the PWSCC CI Models 
Uncertainty characterization for Direct Model 1 is included by considering the model parameter 
A to be a random variable. The statistical distribution of A is estimated by calibration to literature 
data or industry experience (e.g., rates of detection and leakage) for a specific group of 
component types or materials. Additionally, A may exhibit some within-heat variation. The 
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temperature and stress effects defined by Q and σth are also estimated from controlled laboratory 
studies. 

Similar to the treatment of uncertainty in Direct Model 1, uncertainty characterization for Direct 
Model 2 is included by considering the proportionality constant B to be a random variable. The 
parameter value and uncertainty characterization is estimated from calibration to literature data 
or industry experience for a specific group of component types or materials. Additionally, B may 
exhibit some within-heat variation. 

The Weibull model uncertainty is included in the initiation time by sampling from the Weibull 
distribution defined by the random Weibull slope and the adjusted Weibull scale parameter when 
the surface stress is greater than zero. Additionally, there is uncertainty in the vertical intercept 
parameter, εc. 

In lifetime predictions using the Weibull distribution, it is commonly noted that the slope 
parameter, β, is best associated with the physics of a failure mode, while the characteristic life or 
scale parameter, θ, is best associated with the severity of application within that failure mode. 
This implies that physically, the Weibull parameters β and θ may be two independent 
parameters. However, becasuse the Weibull model parameters were calibrated to operating 
experience, there is not enough information to develop independent numerical estimates of β and 
θ. Thus, a strong correlation exists between the numerically estimated Weibull parameters (i.e., β 
and c in the xLPR V2 Weibull model form) due to the paucity of data. The Framework includes 
a correlation term between β and c to properly capture this effect. 

A more detailed treatment of the uncertainty characterization for the PWSCC initiation models is 
provided in Attachment A of the CI Subgroup report [1]. 

8.5.4 Quantification of Uncertainty in the Fatigue CI Models 

Uncertainty in the fatigue CI model is included by considering Co and ε∞ to be random variables. 
The terms Co and ε∞ are assumed to be normally distributed. Cenv is a deterministic 
environmental term that depends on temperature, oxygen content of the reactor coolant, sulfur 
content of the material, and strain rate. Variability associated with the surface finish and loading 
sequence is captured in the factors FSurf and FLoad, which are assumed to be log-normally 
distributed. 

A more detailed treatment of the uncertainty characterization for the fatigue initiation models is 
provided in Attachment B of the CI Subgroup report [1]. 

8.5.5 Quantification of Heat-to-Heat and Within-Heat Uncertainties – PWSCC 
and Fatigue CI Models 

An additional complexity with the uncertainty quantification of CI models is that parameter 
uncertainties may be partially due to weld-to-weld (or heat-to-heat) variation and partially due to 
within-weld (or within-heat) variation. The former quantifies the scatter in the time to CI in 
different welds; the latter quantifies the scatter in the time to CI at different locations of the same 
weld. Specifically, the variance in CI across different welds (e.g., heat-to-heat) is greater than the 
variance for different circumferential subunits of a particular weld (e.g., within-heat). Within-
heat and heat-to-heat variances have a large influence on failure probabilities, and within-heat 
variance affects the number of subunits that initiate a crack in a given sample (weldment). 
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Both variances may be used in the calculation of PWSCC and fatigue CI times. For Direct 
Model 1 and Direct Model 2, heat-to-heat and within-heat variances are assigned to the 
proportionality constants “A” and “B,” respectively. For the fatigue CI model, the random 
variables C0 and ε∞ are assigned to the heat-to-heat and within-heat variances, respectively. The 
selection of random values for these parameters during a simulation is a two-step process. In the 
first step, the mean values of the random variables (i.e., A, B, Co, and ε∞) are used with the heat-
to-heat standard deviations (σh-h) to sample for representative values for the weld. These terms 
are referred to as A'0, B'0, C'0 and ε'∞. In the second step, their values are used as the mean values 
with the within-heat standard deviations (σw-h) to sample for values of A, B, Co, and ε∞ to be 
applied to each subunit of the weld. Details on this sampling algorithm are given in the SRDs for 
CI-SCC [2] and CIF [3] modules. 

8.6 Model and Module Assumptions and Effects on xLPR V2 Predictions 
The assumptions made to support CI model development are summarized in Table 8-1. Model 
development and calibration were performed with the goal of providing a best-estimate model in 
each case, so little model bias and uncertainty are expected. 

Table 8-1 
Crack Initiation Model Development Assumptions and Effects 

Assumption Technical Basis Effects on Bias and Uncertainty 

The initial crack size distribution 
was either taken directly or inferred 
from measured inspection data used 
to develop the PWSCC CI model 
parameters. The smaller flaws 
observed were assumed to be planar 
and congruent such that they are 
represented by one continuous flaw 
that is idealized by the maximum 
depth and length.  

This assumption was made to 
conservatively bound the CI size 
and to provide a conservative bias 
to initiation time estimation (i.e., 
larger flaws assumed at any given 
service time result in the calculation 
of shorter times to initiation to 
account for initiation and growth to 
the given crack size within the 
given time frame). 

This assumption is expected to 
result in an underestimation of the 
time to CI. 

PWSCC initiation is modeled 
separately from fatigue CI (i.e., the 
effects are not superimposed, and it 
is assumed that there is no 
interaction between the two 
models). 

Industry experience has shown that 
these two initiation mechanisms are 
generally observed separately at 
different locations and are caused 
by very different loading conditions 

The CI models developed for xLPR 
V2 define a functional dependence 
of initiation time on the 
predominant drivers of fatigue OR 
PWSCC initiation. Other 
dependencies that are not explicitly 
used are captured with model 
uncertainty, so this assumption is 
not believed to have any effect on 
the overall predictions of CI. 

To accommodate multiple CI sites 
in a single weldment, xLPR V2 
divides each weldment into 
multiple subunits and assumes only 
a single crack may initiate within 
each subunit. 

Industry experience shows that 
cracks can initiate at multiple 
locations in a weld and can coalesce 
into a larger crack during service. 

The resultant effect on bias and 
uncertainty is expected to be 
minimal. The CI-SCC and CIF 
modules replicate observed 
cracking behavior. 
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Assumption Technical Basis Effects on Bias and Uncertainty 

All CI-specific conditions are 
assumed to remain constant within 
each time interval. Distinct time 
intervals are defined for each 
change in an operating load (e.g., 
operational pressure and 
temperature), residual stress, 
component thickness (which can be 
altered by surface stress 
improvement or weld application), 
and zinc concentration. 

Accommodates reduction in 
conditions for which the CI 
modules need to be called. 

This discretization is expected to 
have minimal impact on leakage 
and rupture probabilities. 

Miner’s Rule was assumed to 
represent damage accumulation 
during multiple time intervals 
towards initiation. 

Miner’s Rule is a well-established 
method. 

Minimal effect on bias and 
uncertainty 

Circumferential and axial cracks are 
assumed to behave independently 
of one another. 

Observed field cracking does not 
show a significant degree of 
interaction between axial and 
circumferential cracks.  Axial and 
hoop stresses are considered 
independently. 

The CI modules are used to 
calculate initiation times for axial 
and circumferential cracks, but can 
only consider a single orientation 
each time they are called. The 
resultant effect on bias and 
uncertainty is expected to be 
minimal. 

PWSCC initiation is assumed to be 
dependent on surface stress and 
operational temperature for all three 
CI models. 

It is widely accepted in the 
technical community that PWSCC 
is influenced by both temperature 
and surface stress. 

Minimal effect expected on model 
bias and uncertainty 

Direct Model 2 further assumes that 
cold work and other mechanical 
properties can influence initiation 
times in base metals and that 
equivalent values can be used to 
model initiation times in welds. 

Test data and field experience show 
that cold work can influence 
PWSCC initiation times. 

Incorporation of Direct Model 2 
provides additional capability and 
flexibility for the modelling of 
PWSCC initiation. The resultant 
effect on bias and uncertainty is 
expected to be minimal. 

The fatigue CI model is assumed to 
be appropriately represented by a 
strain-based model suitable for low 
cycle fatigue applications with 
environmental effects limited to 
temperature, sulfur content, 
dissolved oxygen content, and 
strain rate. 

The fatigue model leverages the 
development work documented in 
NUREG/CR-6909 [4]. 

Minimal effect on bias and 
uncertainty 
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Assumption Technical Basis Effects on Bias and Uncertainty 

Initiated cracks are assumed to be 
located on the axial center plane of 
the weldment within the subject 
subunit. 

This assumption is necessary for 
subsequent coalescence calculations 
of circumferential cracks. It also 
results in both ends of axial cracks 
reaching the base metal at the same 
point in time. 

Minimal effect on initiation 
predictions 

Uncertainty characterization for 
Direct Model 1 is included by 
assuming the variables A and σth to 
be randomly distributed. 

This is a common approach in 
probabilistic modeling and has been 
shown to provide realistic 
predictions of initiation times, when 
properly calibrated, as compared to 
observed field data. xLPR V2 
results have been demonstrated to 
be sensitive to the value of A [15]. 

These parameters strongly affect 
xLPR V2 predictions of rupture and 
leakage, but they are expected to 
have a minimal effect on bias and 
account for uncertainty when used 
within the calibration range 
specified in [10]. 

Similar to the treatment of 
uncertainty in Direct Model 1, 
uncertainty characterization for 
Direct Model 2 is included by 
assuming the proportionality 
constant B to be a random variable. 

This is a common approach in 
probabilistic modeling and has been 
shown to provide accurate 
predictions of initiation times as 
compared to laboratory data on 
base metal behavior. 

These parameters strongly affect 
xLPR V2 predictions of rupture and 
leakage, but they are expected to 
have a minimal effect on bias and 
account for uncertainty when used 
within the calibration range 
specified in [10]. 

Uncertainty characterization for the 
Weibull model is included by 
assuming that the Weibull slope 
and adjusted scale parameters are 
random variables.  

This is a common approach in 
probabilistic modeling and has been 
shown to provide realistic 
predictions of initiation times as 
compared to observed field data. 

These parameters strongly affect 
xLPR V2 predictions of rupture and 
leakage, but they are expected to 
have a minimal effect on bias and 
account for uncertainty when used 
within the calibration range 
specified in [10]. 

Uncertainty in the fatigue CI model 
is included by considering Co and 
ε∞ to be random variables. 

This is a common approach in 
probabilistic modeling and has been 
shown to provide accurate 
predictions of initiation times as 
compared to laboratory data in air 
environments. Correction factors 
for surface finish and loading are 
also random variables to account 
for the uncertainty in actual PWR 
operation in water environments. 
The fatigue CI model correction 
factors for actual plant operation 
are believed to be conservative, but 
there are insufficient data to 
quantify this belief at the current 
time [1]. 

These parameters strongly affect 
xLPR V2 predictions of rupture and 
leakage, but they are expected to 
have a minimal effect on bias and 
account for uncertainty when used 
within the calibration range 
specified in [10]. 
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Assumption Technical Basis Effects on Bias and Uncertainty 

The CI-SCC module was calibrated 
to a set of combined field and 
laboratory data assuming 19 
subunits.  

Discretizing the weld 
circumference into 19 subunits was 
judged to be reasonable for 
providing sufficient opportunities 
for CI.  The use of 19 subunits 
minimizes uncertainty and 
prediction bias because the model 
has been calibrated to this number 
as described in [10]. 

Use of the CI-SCC module outside 
the range of calibration [10] may 
increase the uncertainty and result 
in prediction bias. 

8.7 Summary 
Previous probabilistic fracture mechanics studies, such as documented in MRP-116 [13] and the 
xLPR Pilot Study Final Report [14], showed that the major (~80%) contributor to failure 
(defined therein as a detectable flaw or a very small leak) probability is the time to PWSCC 
initiation. There are many factors believed to contribute to the occurrence of PWSCC initiation, 
many of which are unlikely to be well-characterized at the individual plant or weld level. 

Three best-estimate PWSCC initiation models are included in the xLPR V2 code to provide users 
with options for selecting models that correspond with available data and to allow for sensitivity 
studies on the effects of how CI is modeled. Furthermore, each of the three models contain 
parameters that are defined by distributions that are sampled by the Framework to account for 
model parameter uncertainty. These parameter distributions were determined by calibrating the 
models to EPRI Performance Demonstration Initiative (PDI) qualified inspection results from 
2004 to mid-2014 and validated with 25 years of laboratory data and limited international field 
data that were not used in model calibration. 

The dominant factors contributing to uncertainty in the CI predictions are the model parameters 
A (for Direct Model 1), B (for Direct Model 2), and the slope and scale parameters (for the 
Weibull Model). To account for their contributions to uncertainty, distributions for these 
parameters were defined by the CI Subgroup in their detailed model calibration study [10]. Use 
of the models with parameter distributions outside the range of calibration may result in 
increased prediction bias and uncertainty. 

The incubation time associated with CI is often a major portion of piping component lifetimes, 
and it is believed that PWSCC is the dominant initiation mechanism within the subject 
population of susceptible materials. The importance of PWSCC initiation on piping component 
failures was confirmed in a preliminary sensitivity study using the xLPR V2 code [15]. Fatigue 
CI is not believed to have a significant role in the failure probabilities computed by xLPR V2, 
and thus it was decided not to include mean stress effects or to improve the model parameters for 
the Fsurf and Fload distributions. This judgement has been further supported in the Scenario 
Analyses [15]. 

With regard to potential CI model conservatism that is only due to any non-realistic biases, the 
following summary is provided: 

• The fatigue CI models are best estimates based on laboratory data in air [12]. 
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• The fatigue CI model correction factors for actual plant operation are believed to be 
conservative, but there is insufficient data to quantify their conservatism at this time [12]. 

• All three CI models for PWSCC have been calibrated against all applicable data to be best-
estimate with no additional conservatism ([4], [11]). 
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9  
CRACK GROWTH RATE UNCERTAINTY 

9.1 Crack Growth Rate Models 
PWSCC and fatigue CGR models were developed for nine material groups expected to be of 
interest in the evaluation of DMWs in PWR primary loop piping. These models were 
incorporated into the CGR module. The material groups are listed in Table 9-1 along with group 
10, which allows for custom PWSCC and fatigue CGR models. 

Table 9-1 
Material Groups Recognized by CGR Module 

Material Group Numeric Code 

Alloy 600 1 

Alloy 182 or Alloy 132 2 

Alloy 82 3 

Alloy 690 4 

Alloy 52 or Alloy 152 5 

304 or 316L SS and associated weld metals 6 

316 and associated weld metals 7 

304L or 304LE SS and associated weld metals 8 

ferritic steel (CS/LAS) and associate weld 
metals and base metal HAZ 

9 

custom material 10 

9.1.1 Primary Water Stress-Corrosion Cracking Models 
The PWSCC CGR models are based primarily on investigations performed under the EPRI 
MRP. These investigations selected appropriate model forms, derived model parameters and 
uncertainties, and presented statistical validation. These models are semi-empirical in that they 
incorporate theoretical dependencies but use laboratory data to estimate parameters and 
uncertainties that fully define the corresponding CGR equation. For xLPR V2, these model 
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forms were validated with field and laboratory data independent from those data used for model 
development. 

The Alloy 600 PWSCC CGR model, based on the work described in MRP-55 [1], is a function 
of temperature and the Mode I stress intensity factor as given below: 

= exp − 1 − 1 ( − ) >0 ≤  [9-1] 

where:  = CGR Qg = thermal activation energy for crack growth Rgas = Universal gas constant T = temperature at location of crack (absolute) Tref = reference temperature (absolute) 
α = scaling constant fheat = common factor applied to all specimens fabricated from the same material heat to account for variation in susceptibility of a given heat fwh = within heat factor that accounts for the variability in CGR for different specimens fabricated from the same material heat K = crack-tip stress intensity factor Kth = crack-tip stress intensity factor threshold 
β = stress intensity factor exponent 

The Alloy 82/182/132 PWSCC CGR model that is based on the work described in MRP-263 [2], 
has the same model form as that in MRP-115 [3], but also includes a hydrogen effect scaling 
term: 

= exp − 1 − 1 ( − )  

= 1 + ( − 1) exp −0.5 ∆ /  

[9-2] 

where:  = CGR accounting for hydrogen effect fweld = common factor applied to each unique weld to account for weld wire/stick heat processing and for weld fabrication 
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fww = within-weld factor that accounts for the variability in CGR at different locations within a unique weld falloy = alloy factor forient = crack orientation factor  = hydrogen factor ΔECPNi/NiO = difference in electrochemical corrosion potential (ECP) between the Ni/NiO transition and the ECP at the current concentration of hydrogen and temperature P = peak-to-valley ratio c = peak width parameter 
Note that this equation is similar to the Alloy 600 equation, but it includes an alloy factor to 
account for the reduced PWSCC susceptibility of Alloy 82 versus Alloys 182/132 (due to 
differences in chromium content) and an orientation factor to account for the influence of crack 
orientation (i.e., parallel or perpendicular to dendrite growth direction). For the hydrogen factor, 
the difference in ECP between the Ni/NiO transition and the ECP at the current concentration of 
hydrogen is calculated (in units of mV) using the equations presented in MRP-213 [4]. 

There is an ongoing effort focused on collection, scoring, and analysis of Alloy 690/52/152 data 
to develop a CGR model that may gain consensus from industry experts assembled by EPRI. 
While these materials are less susceptible (e.g., by a factor of 10 to 1000) to PWSCC given their 
increased chromium content, laboratory data suggest that PWSCC rates of engineering 
significance are possible under high temperature and high loading conditions due to WRS. There 
is currently no consensus on a PWSCC CGR model for these materials, but the application of a 
potentially statistically distributed improvement factor to the Alloy 82/182/132 CGR model has 
been recommended [5]. 

Austenitic SS and ferritic steel are ordinarily considered not to be susceptible to SCC under 
normal PWR conditions (especially relative to Alloys 600/82/182/132). Nonetheless, a general 
material model of the form shown in [5] is included in xLPR V2 and could be used to implement 
SCC CGR models for these materials: 

= ( − ) exp − 1 − 1 >0 ≤  [9-3] 

This equation is modeled after the CGR equations developed in MRP-55 [1] and MRP-115 [3]. It 
includes terms to account for component-to-component variation, within-component variation, a 
stress intensity factor effect, and a temperature effect. 

9.1.2 Fatigue Models 
The fatigue CGR models include distinct forms for three material classes: Ni-based alloys (i.e., 
Alloys 600 and 690) and their associated weld metals, wrought and cast austenitic SS (i.e., Types 
304, 304L, 304LE, 316, 316L, 316NG, and 316LN; and Grades CF8, CF8M, CF3, and CF3M) 
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and their associated weld metals, and general ferritic steels (e.g., CS and low-alloy steel). Like 
the PWSCC CGR models, the fatigue models were developed semi-empirically using data from 
controlled laboratory studies. The fatigue CGR models have been validated with independent 
laboratory data and other existing model forms. 

Fatigue CGRs for nickel-based alloys are calculated as follows: 

= +  [9-4] 

where:  = per cycle fatigue rate including environmental conditions  = per cycle fatigue rate in air Aenv = environmental factor nenv = environmental exponent τr = loading rise time of transient component CNi = scaling constant falloy = alloy factor FR = load ratio effect FT = temperature effect ΔK = stress intensity factor range nNi = Paris power-law exponent 
This fatigue CGR model for general nickel-based alloys in PWR environments is applicable to 
Alloys 600 and 690 and their associated weld metals. The fatigue crack growth characteristics of 
Alloy 600 and its related weld materials that are extensively reviewed in NUREG/CR-6721 [6] 
form the basis for the above model, which includes conventional fatigue dependencies on the 
stress intensity factor range (i.e., Paris power-law) and load ratio. It also includes a projection 
from air to environmental conditions, which is dependent on the loading rise time of the fatigue 
cycle. Finally, the model includes the influence of alloy type and temperature, consistent with 
observations made during testing. 

Fatigue CGRs for austenitic SS are calculated as follows: 

= ∙ ∙ ∙ ∙ (∆ )  [9-5] 
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where:  = per cycle fatigue rate including environmental conditions CSS = scaling constant nSS = Paris power law exponent Fτ = Loading rise time effect 
Similar to the nickel-based alloy CGR model, this model is founded on the Paris power-law 
relationship and includes temperature, load ratio, and alloy-specific adjustments. Different from 
the nickel-based alloy CGR model, the model does not separate fatigue in air from fatigue under 
environmental enhancement. Instead, the environmental factor is built into the scaling factor, 
CSS, and the loading rise time effect term. The relations governing fatigue CGRs in austenitic SS 
in reactor water environments are based on an extensive compilation of test data provided by 
Mills [7]. The specified model is in close agreement with the CGR model developed for ASME 
Code Case N-809, as described by the technical basis in PVP2015-45884 [8]. 

The different fatigue CGR curves for ferritic steel growth regimes, including those for true 
corrosion fatigue and environmentally assisted cracking as determined by metallurgical and 
time-dependent, environmental conditions, can all be calculated using the following general 
equation form: 

= ∆(2.88 − )  [9-6] 

where:  = per cycle fatigue rate including environmental conditions Cenv = environmental factor ΔK = stress intensity factor range R = load ratio nfer = Paris power law exponent nR = load ratio exponent 
As with the other two material-specific fatigue CGR models, this model is founded on a Paris 
power-law principle and includes a load ratio effect. The environmental factor, Paris power-law 
exponent, and sulfur-dependent load ratio exponent are varied to represent the different growth 
regimes. A temperature effect has not been included, despite experimental evidence to the 
contrary. The effect of temperature variation is incorporated as model uncertainty. The fatigue 
CGR model for ferritic steels is based on analyses that were ultimately developed into a model in 
ASME Code Case N-643-2 [9]. 

For a more detailed discussion of the development of the CGR models and uncertainties, see the 
CGR Subgroup Report (xLPR-MSGR-CGR) [10]. 
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9.2 Module Summary 
The CGR module implements the models described above to calculate the CGR for a given set of 
material, environmental, and loading conditions. A number of integration requirements are 
applied within the Framework to supply the correct inputs to the CGR module and to integrate 
the outputs to yield predictions for crack location, shape, and size versus time. 

9.3 Model and Module Limitations 
The CGR models in xLPR V2 are not applicable to modeling the earlier stages of crack 
development that often involve growth rate calculations of multiple short cracks (i.e., micro-
fissures).  These stages are modeled by the xLPR V2 CI models. Therefore, the CGR models are 
limited to predicting the growth of macro-sized cracks of engineering significance. 

The scope of the CGR module is limited in that circumferential cracks must be coplanar, which 
is consistent with the overall assumption for xLPR V2 that all circumferential cracks are 
coplanar. Within xLPR V2, axial and circumferential cracks are assumed to not interact and only 
one crack of each orientation can initiate in each subunit. Since axial crack growth is assumed 
perpendicular to the weld plane, the interaction of crack growth between axial cracks is not 
possible. 

The CGR module only applies to cracks that comply with one of three idealized crack types: 
idealized SCs, idealized TWCs, and TRCs. These three idealized crack types are assumed 
throughout xLPR V2. 

The equations implemented within the CGR module are semi-empirical model forms developed 
from laboratory studies. Numerous parameters of these model forms are user inputs (i.e., they are 
not hardwired into the source code). So, while several combinations of material type, crack 
growth mechanism, and environment are not explicitly addressed in this report (namely, those 
not directly relevant to the present scope of xLPR V2 on DMWs in PWR primary system 
piping), the module is believed to provide enough flexibility to accommodate new data or 
updated analyses. 

9.4 Module Validation 
The Alloy 600 PWSCC CGR model was compared against three independent sets of CGR data 
to investigate the overall agreement between probabilistic CGR predictions and data (e.g., by 
investigating the ability of CGR confidence intervals to bound data scatter), but also to 
investigate the agreement between modeled effects and data trends. In the conclusion of this 
work [11], the Alloy 600 PWSCC CGR model was shown to provide CGR predictions that are 
generally consistent with the extensive database of laboratory PWSCC test data separate from 
the MRP-55 [1] database and mostly acquired since 2004, and instances of PWSCC in field 
components. There exist a minority of instances in which the model generally under predicts data 
for certain heats (i.e., Babcock and Wilcox tubular products and French top head penetration 
nozzles) measured via both field and laboratory experience, but these heats were observed to be 
highly SCC-susceptible materials and the underprediction by the median CGR model is 
expected. 

The CGR models for the Alloy 82 and Alloys 182/132 weld materials were compared to 
worldwide laboratory CGR data that were not included in the model development database [3]. 
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These comparisons validated the robustness of this model. As part of the module-level validation 
for xLPR V2 [11], the Alloy 82 and Alloys 182/132 CGR models were also compared against 
two other sets of independent CGR data. This validation investigated the overall agreement 
between probabilistic CGR predictions and data as well as the agreement between modeled 
effects and data trends. It was concluded that the Alloys 82/182/132 PWSCC CGR model 
provides CGR predictions that agree with the limited PWSCC CGR measurements in field 
components. Validation of the hydrogen effect was also performed using data for which 
hydrogen concentration was systematically varied during testing of a single specimen under 
otherwise similar conditions [2]. The estimated peak width parameter for these data shows 
reasonable agreement with the distributed representation given for peak width in Subsection 
2.2.3.3 of xLPR-MSGR-CGR V1 [10]. As additional validation, the full model form was fit to a 
database independent from the data used in model development. The peak width estimate from 
this regression again showed reasonable agreement with the distributed representation given for 
peak width. Furthermore, five studies independent from both MRP-115 and MRP-263 were 
identified in which temperature was systematically varied during testing of a single specimen 
under otherwise similar conditions. Three of these studies varied hydrogen concentration to 
maintain a constant ECP difference relative to the Ni/NiO transition. For the other two, the CGR 
data were adjusted to a common ECP difference relative to the Ni/NiO transition. The average 
actual activation energy derived from the five studies agrees sufficiently with the activation 
energy derived based on the MRP-263 analysis. Analysis has not been performed to validate the 
peak-to-valley ratio against independent data. 

The nickel-based alloy fatigue CGR model was validated by comparison to laboratory CGR test 
data recorded by investigators from Mitsubishi Heavy Industries in support of a reference curve 
for the Japan Society of Mechanical Engineers code. These data comprise testing on Alloy 600 
and Alloy 690 and their associated weld metals in simulated PWR environments and are 
completely independent from the database used for model development. The fatigue CGR MVR 
[12] showed that in general, the model predictions were in good agreement with data, 
specifically: (a) there was little systematic bias of the median prediction relative to data across 
various conditions, provided the environmental exponent was set to 0.25; (b) the  probabilistic 
bounds captured the data reasonably well; and (c) underlying model trends (e.g., versus load 
ratio) were similar to trends determined empirically with the Mitsubishi Heavy Industries data. 

The ferritic steel fatigue CGR model was validated by comparison with an independently derived 
reference curve from ASME Boiler and Pressure Vessel Code, Section XI, Appendix A, Article 
A-4300. The A-4300 reference curve is a bounding curve relative to data that were available at 
the time it was developed. This curve naïvely does not separate true corrosion fatigue from 
environmentally-assisted cracking, and in effect is considered a mixture of the two distinct 
growth modes because it is based on a combined dataset of fatigue crack growth tests from these 
two modes. At higher ΔK values, as expected, the true corrosion fatigue predictions of the xLPR 
V2 model were consistent with or less than the A-4300 reference curve. The environmentall-
assised cracking predictions of the xLPR V2 model were consistent with or greater than the A-
4300 reference curve. The Paris power-law exponents of the independent models were in good 
agreement. At lower ΔK values, the xLPR V2 model is higher than the A-4300 reference curve 
irrespective of the growth regime. 

Module validation is also summarized in the xLPR-CGR-MSGR [9] and further detailed in the 
MVRs for the PWSCC CGR Models [11] and the fatigue CGR Models [12]. 
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9.5 Inputs and Input Uncertainty Characterizations 

9.5.1 Module Inputs 
The PWSCC CGR models comprise numerous model parameters that define their trends and 
uncertainties. The CGR module applies the same PWSCC CGR model form irrespective of the 
material. Therefore, it is the model parameters that are varied in order to simulate PWSCC 
behavior of different materials. The user may specify PWSCC CGR model parameters for each 
distinct material group involved in a given simulation, and the Framework performs the 
bookkeeping necessary to ensure that the CGR module is called with the appropriate parameters 
for the different crack tip locations. Extensive efforts to derive best-estimate quantities and 
uncertainties for model parameters for Alloys 600, 82, and 182 are detailed in the CGR 
Subgroup report [10]. 

The CGR module comprises three independent material-specific models for fatigue CGR 
predictions, each with their own model parameters. The CGR module applies the model that is 
appropriate for the material at the current crack tip location, as specified by the material group 
input parameter. The model parameters are varied in order to simulate the fatigue behavior of 
different materials within a material group. The user may specify the fatigue CGR model 
parameters for each distinct material group involved in a given simulation, and the Framework 
performs the bookkeeping necessary to ensure that the CGR module is called with the 
appropriate parameters for the different crack tip locations. Extensive efforts to derive best-
estimate quantities and uncertainties for model parameters for the fatigue CGR models are 
detailed in the CGR Subgroup report [10]. 

9.5.2 Outputs 
The primary output of the CGR module is the net CGR for the material, loading, and 
environmental conditions communicated via the Framework. This output includes both PWSCC 
and fatigue components, if applicable. These outputs are used by the Framework to simulate the 
progression of one or more cracks as a function of time and time-dependent conditions. A second 
output is an error flag communicating any errors or anomalies encountered during a call to the 
module. The error codes are described in the CGR Subgroup report [10]. 

9.6 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

Table 9-2 summarizes the assumptions, simplifications, and dependencies that are considered 
most important with respect to the CGR module and associated models. Additional details 
regarding these assumptions are included in the CGR Subgroup report [10]. 
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Table 9-2 
Assumptions Made to Crack Growth Rate Models and Module 

Assumption Technical Basis Effects on Bias and Uncertainty 

Probabilistic CGR model forms 
have been developed to 
accommodate laboratory growth 
data, allowing functional 
dependences on conditions that are 
known to have a strong impact on 
crack growth. It is assumed that 
these model parameters, which 
have been fit to laboratory data with 
regression techniques and have 
been validated against limited field 
experience, are acceptable. 

This approach to CGR modeling is 
preferred to fully mechanistic 
models given the relative 
complexity and the current state of 
knowledge associated with the 
physical processes. Since the 
models are derived empirically, 
they are only as accurate and 
representative of field conditions as 
the underlying data sets. The 
aforementioned investigations place 
particular emphasis on simulating 
representative conditions, 
combining the knowledge of 
laboratory and industry application 
experts. Further, screening 
processes are applied to data sets in 
the aforementioned investigations 
to ensure that data points adverse to 
quality representation of field 
conditions (e.g., obtained under 
improper conditions or with 
significant measurement error) are 
eliminated prior to model 
development. Furthermore, 
laboratory studies that are 
considered reliable place tight 
controls on the measurement and 
characterization of growth rate and 
relevant conditions (e.g., stress 
intensity factor values, temperature, 
chemistry, etc.). 

The CGR models are expected to 
contain minimal bias with respect 
to real plant conditions. 

Cracks are assumed to grow in one 
of three idealized planar shapes: 
semi-elliptical SCs, idealized 
TWCs (same ID and OD length in 
terms of radians), and symmetric 
TRCs. 

This convention is essential and is 
reflected in models throughout 
xLPR V2, including those that 
solve for local stress intensity 
factors. For the purposes of xLPR 
V2, these crack shapes are 
sufficiently representative of the 
physical stages of cracking.  
Predictions made using these 
idealized crack shapes have been 
demonstrated to compare well with 
observed laboratory behavior [10, 
11]. 

It is expected that this assumption 
will tend to result in a small 
overestimation of the CGR. 
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Assumption Technical Basis Effects on Bias and Uncertainty 

PWSCC and fatigue growth are 
assumed to be independent. 
Accordingly, in materials 
susceptible to both mechanisms, 
calculated PWSCC and fatigue 
CGRs are superimposed to obtain a 
total CGR. 

This assumption aligns with ASME 
Boiler and Pressure Vessel Code, 
Section XI guidance for flaw 
evaluation in Alloy 600/82/182/132 
piping materials. 

Laboratory testing to determine 
PWSCC CGRs often involves a 
gradual transition from fatigue type 
loading to periodic partial 
unloading to steady loading 
conditions. The growth observed 
during the transition in loading 
appears in general terms to be 
consistent with the independent 
treatment of fatigue and SCC 
growth (i.e., lack of significant 
synergistic effects). 

The bias and uncertainty due to this 
assumption is expected to be 
minimal. 

It is assumed that Mode II and III 
loading (in-plane and out-of-plane 
shear, respectively) do not need to 
be directly considered in the CGR 
models. 

Mode I loading is considered to be 
the driving force for crack growth 
in PWR components in xLPR V2. 
The effect of torsion loading on 
growth of circumferential cracks is 
modeled indirectly by including the 
torsion moment in the calculation 
of the effective bending moment, 
thus resulting in an increase in the 
calculated Mode I stress intensity 
factor. 

The bias and uncertainty due to this 
assumption is expected to be 
minimal. 

It is assumed that the CGR models 
do not need to include terms to 
account explicitly for orientation 
dependencies or for crack initiation 
at other locations away from the 
center of the DMW (i.e., in the 
weld butter). 

Even though PWSCC growth is 
expected to be dependent on 
orientation with respect to certain 
anisotropic material properties (e.g., 
direction of rolling, epitaxial weld 
crystallization, etc.), the CGR 
models do not explicitly account for 
orientation dependencies. This is 
because in practice orientation with 
respect to key material and 
manufacturing properties, such as 
weld dendrite direction, may not be 
known. Also, the Framework does 
not track several anisotropic 
properties (e.g., material banding). 
The data used to develop the CGR 
models are representative of 
susceptible directions of growth in 
each material.  

TheA slight overprediction bias is 
expected due to this assumption and 
the effects of orientation 
uncertainties are believed to be 
included in the overall CGR 
uncertainty.  
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Assumption Technical Basis Effects on Bias and Uncertainty 

It is assumed that the CGR models 
do not need to account for the level 
of cold work. 

Even though PWSCC growth is 
expected to be dependent on the 
level of material cold work because 
it tends to introduce plasticity and 
grain misorientation that may aid 
growth, the CGR models do not 
include functional terms to account 
for this effect. This is because the 
components of interest do not 
include intentional cold work and 
because in practice cold work levels 
of specific components are not 
known. Based on laboratory CGR 
data of PWSCC in thick-wall Alloy 
600 wrought material, cold work 
levels greater than that expected for 
most components of interest are 
necessary for the cold work to 
result in a substantial acceleration 
of the CGR. CGR model 
uncertainties have in some cases 
been developed to capture 
experimental data from specimens 
spanning a range of feasible levels 
of cold work. 

The bias due to this assumption is 
expected to be minimal and the 
effects on uncertainty have been 
included. 

It is assumed that the absence of 
independent validation for the CGR 
at very low and very high stress 
intensity factors has little effect 
within xLPR V2. 

This assumption is because initial 
crack depths are representative of 
macroscopic flaws (e.g., ~6 mm or 
more) and therefore often begin 
with stress intensity factors near or 
greater than 10 MPa√m. 
Furthermore, the model for 
PWSCC growth implemented in 
xLPR V2 for Alloys 82/182/132 
weld metal assumes a zero stress 
intensity factor threshold such that 
crack extension is predicted 
regardless of the magnitude of any 
stress intensity factor greater than 
zero. The absence of independent 
validation of high stress intensity 
factors should have little effect on 
leakage prediction within xLPR V2 
because stress intensity factors 
exceeding 80 MPa√m are 
anticipated only for very deep 
cracks, which will grow through-
wall relatively quickly regardless of 
the precise CGR prediction. 

The bias and uncertainty due to this 
assumption is expected to be 
minimal. 
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Assumption Technical Basis Effects on Bias and Uncertainty 

Axial cracks are assumed to grow 
symmetrically. 

Including different crack growth 
rates at each end of axial cracks 
would double the amount of 
tracking required by the Framework 
with very little additional insight 
into leak or rupture behavior 
expected as a result. 

The bias and uncertainty due to this 
assumption is expected to be 
minimal. 

9.7 Summary 
All PWSCC and fatigue CGR models are considered to be best estimate models by the 
developers for conditions pertaining to xLPR V2. As such, the CGR models for both PWSCC 
and fatigue are expected to contain limited bias with respect to real plant conditions. Each model 
contains distributions of model parameters that were calibrated and validated to a combination of 
field and laboratory data that represent the components and environments of interest in xLPR 
V2. The user is able to modify these parameter distributions in the Excel Inputs Workbook, but 
using these models with parameters outside the range of validation may result in increased 
prediction bias and uncertainty. 

The dominant sources of bias and uncertainty in the CGR predictions arise from the fact that the 
stress intensity values used as input into the CGR module are based on the assumption of a fully 
open crack (see Chapter 7). This assumption results in the expectation that stress intensity at the 
crack tips will be overpredicted relative to the stress intensity of actual cracks caused by 
PWSCC. Higher stress intensity factors will result in a conservative, overestimation of PWSCC 
CGRs. The overall assumption for xLPR V2 that cracks only grow in one of three idealized 
planar shapes is also expected to result in a small overestimation of the CGR, which by 
definition within this report is a conservative bias. The bias due to all the other assumptions is 
expected to be minimal and, in many cases, the effects on uncertainty have already been included 
in the recommended CGR model parameters. 
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10  
COALESCENCE UNCERTAINTY 

10.1 Coalescence Model 
The coalescence model is a set of rule-based conventions for simulating the coalescence of 
circumferential cracks based on their sizes, shapes, and locations. These conventions are a 
substitute for higher order fracture mechanics calculations that are not directly amenable to the 
Framework. The coalescence conventions may simulate two distinct modes by which cracks in 
proximity to one another may combine on a time scale faster than is predicted by treating growth 
of each crack separately: 

• Crack interaction, whereby stress intensity experienced at crack front locations is amplified 
due to local stress fields radiating from a nearby crack, resulting in accelerated growth; and 

• Ligament collapse, whereby the span of material separating two TWCs experiences high 
stresses to the point of fully plastic failure. 

All coalescence conventions are based on pairwise coalescence between only two cracks. For 
instances of more than two cracks coalescing at the same time at the same location (assumed to 
be rare), pairwise coalescence conventions are applied in series. The common physical driver of 
coalescence for two SCs is crack interaction, whereby stress intensities experienced at crack 
front locations are amplified due to local stress fields radiating from a nearby crack, resulting in 
accelerated growth. This complex process is not treated in the xLPR V2 K-calculation and 
growth predictions and instead can be simulated with a defined positive coalescence distance 
rule. Two conventions have been selected to determine the coalescence distance for SCs: (1) the 
coalescence distance is set to some input value, irrespective of crack sizes, and (2) the 
coalescence distance is calculated by scaling the maximum crack depth by some input value. The 
second convention is preferred to approximate the experimentally observed dependency between 
crack interaction and crack depth. Furthermore, this convention is consistent with ASME Boiler 
and Pressure Vessel Code, Section XI, Article IWA-3000 [1], which conservatively requires 
cracks separated by less than half of the maximum depth to be combined prior to stability 
assessment. Other less conservative input options on the proximity rule and shape of the 
coalesced crack are also available for more realistic sensitivity studies. Provided the second 
modeling convention is used, the best-fit scaling factor is half of the maximum depth of the 
cracks involved in coalescence. 

For two TWCs, the common physical driver of coalescence is ligament collapse, whereby the 
span of material separating the cracks experiences high stresses to the point of fully plastic 
failure. These complex processes are not treated in the xLPR V2 K-calculation, growth, or 
stability predictions and instead can be simulated with a positive coalescence distance. The 
coalescence distance in this case is set to a user-defined value. In actuality, this distance may 
systematically depend on crack length; however, this dependency is not implemented in the 
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coalescence module. TWC coalescence distances between 0 and 20 inches are possible for 
components of interest in xLPR V2, depending on the sizes of the flaws involved. 

The single crack resulting from the coalescence of two original cracks requires updated 
geometrical attributes including type, depth, length, and location. The crack types involved in 
coalescence control the crack type resulting from coalescence. For instance, two SCs form an 
SC, two TRCs form a TRC, two idealized TWCs form an idealized TWC, and the combination 
of cracks with dissimilar crack types results in a TRC. These transitioning rules were developed 
based on physical expectations and logical considerations when constrained to the three crack 
types (i.e., SC, TWC, and TRC) recognized within the Framework. 

For a more detailed discussion of the coalescence rules and physical attributes of the resulting 
cracks, see the CGR Subgroup report [2]. 

10.2 Module Summary 
The Framework discretizes time and implements a numerical time integration method to solve 
for crack growth versus time. At each time discretization, the Framework may call the 
coalescence module to update the crack configuration (i.e., location, shape, and size for all active 
cracks). For each update, the Framework provides information about the crack configuration, 
component geometry, and coalescence model parameters via inputs to the coalescence module. 
To update the crack configuration, the coalescence module implements an iterative procedure 
whereby each pair of active cracks is assessed against the coalescence criteria. If any pair of 
cracks satisfies the coalescence criteria, the coalescence module updates the attributes associated 
with this pair of cracks to result in: (a) a coalesced crack with attributes determined as a function 
of the attributes of the two original cracks, and (b) an absorbed crack, which is effectively 
ignored throughout the remainder of the simulation. The iterative procedure continues until no 
pair of active cracks satisfies the coalescence criteria, at which point the coalescence module 
returns control to the Framework. 

10.3 Model and Module Limitations 
The coalescence model used in xLPR V2 is not applicable to modeling the earlier stages of crack 
development that often involve coalescence of multiple short cracks (i.e., micro-fissures). These 
stages are modeled by the CI models. Therefore, the coalescence model is limited to predicting 
coalescence of macro-sized cracks of engineering significance. 

The scope of the coalescence module is limited to coplanar circumferential cracks, which is 
consistent with the conservative overall assumption for xLPR V2 that all circumferential cracks 
are coplanar. Axial cracks are neglected with respect to coalescence considerations. Within 
xLPR V2, axial and circumferential cracks are assumed to not interact and only one crack of 
each orientation can initiate in each subunit. Since axial crack growth is assumed perpendicular 
to the weld plane, interaction or coalescence between axial cracks is not possible. 

The coalescence module only applies to cracks that comply with one of three idealized crack 
types: idealized SC, idealized TWC, and TRC. These three idealized crack types are assumed 
throughout xLPR V2. 

A rule-based coalescence procedure is adopted instead of directly considering crack interactions 
via K-solutions or ligament collapse. While more precise predictions would be achieved using 
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fracture mechanics-based solutions implemented in the K-solutions or stability modules, 
coalescence conventions are commonly applied for deterministic and probabilistic analyses 
throughout the nuclear power industry and are appropriate for xLPR V2. Furthermore, the use of 
a simple convention-based approach, with overall fidelity with respect to the physical 
coalescence process, is justified within a Monte Carlo framework, for which a single prediction 
is of minor importance due to the many other sources of more significant uncertainty. 

10.4 Module Validation 
The coalescence modeling conventions were originally developed to: (a) reflect logical and 
physical expectations and (b) be flexible to accommodate the findings of more advanced 
analytical and experimental investigations. The coalescence modeling conventions were 
validated by comparing them to published research [3-7] on interactions between SCs and 
ligament collapse of TWCs. The model validation results are summarized as follows: 

Experimental evidence suggests that the onset of the intensification of stress intensity factors for 
SCs is well-predicted using a coalescence distance that is some fraction (e.g., somewhere 
between 0.0 and 0.75of crack depth), validating the selected modeling convention. 

Higher order modeling suggests low likelihood of rapid tearing leading to ligament collapse until 
the ligament between two cracks is less than the length of the longest crack. This modeling 
supports the use of some positive coalescence distance for TWCs. 

The maximum depth convention for a crack resulting from two SCs is supported by the rapid 
growth of the “re-entrant sector” at the intersection of the two coalescing cracks due to elevated 
stress intensity factors in that region until the bounding crack shape is obtained. This rapid 
growth is predicted with higher order analytical modeling and has been observed experimentally. 

The conventions for establishing the crack type after coalescence (i.e., the transitioning rules) are 
generally validated with experimental results and higher order modeling. 

The conventions for establishing the location, ID length, and OD length of the coalesced crack 
are generally validated with experimental results and higher order modeling. 

10.5 Inputs and Input Uncertainty Characterizations 
The Coalescence module inputs include the current crack array information, component 
geometry and a set of rules used to determine whether coalescence has occurred and to determine 
the coalesced crack size. A critical error requiring module termination is generated for inputs 
outside of the range of verification. In general, these ranges prevent unrealistic or non-
meaningful inputs to the module. This range is different from the range over which model 
validation was performed as described in xLPR-MSGR-CGR [2]. 

10.5.1 Module Inputs 
User inputs to the module include: 

• The component radius and thickness, which are used to verify the range of crack geometries 
at both the input and output of the coalescence module. 

• A coalescence direction flag to set the precedent for coalescence. 
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• The coalescence depth rule specifies whether the depth of the coalesced SC is the maximum 
(1), minimum (2), or average (3) of the original crack depths. 

• The SC coalescence distance rule, SC coalescence distance rule modifier, and TWC 
coalescence distance rule modifier are applied to determine the coalescence distance for the 
three, possible crack-type combinations as follows: 

o In the case of two SCs, the coalescence distance predominantly simulates crack 
interaction resulting in accelerated growth and is determined by the SC 
coalescence distance rule and the SC coalescence distance rule modifier. 
 The SC coalescence distance rule value selects the rule applied to 

determine if the coalescence distance is defined as an absolute distance 
(value of 1) or as a ratio of the maximum depth of the cracks involved in 
potential coalescence (value of 2). The latter convention is to capture the 
depth-dependence of crack interaction. 

 For a distance rule value of 1, the SC distance rule modifier value input 
equals the coalescence distance, the absolute distance between two SCs at 
the time that they are predicted to coalesce. 

 For a distance rule value of 2, the SC distance rule modifier value input 
equals the ratio of the coalescence distance to the maximum crack depth. 

o In the case of two TWCs, the coalescence distance is used predominantly to 
mimic ligament collapse and equals the TWC coalescence rule modifier value. 

o In the case of a crack pair made up of one SC and one TWC, the coalescence 
distance is set to zero by default. This crack arrangement has no known ASME 
Boilder and Pressure Vessel Code considerations (as for two SCs) and no true 
ligament formation (as for two TWCs). 

10.5.2 Crack Array Information Constructed by the Framework: 
The Framework constructs and updates arrays of crack information at each time step and passes 
this information to the Coalescence Module for use in determining whether any crack pairs have 
coalesced. These arrays of information include: 

• The crack type array gives the crack type associated with each crack. By convention of the 
Framework: 0 corresponds to a crack that has not yet initiated, -1 corresponds to an SC, -2 
corresponds to a TRC, -3 corresponds to an idealized TWC, and any positive integer 
corresponds to a crack that was previously absorbed by coalescence. The coalescence rules 
are dependent on crack type, and crack type may be updated as part of the coalescence 
prediction. 

• The crack depth, center location, ID half-length, and OD half-length arrays define the 
geometry of each crack. The coalescence rules are dependent on crack geometry, and crack 
geometry may be updated as part of the coalescence prediction. 

• The index transformation array provided by the Framework specifies the subunit in which 
each crack initiated. This information is used to map between the order of initiation time 
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(from the Framework) and the order of circumferential location (as required to perform the 
iterative coalescence procedure). 

10.5.3 Outputs 
In addition to the updated crack type and geometry arrays, two other output arguments are used 
to convey additional information from the call to the Coalescence Module. First, the number of 
pairwise coalescences is returned. Second, an error flag is returned to communicate any errors or 
anomalies encountered during the call of the coalescence module. 

10.5.4 Treatment of Model and Input Uncertainty 
Uncertainty in the coalescence predictions arises due to variability in the complex processes that 
lead to coalescence as well as model simplifications. This uncertainty can be accounted for using 
distributed coalescence distances. It is recommended that these uncertainties be designated as 
epistemic given that more detailed models (e.g., ones including a systematic dependency with 
respect to crack length) would be expected to result in more precise estimates. 

For SCs, the ratio of the crack interaction distance (i.e., coalescence distance) to the maximum 
depth of the two cracks is between zero (i.e., zero crack coalescence distance) and roughly 0.75, 
with a best-estimate of 0.5. In the absence of more detailed investigation, a triangular distribution 
is recommended with extremes at 0.0 and 0.75 and a mode at 0.5. However, A more detailed 
investigation is also recommended as an area of further study. 

The uniform distribution of coalescence distance for TWCs from 0 to 20 inches was selected to 
be roughly consistent with the lengths of cracks at the time at which coalescence is simulated. 
This reflects analytical findings after the time of model development that the coalescence 
distance has a roughly one-to-one relationship with crack length [3]. 

The other coalescence modeling conventions are fully deterministic. That is, for any given pair 
of cracks undergoing coalescence, the crack type, location, depth, ID length, and OD length of 
the resulting crack is fully determined. The modeling conventions for crack type, location, ID 
length, and OD length are logically rooted and are therefore not considered subject to significant 
uncertainties. The convention of using the maximum depth of the original cracks for coalescence 
of SCs is based on physical expectations. This convention may be varied for individual 
simulations to understand its influence on xLPR V2 predictions. 

10.6 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

Table 10-1 identifies the assumptions, simplifications, and dependencies that are considered 
most important with respect to the coalescence model. Further details are available in xLPR-
MSGR-CGR [2]. 
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Table 10-1 
Assumptions Made to Coalescence Models and Module 

Assumption Technical Basis Effects on Bias and 
Uncertainty 

A convention-based 
coalescence model was 
assumed appropriate (in 
lieu of a mechanistic or 
phenomenological 
model derived from 
fracture mechanics 
principles). 

The goal of the convention-based modeling is to 
approximate physical coalescence in an average and 
physically viable manner. Higher order analytical 
modeling and experimental investigations validate the 
modeling conventions. This type of modeling is often 
used in association with probabilistic methods where 
the result of any single deterministic simulation is not 
of primary significance. The model includes a range of 
different conventions, or rules, for coalescence so that 
the sensitivity to these simplifications can be explored. 

Expected to have little 
effect on bias and 
uncertainty 

Crack idealization as one 
of three crack types: 
semi-elliptical SCs, 
idealized TWCs, or 
TRCs is assumed to be 
appropriate. 

This is an approximation used throughout xLPR V2 to 
allow tractable development of analytical models (e.g., 
for K value calculation and COD calculation). In 
reality, PWSCC and fatigue cracks possess complex 
geometries with spatial variation on multiple different 
scales. Despite the simplified crack shapes required, 
applying the coalescence module to make predictions 
for complex crack geometries is believed to yield 
reasonable results for observed time to coalescence and 
observed depth and length subsequent to coalescence, 
provided that the model parameters are selected in 
accordance with the recommended input values. 

It is expected that this 
assumption will tend to 
result in a modest 
overestimation of the 
amount of crack 
coalescence and size of the 
coalesced cracks. 

All circumferential 
cracks are assumed to be 
coplanar. 

For cracks with little to no circumferential overlap, 
which is more likely, this assumption will lead to a 
single large crack earlier than might naturally occur for 
two axially offset cracks. This would increase the 
probability of leakage, increase leakage rates, and 
increase susceptibility to rupture depending on the 
degree of axial offset. For cracks with substantial 
circumferential overlap, which is less likely, this 
assumption would tend to result in a slightly reduced 
probability of leakage as one of the two cracks may 
grow more quickly than the other, decrease leakage 
rates by approximately one half, and decrease 
susceptibility to rupture. 

On average, it is expected 
that the effect of this 
assumption will provide an 
over-estimation bias on 
crack coalescence and 
increased uncertainty. 
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Assumption Technical Basis Effects on Bias and 
Uncertainty 

Axial cracks are 
neglected when applying 
coalescence rules. 

The intersection of perpendicular cracks (i.e., axial and 
circumferential) may result in crack blunting that 
arrests one of the cracks. A maximum of one axial and 
one circumferential crack of engineering significance is 
modeled in each subunit; however, no interaction 
between the two crack types is assumed. Axial cracks 
are assumed to grow perfectly aligned with the pipe 
axis and thus would not interact with an adjacent axial 
crack. Quantitatively assessing this assumption requires 
three-dimensional FEA that was not available during 
xLPR V2 development. 

This assumption could 
result in either an 
overprediction bias (since 
crack interaction can act to 
blunt cracks) or an 
underprediction bias as 
intersecting cracks can 
coalesce to form larger, 
multi-planar cracks. This 
assumption reduces the 
uncertainty relative to 
crack coalescence 
expected in field behavior. 

Neglecting the 
systematic variation in 
coalescence distance is 
assumed to be 
appropriate. 

Higher order analytical predictions suggest that 
coalescence distance may be sensitive to crack length 
and component thickness, especially for coalescence of 
very large cracks where the ligament stress between the 
cracks is substantially elevated relative to the intact 
condition. Neglecting this variation is expected to result 
in early coalescence for short-length cracks and late 
coalescence for long-length cracks.  

The biases resulting from 
this assumption depend on 
the selection of the 
coalescence distance 
inputs. If the 
recommended input values 
are used, then the average 
effect is expected to be 
minimal.  

Coalescence rules based 
on flat plate geometries 
are assumed to be 
applicable to circular 
pipe geometries. 

All validation data available concern coalescence of 
cracks in flat plate geometries. In many applicable 
components, the characteristic length of ID curvature is 
much longer than typical crack lengths and therefore 
the extension of flat plate data is reasonable. For 
smaller radius components such as pressurizer nozzles, 
or for particularly large cracks, the ID curvature may 
affect crack interaction and coalescence. 

Uncertainty due to this 
effect has been estimated 
and included in the total 
uncertainty for the 
coalescence distance 
distributions. 

10.7 Summary 
The Coalescence Module uses a rule-based approach instead of a fracture mechanics model to 
determine when two adjacent circumferential cracks coalesce. Simplifying assumptions are the 
primary contributors to the uncertainty and bias of this module, including assuming simple, co-
planar crack geometries instead of the more complex PWSCC morphologies. Model and input 
uncertainty are accounted for through the use of distributions of part-wall and through-wall crack 
interaction distances that can be defined by the user to reasonably encompass uncertainties in the 
field. Although some of the model assumptions can result in offsetting effects that would be 
averaged out during a given probabilistic simulation, the net crack coalescence prediction bias is 
expected to modestly favor earlier and more frequent coalescence than would naturally occur. 
Crack coalescence cannot be measured accurately to determine what happened or will happen in 
the field; however, the laboratory-based models are expected to provide either realistic or 
conservative coalescence predictions relative to the actual field experience. 
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11  
CRACK TRANSITION UNCERTAINTY 

11.1 CT Model 
For typical LBB analyses, an idealized TWC is postulated (i.e., crack front parallel to the 
cylinder radius for a circumferential TWC and crack front parallel to the wall thickness direction 
for an axial TWC) to form once an SC penetrates the pipe wall thickness. Such an assumption 
simplifies the analysis significantly but may provide a non-conservative result in terms of the 
leak rate calculations since actual TRCs can have significant differences between their ID and 
OD crack lengths. An SC to TWC transition FEA model was developed using K and COD 
solutions to calculate correction factors for both circumferential and axial non-idealized TWCs to 
more accurately capture CT behavior in xLPR V2. More detailed information regarding CT 
model development can be found in xLPR-MSGR-CTM [1]. 

11.2 Module Summary 
The CT module contains arrays of K and COD correction factors determined using FEA and 
binned by load type (global bending, tension, and pressure), mean pipe radius over thickness 
(Rm/t) value, normalized ID crack length, ratio of OD crack length to ID crack length, and 
desired solution value (K or COD). Based on input of these values from the Framework, the CT 
module uses the appropriate arrays to interpolate the correction factors required for the given 
geometry and desired value (K or COD) and outputs the correction factors to the Framework. 
Interpolation between values in the arrays is allowed but extrapolation beyond the limits of 
applicability is not allowed. 

The Framework first calls the CT module once the depth of the SC reaches 95% of the wall 
thickness. This initial non-idealized TWC has different initial crack lengths on the ID and OD 
surfaces, which are determined by the Framework and passed to the CT module. The K and COD 
values for the transitioning, non-idealized cracks are calculated by the Framework using the 
correction factors output by the CT module and applied to the K and COD values calculated by 
the appropriate modules for the idealized crack. The “corrected” K values are then used to grow 
the non-idealized TWC until an idealized TWC is approximated (i.e., when θ1/θ2=1.05) and the 
“corrected” COD values are used to determine the appropriate leak-rate for the non-idealized 
cracks. Once the TRC grows to become an idealized crack, the CT module is no longer called 
and crack growth calculations are continued using the idealized TWC K-solutions output from 
the KTW module and the idealized CODs calculated in the COD module. The CT module 
“corrected” K and COD values are only used during the transitioning stage of crack growth to 
more accurately characterize the resulting crack growth and leak rate, respectively. 
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11.3 Model and Module Limitations 
One of the major enhancements from xLPR V1 to xLPR V2 is the addition of the CT module. 
However, there are still a few limitations associated with this module that include: 

• Correction factors are only available for simple loading conditions (i.e., global bending, axial 
tension, and internal pressure) and are not available for arbitrary, through-thickness stress 
distributions (e.g., WRS). In xLPR V2, the effect of WRS is neglected for TWCs (K and 
COD). 

• The correction factors for COD were developed using linear elastic FEA, but they are applied 
to idealized TWC elastic-plastic values calculated by the COD module. An investigation 
comparing elastic to elastic-plastic COD solutions showed that, for relatively low global 
bending stresses, the elastic and elastic-plastic correction factor values have small differences 
but as the global bending stress increases, the elastic-plastic COD correction factor values at 
the ID surface decrease and the elastic-plastic COD correction factor values at the OD 
surface slightly increase compared to the elastic values. This implies that the ID COD values 
will be overestimated, and the OD COD values will be slightly underestimated when elastic 
values are used for elastic-plastic COD estimations. 

11.4 Module Validation 
Since the K parameter cannot be physically measured, it was decided to validate the K-solution 
and CT modules by employing them in crack growth calculations (e.g., fatigue or SCC) to 
compare predicted crack shape evolution with observed crack shape evolution. Since crack 
growth data (including crack shape evolution) from operating plants are scarce, a laboratory data 
set of fatigue crack growth of circumferential cracks in pipes under bending was used for the 
validation. Validation of the COD correction factors was not performed since no well-informed, 
experimental data was available. 

Crack growth shape evolution, calculated using idealized K-solutions “corrected” by the CT 
module output and starting from the initial non-idealized TWC, was compared to experimental 
crack shape evolution. The overall predicted and measured crack front shapes were compared for 
several example cases. The crack shape evolution from SC to TRC to TWC was well captured by 
the predictions for most cases assessed. Several small differences were observed in the crack 
front shape evolution for cracks with a/c >0.5. In some of the experimental cases for these deeper 
SCs, the crack front shape deviated from semi-elliptical close to through-wall penetration. This 
deviation does not significantly affect the overall crack growth results (e.g., time to through-wall 
penetration and crack length at through-wall penetration predictions). Therefore, although the 
shape of real fatigue cracks may slightly deviate from semi-elliptical, the use of semi-elliptical 
surface crack K-solutions to predict the crack growth behavior is reasonable. Furthermore, the 
calculation results demonstrated that the crack shape evolution is independent of fatigue crack 
growth rate, which validated the accuracy of the K-solutions as well as the CT module. 

The K-solutions and CT behavior for axial cracks have not been validated against experimental 
data since no experimental data exist. However, since K-solutions for all axial cracks (i.e., semi-
elliptical SC, idealized and non-idealized TWCs) were developed using the same FEA methods 
that were used for circumferential cracks, the fidelity of the axial crack K-solutions is expected 
to be similar to that of the circumferential crack K-solutions. 
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11.5 Inputs and Input Uncertainty Characterizations 
The CT module is a set of look-up tables of correction factors for both non-idealized K-solutions 
and COD values and thus is completely deterministic. As such, the only inputs are those that 
point to the appropriate tables and locations for providing the desired correction factor. No 
model parameters are involved. 

11.5.1 Inputs 
Inputs to the CT module include pipe geometry (radius and thickness) and the ID and OD crack 
lengths for axial or circumferential cracks. If the required quantity is outside the range of the 
correction factors, the limits of the correction factor table are used, and an error flag is output to 
alert the user that an out-of-bounds input value has been modified to the defined validity limits of 
the module. (e.g., when Rm/t > 20, the value is set to 20, and if Rm/t < 2 , the value is set to 2 to 
perform the calculations). To calculate the appropriate correction factor, linear interpolation of 
the correction factor tables is permitted. Extrapolation of the correction factor beyond the limits 
used in developing the crack size and loading dependent factors is not allowed since no study has 
been performed to demonstrate the applicability of the extrapolated solutions. 

The CT module outputs the correction factors appropriate for the crack and pipe geometry, 
loading type, and desired solution (K or COD). Error codes are also output to warn the user if 
any inputs are out of bounds. For more detail regarding the inputs and outputs of the CT module, 
see xLPR-MSGR-CTM [1]. 

11.5.2 Treatment of Model and Input Uncertainty 
The CT module is completely deterministic. It accepts inputs as provided by the Framework, 
performs the appropriate table interpolations, and provides deterministic correction factor 
outputs back to the Framework for use in applying to idealized K and COD solutions. Inputs are 
calculated by the Framework, so any uncertainty on the inputs has already been accounted for by 
the Framework sampling scheme. The CT model is based on one developed in Sweden that was 
found to be conservative relative to observed behavior, as reported in xLPR-MSGR-CTM [1]. 
CT model uncertainty is not treated by the module or the Framework because sufficient, fully-
informed data was not available to quantify the effects of the assumptions on model uncertainties 
and bias for either the K-solution or the COD correction values. However, semi-quantitative 
comparisons of circumferential crack growth predictions (using corrected K-solutions) with data 
showed good agreement. 

11.6 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

Several simplifying assumptions went into the development of the FEA procedures used to 
calculate the non-idealized crack correction factors used in the CT module. These are listed in 
Table 11-1 along with several other factors affecting the uncertainty and bias of the CT module 
output. 
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Table 11-1 
Summary of CT Model/Module Assumptions and xLPR V2 Implications 

Assumption Technical Basis Effects on Bias and 
Uncertainty 

Partial elliptical crack 
front shapes were 
assumed to best represent 
the natural crack shape 
transition. 

This shape was assumed for model simplification 
and because results demonstrated that the partial 
semi-ellipse well-represented the progression of 
the crack front shape throughout transition. 

This assumption may result in 
minor overprediction of the 
COD at the OD at the 
beginning stages of crack 
transition, but this conservative 
bias is expected to be minimal. 

Crack transition is 
assumed to begin once 
SC depth reaches 95% of 
the wall thickness. 

This assumption is made since the SC K-solutions 
are valid for up to a crack depth of 95% of the 
wall thickness. In addition, this criterion was 
developed from experimental results where the 
load levels were sufficiently low to prevent 
significant ductile tearing. 

This assumption is expected to 
result in a slightly earlier 
prediction of time to through-
wall penetration. The overall 
effect of this assumption on K-
solution bias and uncertainty in 
the crack transition behavior is 
expected to be negligible. 

A simple crack 
morphology with no 
engagement across the 
crack faces (unlike 
PWSCC) is assumed for 
the COD analyses. 

This assumption is made for model simplification 
and to be consistent with crack treatment in the 
COD module. Cracks caused by PWSCC are 
expected to have a structure similar to a porous 
medium, with ligaments constraining crack shape 
development. 

The COD correction factors are 
not affected by this assumption 
since it is a normalized 
parameter. 

Linear elasticity was 
assumed for development 
of the correction factors 
for COD. 

As the applied stress increases, ID COD values 
will tend to be overestimated and the OD COD 
values will be slightly underestimated when 
elastic COD correction factor values are used for 
elastic-plastic COD estimations in xLPR V2. 

The ID COD values are 
expected to be overestimated. 
The effects on OD COD values 
are expected to be small 
because they are only slightly 
underestimated  when the 
applied stresses are high, 
which is not expected because 
they do not include WRS. 

It was assumed that the 
validation study 
performed on the 
circumferential crack K-
solution correction factors 
provided relevant 
information for ensuring 
the validity of the axial 
K-solution and COD 
correction factors. 

The FEA methodology used to develop all K-
solution and COD correction factors was the 
same. Expert judgement concluded that validation 
of the methodology using only the circumferential 
K-solution correction factor comparison with data 
was sufficient to represent expected behavior of 
all correction factors. 

Minimal impact expected on 
uncertainty and bias 
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11.7 Summary 
The CT module is a deterministic set of look-up tables of correction factors that were derived 
from FEA of K-solutions and CODs for various crack and pipe geometries and loading types. 
The module takes deterministic inputs from the Framework, interpolates the appropriate 
correction factors from the tables, and provides these correction factors back to the Framework 
for use in “correcting” the idealized K-solution and COD values to the non-idealized values 
appropriate for TRCs. Since the correction values are provided as look-up tables to be accessed 
by the Framework directly, the user cannot influence these parameters. 

The module developers consider the K-solution and COD correction models to be best estimate. 
The effects of uncertainty in the CT module input variables are accounted for in the sampling 
performed by the Framework. Any uncertainties and bias in the CT module arise from the 
assumptions that went into the FEA model development. These assumptions are not accounted 
for either by the module or the Framework because validation with experimental results showed 
good agreement for crack shape evolution as well as for crack growth rates predicted using the 
corrected K-solutions. The dominant assumptions are expected to result in a slightly conservative 
bias and are that: (a) a TWC forms (with minimal OD crack length) when the SC is 95% of the 
pipe wall thickness, (b) a partial ellipse can be used to represent a semi-elliptical crack, and (c) 
linear elastic solutions provide adequate estimations of elastic-plastic COD behavior. The extent 
of the effect of these assumptions has not been fully quantified and cannot be assessed through 
sensitivity studies using xLPR V2. 

11.8 References 
1. xLPR-MSGR-CTM, “Technical Basis Document; Surface-to-Through-Wall Crack 
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12  
CRACK OPENING DISPLACEMENT UNCERTAINTY 

12.1 Introduction 
The COD modules, when combined with the crack length based on the crack growth rate output 
from the CGR module and the crack opening shape as defined in the Framework, provide the 
crack geometry information to the LRM necessary to predict the leak rate from any given crack. 
The leak rate is then used along with information on leak detection capabilities within xLPR V2 
to assess whether leakage from a TWC would be detected by a plant’s leak detection system. The 
COD models describe the behavior of a fully opened crack, such as would result from a 
mechanical load (e.g., fatigue or overload). The primary objective of the xLPR V2 code is to 
calcualte leakage and the likelihood of rupture from cracks caused by PWSCC, which are 
typically not fully opened cracks but are, instead, a series of interconnected cracks with 
remaining ligaments that constrain crack opening and obscure the actual crack size. The COD 
model descriptions do not address COD of discontinuous cracks caused by PWSCC, but they 
represent a conservative bounding model that is consistent with available experimental data for 
fully open cracks. 

12.2 Model Summary 
There are two COD modules in xLPR V2: the CrCOD module, which models crack opening 
behavior in circumferential TWCs, and the AxCOD module, which models axial TWC behavior. 
Both of these modules are based on FEA of cracked pipe behavior combined with a GE/EPRI 
approach [1] that uses elastic and plastic influence functions to represent the effects of pipe 
geometry, crack size, and pipe material hardening behavior under combined tension and bending 
loads for the CrCOD module and hoop stresses for the AxCOD module. A limited set of finite 
element models were used to generate tables of elastic and plastic influence functions for specific 
combinations of pipe geometry (represented by Rm/t), crack size (represented by θ/π for 
circumferential cracks and by c for axial cracks), and hardening behavior (represented by the 
Ramberg-Osgood strain hardening exponent, n). These influence functions were then applied in 
the GE/EPRI equation to solve for the COD of a specific combination of conditions. For 
combinations that are not included in the tables of influence functions, interpolation between 
tabulated values is used to expand the solution set to more crack and pipe geometries and 
materials without having to run additional FEA models. Interpolation is recommended but not 
extrapolation beyond the FEA solution space. 

The GE/EPRI approach enables estimation of the COD for a TWC in a pipe subjected to tension 
and bending loading, or hoop stresses, by representing the total COD as a combination of an 
elastic and a plastic component as shown by: = +  [12-1] 
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The GE/EPRI method for circumferential cracks further differentiates between pure tension, pure 
bending, and combined tension and bending loading. The GE/EPRI combined loading solution 
was modified during into a solution that blends the pure tension and pure bending solutions. This 
blended solution was found to give better results as defined by consistently yielding a 
conservative estimate of COD or minimally non-conservative result for fatigue cracks in pipes 
per the COD Subgroup Report [3]. 

By separating COD into elastic and plastic components, general solutions for each are given in 
terms of an influence function. The elastic COD influence function, V1, accounts for the effects 
of pipe and crack geometry on the elastic COD behavior of a cracked pipe while the plastic 
influence function, h2, accounts for the effects of pipe geometry, crack geometry, and material 
hardening behavior on the plastic COD behavior of a cracked pipe. 

A limited set of FEA studies were performed to provide the elastic and total COD values from 
which a table of elastic and plastic influence functions for specific combinations of pipe 
geometry, crack size, material hardening, and type of loading were calculated using the GE/EPRI 
equations. The four variables changed during these studies were the pipe diameter (914.4, 406.4, 
and 114.3 mm), Rm/t (2, 5, 10, and 20), the normalized crack length, θ/π (0.05, 0.10, 0.25, 0.50, 
0.75, and 0.90), and the strain hardening exponent, n (linear elastic, 2, 3, 5, 7, and 10). Each 
analysis was run for each loading case (i.e., elastic tension, elastic bending, elastic crack face 
pressure, etc.) to determine the case-specific influence functions. 

The loading expected in nuclear power plant primary water piping systems includes internal 
pressure, dead weight, normal thermal expansion, thermal stratification, and crack face pressure 
(resulting from internal pressure) that creates both axial and bending stresses. These loads were 
all modelled in the FEA studies to ensure that the influence functions adequately represented the 
expected service conditions. Seismic loads and loads due to WRS were not included in the COD 
model development and are only accounted for in the modules as load factors as detailed in 
xLPR-MSGR-COD [3]. 

12.3 Module Summary 
The tables of influence functions, an interpolation scheme, and the modified GE/EPRI equations 
provide the basis for the COD modules. In general, the inputs into these modules are the pipe and 
crack geometries, Ramberg-Osgood model parameters, and loading conditions. The modules 
then determine the appropriate influence functions to put into the GE/EPRI equations relative to 
the pipe geometry, crack size, crack location, and material properties, and they output the COD 
at the ID, mid-thickness, and OD at the crack centerline location. A crack shape is assumed by 
the Framework, which when combined with the centerline COD, provides the crack opening area 
that is then used to interpolate a leak rate from look-up tables. 

Both the CrCOD and AxCOD modules are considered to be deterministic. They each take a 
given set of inputs from the Framework, perform a specific set of calculations, and provide COD 
values for specific cracks back to the Framework. Any uncertainties are accounted for via 
sampling of distributions on many of the inputs into the COD modules by the Framework before 
they are passed to each module. 
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12.4 Module Validation 
The CrCOD module was validated against limited full-scale pipe experiments as described in 
xLPR-MVR-CrCOD [4]. The AxCOD module was compared to other FEA results [3]. These 
validation efforts provided information on model bias relative to these comparisons. In both 
modules, the validation efforts resulted in modifications to the models by the addition of 
“correction” factors to account for the model bias or factors, such as WRS, that were not 
accounted for in the FEA models used in CrCOD and AxCOD model development. A full, 
detailed description of the validation efforts can be found in the MVRs ([4], [5]). A brief 
summary of the module validation efforts is presented below. 

12.4.1 CrCOD Module Validation 
Validation of the CrCOD models was accomplished by comparing the predicted CODs from the 
CrCOD model with available experimental data from full-scale pipe experiments. In total, 36 
individual through-wall cracked pipe experiments were used to validate the model. These 
experiments evaluated a range of pipe sizes (4 to 42-inch nominal diameter), materials (stainless 
and carbon steels and their associated weld metals) and loading conditions (quasi-static 
monotonic four-point bending, combined pressure and bending, cyclic bending, dynamic 
bending, and combined pressure and dynamic/cyclic bending). Predicted COD values from the 
CrCOD model were compared with COD values obtained from the experimental data files at 
both crack initiation and maximum moment. On average, the CrCOD model overpredicted the 
experimental COD values by about 23 percent at TWC initiation (i.e., the ratio of the predicted 
to experimental COD values was 1.23 on average with a standard deviation of 0.75). For the 
maximum moment cases, the ratio of the predicted to experimental COD values was 1.41 on 
average with a standard deviation of 0.80. Part of this uncertainty can be attributed to analyzing 
dynamic, cyclic experiments with quasi-static, monotonic stress-strain data. If the dynamic, 
cyclic experiments are eliminated from the validation matrix or if dynamic and/or cyclic stress-
strain data are used to analyze these dynamic and/or cyclically loaded pipe experiments, the 
agreement between predictions and experimental data improved slighlty. 

12.4.2 AxCOD Module Validation 
Validation of the AxCOD models was accomplished by comparing the analytically predicted 
COD values from the AxCOD model with finite element results and engineering judgment, 
because there simply are no axial COD experimental data available. This validation exercise 
demonstrated that as long as the internal pipe pressure was less than 60 percent of the pressure at 
the limit-load, then the predicted COD values from the AxCOD model agreed very well with the 
finite element results. Accordingly, the AxCOD module includes a warning check to ensure that 
the input pressure is less than 60 percent of the limit pressure. If not, then a warning message is 
issued for user interpretation and the calculations are continued with the pressure equal to 60 
percent of the limit pressure. In addition, it was shown that the elastic (V1) and plastic (h2) 
influence functions determined as part of the AxCOD model development process compare 
reasonably well with the values reported previously in the literature. Finally, both models are 
rooted in identical methodologies. Accordingly, it might be expected that the AxCOD model 
would perform about the same as the CrCOD model, if data were available to make comparisons 
with experiments. 
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12.5 Module Inputs and Input Uncertainty 
The primary inputs into both COD modules are the pipe geometry (radius and thickness), crack 
length, material properties (as described by Ramberg-Osgood model parameters), and the stress 
state at the crack location (loads and bending moments). The AxCOD module also considers the 
average through-thickness WRS. Most of these parameters are defined by the user in the Excel 
Inputs Workbook [6]. The rest are obtained from calculations performed by the Framework, 
either upon a user-defined input or upon an output from another module. All the inputs have 
some uncertainty. For thos input values defined by the user, the user can either define (a) a 
constant value or (b) a distribution and whether to model the parameter uncertainty as either 
aleatory or epistemic. 

The material behavior is accounted for through the input of material properties using quasi-static 
tensile data represented by the Ramberg-Osgood fitting parameters. COD calculations for weld 
materials use the strength properties of the base metal and the toughness properties of the weld. 
In the case of DMWs with ferritic steel on one side and SS on the other, the choice of material 
strength parameters to use is not as clear. The COD modules depend on the Framework to 
calculate the Ramberg-Osgood parameters appropriate for the location of the crack relative to 
these base materials, using a rule-of-mixtures formula as specified in xLPR-SDD-CrCOD [8]. 
Several factors contribute to the uncertainty in the Ramberg-Osgood parameters: 

• knowledge of the exact location of the crack for application of the appropriate rule-of-
mixtures, and 

• the rate of load application during the time loop in which COD is calculated. 

Outputs include the COD at the ID, Mid-thickness, and OD for each active crack and any errors 
generated by inputs being out of bounds or calculational errors. Only the COD at the ID is used 
by the LRM to calculate leak rates, but the Framework uses the ratio between the COD at the OD 
and ID to apply a correction factor to the leak rate if these two values are substantially different. 

More detail on the inputs and outputs of the COD modules is provided in xLPR-SDD-CrCOD 
[8], including a detailed description of the characterization of uncertainty on the various input 
parameters. The uncertainty on the input parameters contributes to the uncertainty and bias of the 
COD module predictions arising from the many assumptions and simplifications used in their 
development. It is believed that the uncertainty on the material properties constitutes the largest 
contribution to uncertainty. The variability in material properties can be large depending on how 
well the actual pipe properties are known and depending on how much data is available to 
quantify the expected variability. 

12.6 Model and Module Assumptions 

12.6.1 Model Assumptions 
A number of assumptions were made regarding the representation of nuclear power plant 
primary water piping behavior with a finite element model and with the use of the GE/EPRI 
analytical method. These assumptions contribute to the model uncertainty. Many of the known 
assumptions are listed in Table 12-1 along with some description of the expected effect on 
uncertainty and whether the assumptions are thought to lead to conservative or non-conservative 
bias relative to the expected COD prediction of actual piping systems containing cracks. 
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Table 12-1 
Assumptions Made in COD Model Development 

Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

PWSCC is assumed to be 
a freely opening crack. 
This may be a large effect, 
but it has not been studied. 

Both In reality, PWSCC tends not to be 
contiguous, with ligaments 
remaining that constrain crack 
opening.  Cracks caused by 
PWSCC act more like a porous 
medium than a fully open crack.   

This assumption results in an 
overprediction bias on COD. 
COD of a fully open crack is 
expected to have less 
uncertainty than predictions 
of COD from a discontinuous 
crack. 

The GE/EPRI COD 
formulation, where COD 
is separated into elastic 
and plastic components to 
specify elastic and plastic 
influence functions based 
on FEA results, is 
assumed to well-represent 
nuclear power plant 
primary water piping 
behavior. 

Both The results are only as good as the 
FEA assumptions and boundary 
conditions confirmed in validation 
studies against full-scale pipe tests. 

No effect on model bias or 
uncertainty is expected 

Elastic influence functions 
(V1) are assumed to be 
controlled by Rm/t ratio 
and normalized crack size 
(θ/π or c/√(Rm*t)). Plastic 
influence functions (h2) 
are assumed to be 
controlled by Rm/t ratio, 
normalized crack (θ/π) 
size, and strain hardening 
exponent (n). 

Both These definitions enable 
interpolation between influence 
functions for other pipe 
geometries, crack sizes and strain 
hardening exponents without 
additional FEA solutions. 

These assumed definitions 
simplify the analyses. 

No effect on bias or 
uncertainty is expected. 

A Ramberg-Osgood 
constitutive model 
representing an isotropic, 
homogeneous material 
was assumed. The 
material inputs are the 
necessary Ramberg-
Osgood parameters (i.e., 
yield or reference stress, 
reference strain, strain 
hardening exponent (n), 
and alpha (α)). 

Both The choice of data on material 
behavior to use in the analyses can 
have a significant effect on the 
predictions. The Ramberg-Osgood 
model does not account for strain 
rate, temperature, or other effects, 
but it is simple and easy to fit with 
limited data. 

In addition, changes in temperature 
and cyclic or dynamic loading 
effects due to transients are not 
expected to be a concern. 

This assumption could 
increase uncertainty in the 
COD prediction due to 
difficulties in having enough 
data to accurately calculate 
the Ramberg-Osgood model 
parameters for all 
temperatures and strain rates. 
No bias is expected for xLPR 
V2 predictions of COD and 
leak rate during normal 
operation that is fairly static.  
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Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

Fitting the Ramberg-
Osgood model parameters 
to the tensile data between 
0.1% strain and the strain 
up to 80% of the ultimate 
tensile stress using 
engineering stress – 
engineering strain curves 
was assumed to be 
sufficient. 

Both The COD models are based on 
engineering values of stress and 
strain because they provided COD 
predictions that were found to fit 
experimental COD values better 
than true values that consider the 
effects of necking in the tensile 
specimen. 

No effect on model bias or 
uncertainty is expected at 
load levels used in typical 
xLPR V2 analyses. 

A rule-of-mixtures is 
assumed appropriate for 
obtaining material 
parameters for DMWs. 

Both The rule-of-mixtures depends on 
knowing the location of the crack 
accurately.  

Bias depends on uncertainty 
in the location of the crack. 
However, in xLPR V2, the 
initiations are always 
assumed to occur at the 
middle of the weld width, so 
this assumption should have 
little effect. 

The assumed design space 
for influence function 
parameters is given by: 

• 0.05 < θ/π < 0.9 

• 0.5<c/√(Rm*t)<3 

• 2 < Rm/t < 20 

• 2 < n < 10 

It is assumed to represent 
the nuclear power plant 
piping of interest. 

Both It is assumed that most pipe and 
DMW geometries, crack sizes, and 
material behavior of concern for 
xLPR V2 will all fall within these 
boundaries. Extrapolation beyond 
these boundaries negates the 
technical support for the small-
scale yield assumption. These are 
the calibration limits for the FEA 
models. See discussion in Table 
12-2 if the design space is violated. 

No contribution to bias is 
expected as long as input 
distribution bounds are 
maintained. 

A combined tension-
bending solution was 
assumed that is believed 
to better represent the 
effects of both tension and 
bending on COD. 

CrCOD This “blended” solution was found 
to give a more realistic result. It 
was also found to consistently 
yield a conservative estimate of 
COD or minimally non-
conservative result [2]. 

Little effect is expected on 
bias since the results are more 
realistic (i.e., better 
represented). 
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Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

In calculating the plastic 
influence functions (h2) 
for the bending term, the 
assumed solutions were 
made at an applied 
bending moment of 4 
times the collapse moment 
to reduce the influence of 
the elastic portion of the 
COD. 

CrCOD This is the basis of the GE/EPRI 
solution that the separation of 
elasticity from plasticity requires 
an asymptotic plastic solution. 

The strain hardening exponent 
“corrects” this effect. 

No contribution to bias is 
expected. 

In calculating the h2 
values for the tension 
term, the assumed 
solutions were made at a 
tension equivalent to 
either 8 or 10 times the 
collapse tension to reduce 
the influence of elastic 
COD. 

CrCOD This is the basis of the GE/EPRI 
solution that the separation of 
elasticity from plasticity requires 
an asymptotic plastic solution. 

No contribution to bias is 
expected. 

Thin shell theory is 
assumed. 

CrCOD Influence functions were 
developed using thin shell 
solutions in the three-dimensional 
FEA models for a design space 
that should envelope expected 
geometry (R/t much greater than 2) 
pertinent to xLPR V2. 

No contribution to bias is 
expected. 

Small-scale yielding 
behavior around the crack 
tip is assumed. This 
assumes that the elastic-
plastic fracture toughness, 
J, is a valid parameter for 
calculating the stress-
strain field around the 
crack tip. Adjustments are 
required to correct for the 
difference between small 
strain solutions and large 
strain behavior. 

Both Inherent assumption for J-theory. 
In practice, the loads applied in the 
CrCOD module are on the order of 
0.6 times the limit load or less. For 
AxCOD, the loads are much 
smaller than net-section yield, so 
no large-scale plasticity is 
expected. 

The GE/EPRI solution is for small 
scale yielding, but FEA solutions 
were used to solve for large strain 
behavior. An effective crack length 
term corrects for the plastic zone 
size to match observed behavior. 

While COD underprediction 
is possible, it should be very 
limited because of the 
application of correction 
factors, such as the one for 
effective crack length. While 
this bias could be much 
greater just before rupture, the 
frequency of rupture is 
expected to be insignificant 
(e.g., < 10-6/year). 
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Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

It is assumed that the 
COD includes 
contributions from 
tension, bending, and 
crack face pressure 
loadings. Axial loads due 
to internal pipe pressure 
and crack face pressure 
are applied concurrently. 

CrCOD Since the crack face pressure 
comes from the internal pressure, 
it only makes sense to apply it 
concurrently with the other 
loadings. 

No contribution to bias or 
uncertainty expected. 

Crack face pressure is 
proportional to internal 
pipe pressure, and it is 
assumed to be applied 
with a uniform (linear) 
gradient across the crack 
(i.e., the crack face 
pressure at the ID is equal 
to the internal pressure, 
the crack face pressure at 
the OD is equal to zero, 
and the crack face 
pressure at the mid-
thickness location is equal 
to half the internal 
pressure). 

Both The thermal-hydraulic condition 
through the depth of the crack is 
complex and unknown, thus the 
simplified assumption of a linear 
gradient was made. This 
assumption leads to the average 
effect of half the internal pressure 
applied as the crack face pressure.  

A slight overprediction bias 
on COD may result. 

Bending moments are 
assumed to be applied 
subsequent to axial 
tension loads in the 
analyses. 

CrCOD The application of bending loads 
subsequent to tensile loads is 
thought to be less conservative, but 
more representative of actual plant 
behavior. 

No contribution to bias is 
expected since the assumption 
should be more representative 
of actual plant behavior. 

The FEA boundary 
conditions assume that the 
pipe is not restrained at 
the ends (i.e., the ends are 
free to rotate). 

CrCOD Pipe segments in piping systems 
are, indeed, restrained. Assuming 
free rotations introduces an 
induced bending moment equal to 
the axial force due to the internal 
pipe pressure times the eccentricity 
between the neutral axis of the 
cracked pipe section and the 
centerline of the pipe that results in 
larger COD calculated than for a 
fully restrained pipe. 

This is expected to result in 
an overprediction of COD 
relative to that expected in a 
fully restrained pipe as would 
be the case in the field. It is 
judged that this assumption 
probably has the largest effect 
on bias in the COD 
calculations. 
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Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

Because the pipe ends are 
analytically assumed to be 
unrestrained, the pressure 
in the pipe causes an 
eccentric load at the crack 
plane so that the cracked 
pipe rotates. The FEA-
provided method to 
automatically keep the 
force normal to the pipe 
end, called a “follower 
force” was used during the 
COD analyses. 

CrCOD Due to pipe rotations during the 
analysis, the applied axial force 
does not always act along the z-
axis, but rather, acts normally to 
the pipe end. It should be noted 
that only a small change was seen 
when using this assumption, 
possibly due to the small strain 
assumption. Use of the following 
force accounts, in a small way, for 
the free-to-rotate assumption. 

Provides a slight correction 
(or more realistic reduction) 
to the conservative 
assumption of free-pipe 
rotation. 

The f1 fitting term is 
assumed to be a function 
of the normalized crack 
length and is added to the 
GE/EPRI analytical 
solution to correct for 
crack rotation due to crack 
face pressure. 

CrCOD There are differences between long 
TWC and short TWC behavior not 
accounted for in the small-scale 
yield-based GE/EPRI solutions, 
mainly consisting of the in-plane 
rotation under pressure. f1 is a 
function of the normalized crack 
length.  

No contribution to bias is 
expected since the assumption 
reduces the overprediction 
bias caused by not accounting 
for crack rotation. 

The f2 fitting term is added 
to the GE/EPRI analytical 
solution and is assumed to 
account for FEA 
calculations that use large 
displacement theory, 
which should provide 
closer approximations to 
reality as compred to the 
GE/EPRI equations that 
were derived using small 
displacement theory. 

CrCOD The f2 fitting term, based on the 
strain hardening parameter (n), is 
required for a reduction in error 
between the analytic model and the 
large displacement theory FEA 
model. While this is currently 
based only on the strain hardening 
behavior of the material, it should 
be noted that this is only for the 
assumption of a free-ended 
boundary condition. 

No contribution to bias is 
expected since this 
assumption should provide a 
closer approximation to 
reality. 

The finite element models 
upon which the assumed 
methodology is based did 
not include WRS as a 
loading condition.  

AxCOD In the AxCOD module, the WRS 
approximation involves addition of 
an equivalent pressure based upon 
the average through-thickness 
WRS to the remote hoop stress.  

A small overprediction bias is 
expected because WRS, 
which relaxes with crack 
growth, is treated as a 
primary pressure stress that 
does not relax with growth.  
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Assumption Module 
Affected 

Technical Basis Effects on Bias and 
Uncertainty 

The effect of WRS on 
COD is not assumed. 

CrCOD Axial stress equilibrium requires 
the WRS sampling strategy to give 
an average total stress, including 
WRS, through the thickness as 
close as possible to zero. Work has 
been conducted to show that a 
simplified model using a restrained 
plate solution could be adapted to 
the results to account for the effect 
of WRS if warranted in sensitivity 
studies. 

Little effect on bias or 
uncertainty is expected 
because the average WRS 
through the thickness must be 
close to zero. 

12.6.2 Discussion of Model Assumptions 
Many of the assumptions made in developing the COD models are believed to have only minor 
effects on their predictions. Some of the assumptions are off-setting and their effects on the 
overall model conservatism or uncertainty are difficult to isolate. For this reason, overall model 
uncertainty was assessed based on comparisons to full scale pipe experimental information for 
the CrCOD model and to FEA results for the AxCOD model. Most assumptions are described in 
the COD Subgroup report [3] and will not be further discussed here. The two assumptions 
expected to have the largest effect are: (1) modeling of PWSCC as freely opening cracks and (2) 
modeling the pipe ends as unrestrained and free to rotate. 

Cracks caused by PWSCC are not typically continuous. Instead, they more closely resemble a 
series of small, interconnected cracks with ligaments remaining between them. An overload 
condition, such as a seismic event, could result in the failure of these ligaments such that the 
crack would be freely-opening, but under normal operating conditions this is not expected, and 
the ligaments would act to restrain crack opening. Modeling PWSCC as a fully-opening crack 
could result in large overpredictions of COD for these cracks and thus the leakage rates 
associated with them. The authors are unaware of any studies that have been conducted to 
characterize crack size and COD for discontinuous cracks caused by PWSCC. 

The assumption expected to have the largest effect is that of free-pipe end rotation. The FEA 
results used to develop the CrCOD model assumed that the ends of the pipe are free to rotate. 
The effects of restraint of pressure-induced bending and system stiffness are not included in the 
CrCOD model. Pipe segments in piping systems are, indeed, restrained. Assuming free rotations 
introduces an induced bending moment equal to the axial force due to the internal pipe pressure 
times the eccentricity between the neutral axis of the cracked pipe section and the centerline of 
the pipe. It has been demonstrated in past studies ([9], [10]) that this restraint of pressure induced 
bending due to the rest of the piping system results in a reduction in COD when compared with 
analyses for which free end boundary conditions are assumed. So, for a given crack size, the 
CrCOD model is likely to overpredict the COD, and thus the leakage rate, which is conservative. 
This leads to an underprediction of the crack length that results in a leakage rate meeting the 
leakage detection limit in a plant. The result is a non-conservative estimation of the crack 
stability from an LBB perspective. 
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WRS is not accounted for in the CrCOD model because axial stress equilibrium requires the 
WRS sampling strategy to give an average total stress, including WRS, through the thickness as 
close as possible to zero. WRS is accounted for within the AxCOD model but only with the 
addition of a pressure loading based upon the average through-wall WRS value to the remote 
hoop stress. This approach is conservative because the WRS, which is a secondary stress that 
relaxes with crack growth, is treated as a primary pressure stress that does not relax with growth. 

12.6.3 Module Assumptions 
Most of the uncertainty in the AxCOD and CrCOD modules arises due to uncertainties in the 
input parameters and assumptions made in module development. These modules also contain 
bias and uncertainty arising from the assumptions used in developing the models upon which 
they are based, as described in Table 12-1. There are several additional assumptions made in 
coding the models into modules that require discussion as these assumptions will also affect bias 
and uncertainty in the outputs. These additional assumptions are described in Table 12-2. 

 
Table 12-2 
Assumptions Made in COD Module Development 

Assumption Module 
Affected 

Technical Basis Effects on Bias or 
Uncertainty 

Linear interpolation of 
influence functions is 
assumed between discrete 
FEA result values.  

Both Curvatures of the functions are judged to 
be modest, such that, linear interpolation 
is justified. 

Discrete values used in the FEA for 
determining influence functions were 
obtained for pipe geometry, crack 
geometry, and material hardening of: 

• Rm/t: 2, 5, 10, and 20 

• θ/π: 0.05, 0.10, 0.25, 0.50, 0.75, and 
0.90 

• n: linear elastic, 2, 3, 5, 7, and 10 

Minimal contribution 
to uncertainty is 
expected. 
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Assumption Module 
Affected 

Technical Basis Effects on Bias or 
Uncertainty 

The design space for the 
parametric parameters is: 

0.05 < θ/π < 0.9 

0.5<c/√(Rm*t)<3 

2 < Rm/t < 20 

2 < n < 10 

If the crack or pipe 
geometry or material 
properties are outside 
these ranges, then the 
code uses influence 
functions at the limits of 
the range. 

Both This design space should cover almost all 
possible combinations of pipe and crack 
geometries and pipe materials used in the 
primary systems in nuclear power plants. 
Some secondary side piping systems may 
be fabricated from larger diameter, thinner 
wall pipe for which the Rm/t ratio is 
greater than 20. Some practical 
applications require n>10 (i.e., 11-14), but 
this is judged to be a minor influence on 
the results because the stress-strain curves 
become very flat beyond n=10. Once θ/π 
ratios are beyond 0.9, the rate of leakage is 
considered to be large compared to 
detection limits. 

Minimal contribution 
to uncertainty is 
expected. 

The CrCOD module 
cannot handle a negative 
bending moment, so if the 
bending moment is 
negative, prior to 
inputting it into the 
CrCOD module, the 
Framework changes the 
value to zero.  

CrCOD A negative bending moment is expected to 
result in crack closure, not opening. 
However, in cases where loading is 
complex, a negative bending moment may 
affect the magnitude of opening caused by 
other stresses (e.g., pressure) and therefore 
should be considered. 

Not accounting for 
negative bending 
moments results in an 
overprediction bias on 
COD. However, 
negative bending 
moments are not 
expected, so the effect 
should be minimal. 

The effects of WRS are 
accounted for through an 
effective pressure term. 

AxCOD Inclusion of a WRS term in the AxCOD 
model, however simplistic, was viewed as 
an improvement over not including the 
effect. However, COD is calculated only 
for a TWC, where all the WRS should be 
relaxed. While WRS contributes to the 
initial COD, this relaxation is a valid basis 
for not counting it again in the final COD. 
Future efforts to develop a more 
technically, rigorous approach may be 
warranted. 

While this assumption 
corrects for any 
underprediction bias 
caused by not 
accounting for WRS, 
it is believed that the 
effective pressure term 
may result in an 
overprediction bias on 
COD because a TWC 
should relax all of the 
WRS. 
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Assumption Module 
Affected 

Technical Basis Effects on Bias or 
Uncertainty 

The AxCOD module 
results show good 
agreement with FEA 
results if the pressure is 
less than 60% of the limit 
pressure. If the pressure 
exceeds 60% of the limit 
pressure, a warning 
message is shown, and the 
calculations continue, but 
with the pressure set equal 
to 60% of the limit 
pressure. 

AxCOD If the pressure is equal to or exceeds 60% 
percent of the limit pressure, the plant will 
be undergoing significant issues, and the 
contributions of other effects to bias and 
uncertainty will be much greater than the 
effect of this assumption. 

Minimal effect is 
expected on bias and 
uncertainty. 

COD is calculated at the 
ID, mid-thickness, and 
OD. 

CrCOD The crack faces tend to rotate due to 
bending loads such that the CrCOD 
module should result in a better prediction 
of the crack opening for resultant leak rate 
calculations than the prior COD 
methodologies, which only calculated a 
single COD value. Leak rate calculations 
use the ID COD values or the average of 
the ID and OD COD values, if they are 
different.  

Minimal effect is 
expected on bias and 
uncertainty. 

An empirical correction 
term (1/f4)n, with f4 = 
1.15, was applied to the 
solutions so that they 
would agree better with 
data from a limited set of 
experiments used to 
assess the accuracy of the 
model during the 
development process. 

CrCOD If a different set of experiments had been 
used as part of the preliminary assessment 
of the module, the value of the empirical 
correction term (1/f4)n may have been 
different. 

This term is meant to correct for 
conservative model bias. The uncertainty 
in this term is not accounted for. 

Minimal effect on bias 
and uncertainty is 
expected because the 
correction results in 
better agreement with 
the data. 

The lower limit of crack 
length is ≥ 0.5 . If 
the crack is smaller,  ≥0.5  is used. The 
assumption is that small 
crack lengths are not 
important. 

AxCOD Small cracks were not considered in the 
FEA solution set because the leak rate of 
these small cracks (e.g., 0.1 to 10 gpm) is 
controlled more by uncertainties in crack 
morphology than by COD. 

Minimal effect is 
expected on bias and 
uncertainty. 
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Assumption Module 
Affected 

Technical Basis Effects on Bias or 
Uncertainty 

Ramberg-Osgood model 
parameters obtained from 
single temperature, quasi-
static tests are assumed to 
be acceptable.  

Both Quasi-static loading results in 
measurement of lower strength levels than 
are measured under dynamic loading. This 
approach is acceptable for COD and leak 
rate determined under normal operating 
conditions. COD is not calculated for 
transients and cyclic loading in xLPR V2. 

Minimal effect is 
expeted on bias and 
uncertainty. 

Some assumptions shown in Table 12-2 were made to simplify the coding process (e.g., linear 
interpolation). Other assumptions were made to correct for perceived model bias (e.g., f4). Still 
others were made to limit the module calculation space to coincide with the range over which the 
underlying model is valid. Most of the assumptions made in developing the COD modules are 
expected to have a minimal effect on the uncertainties and bias in module predictions. 

12.6.4 Effects of Assumptions on Module Bias and Uncertainty 
In developing the deterministic CrCOD model, most assumptions that were made result in an 
overprediction bias. This conservative bias is expected to bound the effects of model 
uncertainties. The f4 correction factor that was added to the GE/EPRI equation for use in the 
CrCOD module was meant to correct for some of this conservative bias. Comparisons of CrCOD 
module predictions to full pipe experimental data were made to quantify both uncertainty and 
overprediction bias as described in the MVRs ([4], [5]). The AxCOD module does not 
demonstrate the conservative biases of the CrCOD model. 

12.7 Summary 
The uncertainty in the COD module inputs and the many assumptions made during model and 
module development contribute to the overall uncertainty and bias of the COD module 
predictions. The most significant contribution to model overprediction bias is the conservatism in 
many of these assumptions. The dominant sources of bias that result in overprediction of COD 
include: 

• assuming a fully open crack instead of discontinuous PWSCC, 

• FEA to determine influence functions assumed pipe end rotations are unrestrained, and 

• average secondary WRS in the AxCOD module is treated as a primary pressure load. 

Assumptions that result in uncertainty include: 

• use of the Ramberg-Osgood constitutive equation with parameters based upon limited data to 
represent material stress-strain behavior, and 

• the f4 empirical correction term was defined using a limited number of data sets. 

None of these factors can be influenced by the user as they are integral parts of the models, 
including all model parameters, such as f4 discussed above. The resulting measured 
overprediction bias on COD is as high as 23%. However, this value does not include either the 
effect of modeling the cracks as fully open instead of as a porous media or the effect from 
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assuming that the pipe ends are unrestrained. Accounting for the effects of these two 
assumptions results in an expectation of an even larger overprediction bias in the COD results. 
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13  
CRACK STABILITY UNCERTAINTY 

13.1 Introduction 
The primary goal of the xLPR V2 code is to calculate the probability of failure for primary 
system piping components accounting for degradation due to initiation and growth of both 
fatigue cracks and PWSCC. The stability modules assess the stability of circumferential and 
axial SCs and TWCs in piping components under the user-defined applied loads. Assessment of 
the stability of SCs is performed by calculating the critical pressure for axial cracks and the 
critical moment for circumferential cracks using a plastic collapse analysis methodology. 
Assessment of TRCs and TWCs is made by calculating a critical crack size at instability. The 
output from this suite of modules is either “rupture” or “no rupture” and the ratio of the current 
crack size, stress, or moment to the critical values. The Framework tracks these ratios and does 
not call the modules again until the current crack size, stress, or moment approaches the critical 
value. 

Many assumptions were made in developing the stability modules, the biggest of which is crack 
morphology. The stability module subroutines utilize idealized crack shapes (i.e., a constant 
depth or semi-elliptical SC or an idealized TWC) that, in most cases, are larger than the actual 
cracks. The assumption of a fully opened crack is also conservative relative to actual PWSCC, 
which contains many ligaments that constrain crack opening. These modules may more 
appropriately predict the stability of fatigue cracks. 

There are five stability modules, each addressing a different aspect of crack orientation and 
geometry. For circumferential crack analyses, the two SC_Fail modules calculate the stability of 
constant depth SCs at the ID by assessing the moment-carrying capability and accounting for the 
presence of one or more SCs. The TWC_Fail module calculates the critical idealized 
circumferential TWC size at which instability will occur. For axial cracks, one module assesses 
the critical internal pressure for stability of a constant depth SC, and another module assesses the 
critical size of an idealized TWC. Because the methodology used in each of these modules is 
slightly different, they will be individually summarized and discussed. 

13.2 SC_Fail 
The SC_Fail modules assess the ultimate moment-carrying capacity of either multiple 
circumferential SCs or an individual SC using a generalized, Net Section Collapse (NSC) 
methodology. It then compares this critical moment with the current (applied) moment calculated 
based on input pipe and crack geometries, pipe material properties, and loads (hoop stress is not 
considered). A flag is returned that indicates the results of this comparison (i.e., whether a 
rupture is predicted) along with the ratio of the current (applied) bending moment to the critical 
bending moment for SC instability. Criteria for two cases are used: (1) if the current moment is 
greater than the calculated critical moment for a single SC, then instability is predicted and a 
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TWC is formed, and (2) if multiple cracks are present and the current moment is greater than the 
critical moment of the multiple cracks, then immediate pipe rupture is predicted. 

Circumferential SC and TWC stability depends on pipe and crack geometry and axial loading. 
Axial loading on circumferential cracks includes WRS, pressure, deadweight, and thermal 
expansion. In order to leave the underlying SC analysis equations in a form best suited to quality 
assurance, the contribution of all axial loads is accounted for in the SC_Fail and TWC_Fail 
modules by defining an effective pressure term. WRS is not considered since plasticity effects 
would overwhelm any WRS contribution to the crack instability driving forces. 

Using this effective pressure term, assuming that stress ranges from negative to positive flow 
stress in the ligament, and that thin shell behavior applies, applying moment and force 
equilibrium implies that the collapse moment for instability can be calculated for SCs located in 
the tension zone as described in detail in xLPR-MSGR-Stability [1]. For DMWs, the appropriate 
stresses depend on the location relative to the weld fusion line and base plate. A rule-of-mixtures 
method is used to determine the appropriate material strength values to use [2] in these 
equations. 

13.2.1 SC_Fail Module Limitations 
Limit load solutions for pipes with SCs tend to be non-conservative for small angle cracks 
(especially for thick pipes), even with very ductile materials such as SS, because the net section 
for such cracks cannot achieve full plasticity prior to a crack breaking through-wall due to the 
constraint of the surrounding material. An elastic-plastic fracture mechanics (EPFM) method is 
necessary to accurately calculate the stability of these small cracks. 

13.2.2 SC_Fail Validation 
The validation analysis for the SC_Fail module compared the critical bending moment predicted 
for a single SC to the maximum bending moment calculated from 169 single crack pipe 
experiments. A value of 1.0 for this bending moment ratio indicates that there was perfect 
agreement between the module prediction and the experiment. Deviations from a value of 1.0 
represent uncertainty in either the analysis methodology or the input data. The average value for 
the bending moment ratio was 0.987 with a standard deviation of 0.268. This level of uncertainty 
meets the requirement specified in the SRD [3] that the agreement between the maximum 
moment values for a series of SC pipe experiments and the corresponding predicted maximum 
moments from the module are to be within 10%, on average. The average value shows a very 
slight underprediction bias. 

Comparison of the maximum bending moment from the multiple crack pipe experiments to the 
critical bending moment predicted by the SC_Fail module shows that in all three cases, the 
predicted critical bending moment is less than the maximum bending moment from the pipe 
experiments, thus the module behaves conservatively in the sense that it would predict rupture 
prior to critical bending moments observed in the experiments. The average value for the 
bending moment ratio was 1.04 with a standard deviation of 0.01, which easily satisfies the SRD 
requirement for validation. 
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13.2.3 SC_Fail Inputs and Outputs 
The inputs for the SC_Fail modules include user-defined values for system geometry, operating 
conditions, material properties, a flag to indicate whether a DMW analysis is being performed, 
and a ratio of the base metal to weld metal properties to consider in the DMW analysis. 
Additional inputs are generated by the Framework and include crack parameters (size, location, 
and number) and driving stresses and moments. Sampling on all of these parameters is handled 
by the Framework. The largest source of uncertainty in the inputs is the material properties, 
although the method for determining tensile properties of metals is well-established and 
standardized, so the only uncertainties are due to material variability. 

The outputs from the SC_Fail modules include a flag to indicate whether the single or multiple 
SCs rupture under the applied loads, the ratio of the current bending moment to the critical 
bending moment for rupture, and codes to indicate any errors or inconsistencies in the solutions. 

Inputs and outputs of the SC_Fail modules are discussed in more detail in xLPR-SDD-SC_Fail 
[2]. 

13.3 TWC_Fail 
The TWC_Fail module uses two methods to evaluate the stability of a single circumferential 
TWC subjected to a combination of tension and bending loads. The first method is based on an 
NSC solution for an idealized TWC ([4], [5]) in which the crack fronts are assumed to be radially 
oriented and symmetric about the principle bending axis. The critical crack size is determined by 
finding the crack size for which the fully plastic tension and compression stresses in the ligament 
are equal to the flow stress. The second method is based in EPFM and uses a J-estimation 
scheme to determine the critical crack size for which instability due to ductile tearing occurs. 
Both methods require inputs of pipe and crack geometry, loading, and material properties and 
return the critical crack size and the ratio of the current crack size to the critical crack size. The 
TWC_Fail module takes the smaller of the critical crack size solutions calculated by the two 
methods and uses that to determine whether the current crack has ruptured. If the current crack 
size is equal to, or exceeds, the minimum critical crack size for rupture, the module returns a 
“rupture” flag. 

The TWC stability predictions can only consider a single material in the analysis, whereas a 
DMW has CS on one side and SS on the other that affect the mechanical behavior of the weld. 
Use of mixed strength properties provides a better estimate of crack stability when compared 
with experimental data than does use of the weld properties alone. Therefore, when cracks in 
DMWs are analyzed, the user must input a mixture ratio as a constant value for use in a rule-of-
mixtures type determination of the appropriate yield and ultimate strength properties to be used 
in determining the material’s flow stress. A technical basis discussion regarding selection of an 
appropriate mixture ratio value is provided in Appendix A of xLPR-SDD-TWC_Fail [6]. 

Using a Ramberg-Osgood constitutive equation, the EPFM-based method calculates the elastic 
and plastic contributions to the applied J-integral for tension and bending loading of the crack 
[7]. The J-integral estimation method is developed based on the assumption of deformation 
plasticity and thin-shell behavior. It is assumed that the J-integral is obtained by summing the 
elastic part and the plastic part. 
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The TWC equations are traditionally expressed in terms of pressure as the sole contributor to the 
axial load. Indeed, this is not the usual case in most piping systems where there are axial loads 
from deadweight, thermal expansion, and dynamic excitation. As was the case for the SC_Fail 
modules, in order to leave the underlying TWC analysis equations in a form best suited for 
quality assurance, the contribution of all axial loads, inclusive of pressure, is accounted for by 
use of an effective pressure term. 

13.3.1 Model Constraints and Limitations 
Multiple cracks are not considered in the TWC stability analysis. It may be of interest in the 
future to modify the module to account for the deleterious effects of SCs or other TWCs around 
the perimeter of the pipe but, while an NSC method for solving for multiple cracks is available, 
no such EPFM method currently exists and would have to be developed. 

Crack growth upon loading prior to achieving instability is not considered in the NSC solution 
method for determining crack stability, which only considers a constant crack size. The EPFM 
method, while based on a consideration of crack growth upon loading, significantly 
underpredicts the crack growth, resulting in a tendency to overpredict the critical crack size for 
rupture and a conservative prediction of rupture. Modifications to both the NSC and EPFM 
models would be required to eliminate this conservatism. 

The Framework assumes a rupture event when a TWC stability run error occurs and the loads are 
at least 90% of limit load in the absence of cracks. The TWC module cannot accurately predict 
stability for loads on an un-cracked weld greater than or equal to 90% of the limit load. If this 
situation occurs, a run error is transmitted to the Framework, triggering the recording of a rupture 
event. 

13.3.2 Module Validation 
The TWC_Fail module was validated by comparing the outputs to existing full-scale 
experimental pipe fracture data for a range of loading conditions and crack geometries. Thirty-
two out of the 140 pipe experiments performed contained all the information necessary to 
provide sufficient input into the module to enable confident comparisons between its predictions 
and the experimental results. These pipe experiments were believed to well-represent field 
experience since the full range of nuclear pipe sizes was included, all pipes were constructed of 
nuclear grade materials obtained from excess inventory, and the loading conditions were 
representative of those expected in service. 

The TWC_Fail module was found on average to underpredict the actual rupture crack size by 
25% (measured crack size divided by predicted crack size (ratio-theta) equal to 1.34) with a 
deviation of 0.53. This is equivalent to a mean ratio-theta value of 1.34 with a 99-percent 
confidence that the true value is between 1.2 and 1.48. This bias and uncertainty are due both to 
the uncertainty in the inputs as well as uncertainty of the model itself. Further work to isolate the 
main contributor to this bias and uncertainty found that most was due to the selection of J-value 
for the materials being assessed. The TWC_Fail module uses the smaller of the two critical crack 
sizes predicted using the NSC and EPFM methods, and it was found that the EPFM prediction 
usually dominates. As such, the choice of the material crack growth resistance value plays a key 
role in determining the critical crack size. If only J-values obtained using compact-tension 
specimen data with the modified formulation of J are used in the comparison, the bias and 
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uncertainty were reduced to an 8% underprediction with a standard deviation of 0.15, confirming 
that the choice of J-value plays the dominant role in defining the TWC_Fail module prediction 
uncertainty. Since the module developers could not realistically expect modified formulation of J 
values to be available for all materials considered in any xLPR V2 analysis, the larger bias and 
uncertainty were accepted. 

The relatively large underprediction bias observed during the validation studies implies that the 
TWC_Fail module will predict rupture for smaller cracks under a given loading condition than 
was found experimentally. This would result in the prediction of larger rupture probabilities by 
the xLPR V2 code than would be observed in service. 

13.3.3 Inputs and Outputs of TWC_Fail 
When the TWC_Fail module is called, the Framework passes a series of inputs that include user-
defined inputs to describe the system geometry, material properties, and operating conditions. 
Other inputs are provided by calculations performed within the Framework, including: the 
current crack size (an “idealized” crack size is calculated by the Framework and provided to the 
module), the bending moment, axial forces, operating pressure, and the Ramberg-Osgood 
parameters calculated from the yield and ultimate stresses, strain hardening exponent, and elastic 
modulus. The Framework also calculates the correct “mixed” properties to use based on the user 
input indicating that a DMW analysis is being performed and the ratio of the base metal to weld 
metal properties. Based on this information, the Framework performs a simple, rule-of-mixtures 
calculation to determine the appropriate tensile properties to pass to the TWC_Fail module. 
Fracture toughness parameters from the limiting base metal are used in the EPFM analysis, so no 
“mixed” toughness properties are required. The NSC method uses the material yield and ultimate 
stress properties, while the EPFM analysis uses J, crack J-resistance coefficient, and crack J-
resistance exponent parameters along with Ramberg-Osgood parameters. There is not much 
uncertainty in the system geometry and operating conditions, although distributions are provided 
and sampled by the Framework before being passed to the module. Most of the uncertainty in the 
inputs resides in the material properties, particularly those used for the EPFM analysis as there 
are several methods by which J can be determined and this can have an effect on the uncertainty 
in the output values. Material property input uncertainty is discussed in xLPR-GR-IG [8]. 

Outputs from the TWC_Fail module include a flag indicating whether the crack was predicted to 
rupture either using NSC or EPFM, the ratio of the current crack size to the critical crack size for 
rupture, and other flags indicating submodule status and errors. In most cases, once the critical 
crack size is calculated, the Framework will only call the TWC_Fail module when the current 
crack size reaches 95% of the critical value. The rupture flag value and critical bending moment 
are taken from the solution method (NSC or EPFM) that returns the minimum critical bending 
moment for rupture. 

13.4 Axial Crack Stability (AxCS) 
The AxCS modules are Axial_SC_Fail and Axial_TWC_Fail. These two modules are similar to 
the circumferential modules described above, but they assess the stability of axial SCs and 
TWCs instead of circumferential cracks. The Axial_SC_Fail module relies on a plastic collapse 
analysis method to assess the stability of a constant depth axial SC on the ID while 
Axial_TWC_Fail module employs both a limit load and an EPFM analysis to assess stability of 
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an idealized axial TWC. The criteria for rupture used by the Axial SC_Fail module is that 
operating pressure is equal to or exceeds the critical pressure as calculated by the module for the 
axial crack under consideration. The Axial_TWC_Fail module solves for the critical TWC length 
for instability using both methods and then uses the smaller critical crack length in comparison to 
the current crack size for determining rupture. Details of the models are presented in xLPR-
MSGR-Stability [1]. 

13.4.1 Inputs and Outputs for the Axial_Fail Module (both SC and TWC 
submodules) 

When the AxCS modules are called, the Framework passes a series of inputs that include User-
defined inputs to describe the system geometry, material properties, and operating conditions. 
Other inputs are provided by calculations performed within the Framework, including: the 
current crack size (an “idealized” crack size is calculated by the Framework and provided to the 
module), bending moment, axial forces, operating pressure, and the Ramberg-Osgood parameters 
calculated from the inputs of the yield and ultimate stresses, strain hardening exponent, and 
elastic modulus. The AxCS modules do not consider “mixed” properties (weld and base metals) 
since the stability of axial cracks in DMWs is controlled primarily by the weld metal properties. 
The NSC method used in both the Axial_SC_Fail and Axial_TWC_Fail modules uses the yield 
and ultimate stress properties of the weld metal while the EPFM analysis uses J, crack J-
resistance coefficient, and crack J-resistance exponent parameters along with the Ramberg-
Osgood parameters. Neither module considers the effects of WRS. There is not much uncertainty 
in the system geometry and operating conditions, although distributions are provided and 
sampled by the Framework before being passed to the module. Most of the uncertainty in the 
inputs resides in the material properties used, particularly those used for the EPFM analysis as 
there are several methods by which J can be determined and this can have an effect on the 
uncertainty in the output values. Material property uncertainty is discussed in more detail in the 
Inputs Group report [8]. 

13.4.2 Axial Stability Module Limitations 
For the AxCS modules, the most significant limitations are that the experimental data sets for 
comparison are small and theTWC analysis validation of the EPFM methodology relies upon 
correlations rather than actual measured material property inputs. The small sample size can only 
be overcome by more testing. Unfortunately, axial crack burst testing in heavy-walled pipe is not 
common as the vast majority of interest lies in thin-walled pipe applications common in the oil 
and gas industries. The impact of using correlations to generate the required material properties 
for the EPFM validation can only be assessed by performing sensitivity studies on the chosen 
parameters. However, in general, axial cracks are not expected to dominate failure probabilities 
for nuclear piping, so these limitations are not deemed critical. 

13.4.3 Axial Stability Module Validation 

13.4.3.1 Axial_SC_Fail 

Experimental data on axial SC behavior in pipes is limited, and only 17 axial SC pipe 
experiments [9] were appropriate for use in validating the Axial_SC_Fail module predictions. 
Data from the 17 pipe experiments (geometry, material properties, and loads) were used as inputs 
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into the module and the critical pressure output predictions were compared to the critical 
pressures measured from the pipe experiments. All data (both experimental and predictions) 
were obtained for constant depth cracks. For most of the cases analyzed (13 out of 17), the 
Axial_SC_Fail module conservatively predicted rupture. The average value of the ratio of the 
experimental pressure to the predicted critical pressure was 1.070 with a standard deviation of 
0.190. 

13.4.3.2 Axial_TWC_Fail 

Twenty-six pipe experiments, conducted by various researchers [9], were used in validating the 
limit load or NSC solutions in the Axial_TWC_Fail module predictions. Geometry, material 
properties, and loading information from the 26 tests were used as input information to the 
module and the critical half crack length predictions from the module were compared to the 
experimental results. For 24 of the 26 comparisons, the ratio of the experimental crack length to 
the predicted critical crack length was less than 1.0 (i.e., the results were non-conservative). 
Limit load solutions do not take ductile testing or material toughness into account and so tend to 
be non-conservative. The average value of the ratio of the experimental crack length to the 
predicted critical crack length was 0.850 with a standard deviation of 0.142. 

Twelve of the experimental pipe test results used for validating the NSC predictions were also 
used to validate the EPFM predictions from the Axial_TWC_Fail module. The other 14 test 
results could not be used because they lacked the Ramberg-Osgood parameters and material 
fracture toughness input information required by the module. Even for the 12 tests used, the 
Ramberg-Osgood parameters and J-integral vs. crack growth resistance (J-R) curve data were 
obtained using the material strength properties (yield and ultimate strengths) and Charpy 
toughness data along with correlative equations from the literature to estimate the required 
properties needed to validate the EPFM solution. Corrections to the data had to be made to 
correct for hardening exponents that had not been provided and to enable use of the Ramberg-
Osgood parameters to describe the stress-strain behavior. 

For the 12 experiments for which it was possible to estimate the EPFM critical half crack length, 
the average value of the experimental half crack length to the predicted half critical crack length 
was 0.875 with a standard deviation of 0.111. This non-conservativism of the EPFM prediction 
is similar in magnitude to that of the limit load or NSC prediction. 

The smaller of the two predicted critical crack sizes from the limit load or NSC and EPFM 
solutions is taken as the critical crack size for the Axial_TWC_Fail module. As such, the larger 
of the two ratios of experimental half crack length to the predicted half critical crack length 
should be used to assess the validity of the module. The average ratio when using the smaller 
value of the predicted half critical crack length from the limit load and EPFM analyses is 0.879 
with a standard deviation of 0.112. 

13.5 Stability Module Assumptions, Bias and Uncertainty 
A number of assumptions were made in representing the stability behavior of PWSCC and 
fatigue cracks in nuclear power plant primary water piping using NSC and EPFM. These 
assumptions contribute to model uncertainty and bias and are listed in Table 13-1, along with 
some description of the expected impact of the assumptions on the xLPR V2 code outputs. 
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Uncertainty and bias exist in the inputs accepted by the module, in the model parameters, as well 
as in the modules themselves. 

Perhaps the primary assumption in all of the stability modules and the experimental data used in 
module validation is that the crack morphology and shape are assumed to consist of a single (or 
multiple) distinct cracks of a symmetric shape (idealized with a constant depth in most cases). In 
reality, PWSCC tends to be discontinuous, composed of many smaller branching cracks with 
ligaments connecting the crack faces. True PWSCC has never been tested in full pipe 
experiments, so it is difficult to quantify the conservatism presented by modeling PWSCC as a 
single, distinct, and open crack. 

The overall module bias is quantitatively presented in each module validation subsection of this 
chapter. Table 13-1 attempts to detail the sources of the bias presented in the module validation 
subsections. As can be seen, some assumptions result in a conservative bias (underpredicting 
crack size at instability) while others result in a non-conservative bias (overpredicting crack size 
at instability). The circumferential modules were biased conservatively while the axial modules 
were biased non-conservatively. It is difficult to pinpoint the dominant sources of the bias in 
each module, but sensitivity studies on the various assumptions could provide clarity. 

The first assumption, that cracks are distinct and planar, results in a conservative bias to the 
predicted rupture probabilities for all of the modules, but this is not accounted for in the module 
validation results since all of the experiments to which the module predictions were compared 
also contained distinct, planar cracks. This assumption affects the COD module and LRM as 
well, and so it should be studied further in sensitivity studies, if possible. 
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Table 13-1 
List of Assumptions Made During the SC_Fail, TWC_Fail and Axial_Fail Development 
Processes 

Assumption Module Affected Technical Basis Effects on Bias and 
Uncertainty 

All cracks are 
assumed to be a 
distinct, planar crack 
or set of planar cracks 
that act as one crack. 

All Stability 
Modules 

Because planar cracks are assumed, 
the crack shape is an idealized 
representation. Actual PWSCC is 
characterized by a distributed, 
connected network of cracks in 
three dimensions rather than a 
single, idealized two-dimensional 
planar crack. A model for the 
stability of a diffuse and connected 
(i.e., distributed damage model or 
flow through a porous medium) set 
of cracks is very different from the 
ideal crack case used in xLPR V2. 

This assumption is 
expected to result in an 
overprediction of the 
occurrence of ruptures and 
decreases the predicted 
uncertainty in the actual 
cracks. 

Stability analysis 
assumes a constant 
depth SC geometry.  

SC_Fail and 
Axial_SC_Fail 

Because the constant depth SC is 
set equal to the maximum depth of 
the SC under question and the 
constant depth SC length is set 
equal to the length of the SC under 
question, the result is 
underprediction of the critical 
bending moment. 

This assumption 
overpredicts the occurrence 
of ruptures and most likely 
decreases the scatter in the 
predictions. 

NSC limit load 
solution is assumed to 
be applicable to all 
SCs. 

SC_Fail It is known that NSC does not 
perform well for short, deep surface 
cracks because the assumption that 
the cross section becomes fully 
plastic cannot be realized before the 
crack breaks through the pipe wall, 
even for fully ductile, high 
toughness materials, such as SS. 
The effect is small as short, deep 
SCs should not be simulated very 
often. 

This results in a small 
chance of overprediction of 
the sustainable bending 
moment for SCs in pipes 
and underprediction of SC 
transition to TWC 
probabilities, which could 
potentially be non-
conservative. 

The idealized TWC 
geometry is assumed 
to adequately capture 
behavior for the NSC 
analysis. 

TWC_Fail and 
Axial_TWC_Fail 

TWCs rarely grow with crack tips 
oriented radially. Rather, the crack 
angle on the OD and ID are 
different (so-called natural crack 
growth).  

It is believed that this 
assumption could result in 
potentially underpredicting 
the probability of rupture, 
but provides a decrease in 
the predicted scatter 
relative to field data. 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

146 

Assumption Module Affected Technical Basis Effects on Bias and 
Uncertainty 

It is assumed that 
axial loads can be 
treated as an effective 
pressure term. 

SC_Fail and 
TWC_Fail 

This is a reasonable means of 
accounting for axial loads and crack 
face pressure.  It also means that 
fundamental changes to codes were 
not required. 

No implications for bias or 
uncertainty are expected. 

No torsional or shear 
loads are assumed in 
the calculations. 

SC_Fail and 
TWC_Fail 

Plant piping systems will 
experience both, but they are 
considered second order effects. 
The Framework recasts the loads 
into an effective moment prior to 
sending them to the stability 
modules.  

This assumption could lead 
to an underestimate with 
respect to the applied J, 
which is considered non-
conservative with respect to 
crack stability. However, it 
is believed that there is 
little impact of this 
assumption. 

Crack face closure 
effects are assumed. 

TWC_Fail This is believed to be a reasonable 
assumption as crack faces will tend 
to carry compressive loads because 
they are typically very tight in 
service (i.e., little unloaded COD). 

No implications for bias or 
uncertainty are expected. 

In the EPFM analysis, 
the elastic influence 
functions are assumed 
to be based on the 
Rm/t ratio and 
normalized crack size, 
ρ. The plastic 
influence functions 
are assumed to be 
based on the Rm/t 
ratio, ρ, and strain 
hardening exponent, 
n, ranges. 

The design space for 
the parametric 
parameters is: 

• 0.05 ≤ ρ ≤ 3 

• 5 ≤ Rm/t ≤ 20 

• 1 ≤ n ≤ 7 

It is assumed that the 
crack or pipe 
geometry or material 
properties are within 
these ranges. 

Axial_TWC_Fail The design space should cover most 
possible combinations of pipe and 
crack geometries and pipe materials 
used in primary systems in nuclear 
power plants. Some primary side 
piping systems may have Rm/t ratios 
less than 5, and some secondary 
side piping systems may be 
fabricated from larger diameter, 
thinner wall pipe for which the Rm/t 
ratio is greater than 20. Some 
practical applications require n>7 
(i.e., 11-14), but this is judged to be 
a minor influence on the results 
because the stress-strain curves 
begin to flatten off once n reaches a 
value of 7 or more. If cases are 
outside the stated bounds, then the 
code uses influence functions at the 
limits of the particular range. 

There is a small chance of 
being outside the design 
space, which could result in 
under or over estimation of 
rupture probabilities. The 
average effect for many 
realizations should be even 
smaller. 
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Assumption Module Affected Technical Basis Effects on Bias and 
Uncertainty 

The EPFM model 
assumes linear 
interpolation of 
influence functions. 
Discrete values used 
in FEA for 
determining the 
influence functions 
were: 

Rm/t: 5 and 20 

ρ: 0.05, 1, 2, and 3 

n: 1, 3, and 7 

Axial_TWC_Fail Curvatures of the functions are 
judged to be modest such that linear 
interpolation is justified. 

Note: The analysis uses Reference 
[9], which includes a limited 
solution set. 

Little impact from this 
assumption is expected on 
bias or uncertainty of 
rupture predictions. 

A Ramberg-Osgood 
material 
representation for an 
isotropic, 
homogeneous material 
was assumed during 
the development of 
the EPFM analyses. 
As such, the resultant 
material inputs 
required by both 
models are the 
necessary Ramberg-
Osgood parameters. 

TWC_Fail and 
Axial_TWC_Fail 

To make the EPFM solutions 
tractable, a simple constitutive 
model must be adopted in spite of 
the fact that some materials do not 
fit the Ramberg-Osgood model 
precisely. 

Use of the Ramberg-
Osgood constitutive 
equation is not believed to 
have a significant effect on 
bias in the TWC EPFM 
stability predictions, 
although the uncertainty 
may be over predicted. 

In addition to the basic constitutive 
model consideration, the choice of 
tensile data to use in the analyses 
can have a significant effect on the 
predictions. It is known that there 
may be significant differences in the 
stress-strain curves between quasi-
statically loaded and dynamically 
loaded tensile specimens for the 
same material. As such, when 
analyzing dynamically loaded pipe 
experiments with quasi-static stress-
strain data, an additional level of 
uncertainty is introduced. It is not 
possible to specify which stress-
strain curve to use because the end 
user may not have dynamic data 
available. 

If tensile data from 
dynamic loading is not 
available and the stability 
event is dynamic (e.g., 
seismic), then use of quasi-
static tensile data could 
result in lower estimates of 
dynamic tensile strength 
and higher estimates of 
pipe material initiation J-
resistance, JIc, values, 
resulting in an 
overpredicaiton bias in the 
predicted rupture results. If 
the stability event is normal 
operation, then use of 
quasi-static tensile data 
would have no effect. 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

148 

Assumption Module Affected Technical Basis Effects on Bias and 
Uncertainty 

e EPFM analyses, 
user-defined fracture 
toughness values are 
assumed to well-
represent the materials 
being analyzed. 

TWC_Fail and 
Axial_TWC_Fail 

Material resistance can be measured 
using a number of different 
specimen geometries and analyzed 
using several different methods. 
Use of modified formulation of J 
values provides a better match 
between predictions and experiment 
than use of deformation theory J 
values, but requiring use of only 
modified formulation of J values 
was believed to be too restrictive 
([1], [8]). 

Allowing use of both 
deformation theory J and 
modified formulation of J 
fracture toughness 
measures will increase the 
scatter and uncertainty in 
predicted rupture 
probabilities and tend to 
increase overpediction bias 
on through-wall cracking. 

A rule of mixtures is 
assumed to describe 
the tensile properties 
best used in the 
analysis of 
circumferential 
TWCs. 

TWC_Fail When assessing circumferential 
cracks in welds, past research has 
shown that the best predictions are 
made when the analyst uses the 
strength properties of the base 
material and the fracture toughness 
properties of the weld. For cracks in 
DMWs with two different base 
metals, it was found that a mixture 
of the two base metal properties 
was best, with the mixture 
dependent on the location of the 
crack relative to the two base 
materials. 

This approach was found to 
be more realistic and 
reduce any bias and 
uncertainty in the predicted 
rupture results. 

Validation of the 
EPFM analysis 
method required 
assuming Ramberg-
Osgood parameters 
and J-R curve 
coefficients derived 
using available tensile 
and Charpy data and 
correlations in the 
literature. 

Axial_TWC_Fail Uncertainty (means and standard 
deviations) reported for the 
Axial_TWC_Fail module EPFM 
analysis should be viewed as 
estimates only since J-R properties 
were derived from correlations 
instead of directly measured. Since 
scatter in measured Charpy values 
tends to be larger than observed for 
fracture toughness values, and 
because use of correlations 
introduces uncertainty, it is 
expected that scatter and 
uncertainty in predictions will 
increase. 

It is expected that 
uncertainty of the module 
predictions is larger than 
estimated in the validation 
studies. Since both higher 
and lower toughness values 
will be simulated, the effect 
on model bias is small 
when averaged over a large 
number of realizations. 
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Assumption Module Affected Technical Basis Effects on Bias and 
Uncertainty 

It is assumed that 
axial cracks in welds 
can be analyzed using 
the current modules. 

Axial_SC_Fail 
and 

Axial_TWC_Fail 

The theory for Axial SC rupture is 
derived assuming that cracks are in 
a homogenous material. Therefore, 
the axial _SC_Fail module should 
be very conservative when 
analyzing axial cracks in welds. 
However, it is highly unlikely that 
an axial crack will be a limiting 
case for crack stability, so the effect 
on overall probabilities of rupture 
should not be significant. 

It is expected that this 
assumption will have little 
effect on bias and will 
decrease the uncertainty of 
the predicted rupture 
results. 

The elastic portion of 
the EPFM analysis 
assumes that a plastic 
zone size correction 
on the crack size is 
appropriate. 

Axial_TWC_Fail Comparisons both with and without 
the plastic zone size correction were 
conducted. Test cases showed that 
the use of the plastic zone size 
provides better correlations. 

This assumption is 
expected to be more 
realistic and reduce 
prediction uncertainty and 
model bias. 

The TWC analysis 
assumes that the ends 
of the pipe are free to 
rotate. Effects of 
restraint of pressure 
induced bending and 
system stiffness were 
not included. 

TWC_Fail Experimental data has shown that a 
TWC may grow much greater in 
length before rupture than predicted 
based on analysis methods 
developed for the case where the 
ends of the pipe are free to rotate. 
Also, the use of secondary loads as 
primary loads in xLPR V2 is 
conservative as results have shown 
that most of the thermally-driven 
loads are eliminated before fracture 
instability occurs. 

This will cause 
overpredictions of rupture 
probability and 
underprediction of 
uncertainty. 

It is assumed that 
prior load history 
effects can be ignored 
for EPFM. That is, all 
J-R curves start from 
zero crack extension 
for every time-step 
during a realization. 

TWC_Fail and 
Axial_TWC_Fail 

xLPR V2 does not account for 
previously used deformation energy 
if there are two consecutive ductile 
tearing episodes during an analysis. 
The implication is that the J-R 
curve is entered at the wrong 
location, or that the wrong J-R 
curve is being used. With only 
PWSCC and fatigue loading, crack 
growth occurs at extremely low 
levels of deformation, so there is 
little expected impact on the 
stability predictions. If, on the other 
hand, a seismic load causes ductile 
tearing, a second temporally 
consecutive seismic loading 
analysis would reset the initiation J 
to the original value as opposed to 
some higher one. 

Multiple consecutive 
ductile tearing episodes 
may not be very likely, so 
the consequences, with 
respect to bias and 
uncertainty, should be 
small. 
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13.6 Summary and Conclusions 
The key assumptions contributing to the bias and uncertainty in the stability modules include the 
idealized crack geometry that tends to increase the instability overprediction bias for SCs but 
may slightly underpredict instability for TWCs. In all cases, this assumption underpredicts the 
uncertainty for stability. Use of both deformation theory J and modified formulation of J values 
as inputs into the EPFM models and use of J-R curve coefficients derived from Charpy data 
correlations results in an overprediction bias for instability and also increases the prediction 
uncertainty. The assumption that pipes are free to rotate (no restraints) also results in an 
overprediction bias on instability and an increase in the prediction uncertainty over expected 
field behavior. Together, these assumptions and problem simplifications made in developing the 
Stability models result in modules that tend to overpredict instability of circumferential SCs and 
TWCs, as well as axial TWCs, but slightly underpredict the stability of axial SCs as shown in the 
validation results presented above. The overprediction bias for circumferential SCs and axial 
TWCs is minor, as is the underprediction bias for axial SCs. The overprediction bias for 
circumferential TWCs is more significant. 

Many of the factors contributing to the bias and uncertainty demonstrated by the stability 
modules are associated with the models themselves and cannot be affected by the user. However, 
part of the bias and uncertainty are associated with the inputs to the models, most notably, the 
choice of the J-R material toughness curve to use in the analysis. If compact-tension specimen 
data based on the modified formulation of J is used in the analysis, then there is better agreement 
with the experimental data than if compact-tension specimen data based on deformation theory J 
is used. With no restriction on the kind of J-R curve data used as input to the TWC_fail module, 
then the conservative underprediction of critical crack size by 25% (1.34 – 1.09) must be used. 

Finally, the first assumption that all cracks are distinct and planar results in a conservative, or 
overprediction, bias for the rupture probabilities for all of the modules, but the effects of this 
assumption cannot be quantified at this time. These effects are not accounted for in the module 
validation results noted previously, since all the experiments to which the module predictions 
were compared also contained distinct, planar cracks. The rupture overprediction bias resulting 
from the assumption of a planar, fully open crack is expected to add significant additional 
conservative bias to that already noted above for the SC_Fail and TWC_Fail modules. The 
additional conservative bias in rupture predictions resulting from this assumption is expected to 
overshadow the slight prediction bias demonstrated by the AxCS modules. 
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14  
IN-SERVICE INSPECTION UNCERTAINTY 

14.1 General Summary of ISI Models and Output 
The ISI module was developed for xLPR V2 based on inspection data collected as part of EPRI’s 
PDI program [1]. Using ultrasonic inspection methods, inspections were performed on DMWs 
containing well characterized axial and circumferential flaws in mock-ups of pressurizer and hot 
leg surge nozzles, pressure vessel inlet and outlet nozzles, and full structural WOLs. The 
availability of data for SG nozzles was limited, so they were used only to develop inspection 
models for circumferential flaws for this component. The data, collected from thousands of 
examinations, was used to develop both a probability of detection (POD) model and a sizing 
model using regression analysis methods, logistical regression analysis for calculating POD 
versus flaw size, and linear regression methods for developing the sizing model. The POD model 
describes the capability of the inspection method to identify the presence of a flaw (of a given 
size), and the sizing model describes the capability of the inspection method to correctly 
characterize the size of the identified flaw. Upper and lower 95% confidence bounds were 
calculated to define the uncertainty for each model. The sizing model was combined with an 
input of repair threshold flaw size to define a probability of repair (POR) model. These two 
aspects of inspection (i.e., POD and POR) are then integrated to calculate the probability that a 
flaw of a given actual size is detected and accurately sized to exceed a certain threshold requiring 
repair. 

The overall inspection functionality in xLPR V2 consists of four basic steps: (1) predict POD as 
a function of flaw size, (2) predict POR as a function of flaw size, given that a flaw has been 
detected, (3) combine (1) and (2) to predict POR as a function of detected flaw size, and (4) 
perform these evaluations at each simulated inspection time for each active crack. Based on this 
information, adjustments are made to subsequent leakage and rupture risks to account for 
inspection and repair. The ISI model, as implemented in the ISI module, performs steps (1) and 
(2) while the Framework performs steps (3) and (4). 

The POD model calculates POD as a function of either the flaw depth to thickness ratio or the 
absolute length of the remaining ligament depending on the user input specification. POD model 
development and parameters are described in more detail in xLPR-MSGR-ISI [2] for addressing 
both circumferential and axial flaw orientations for the different weld configurations. The 
inspection routine for calculating POD accepts flaw size and POD model parameters, calculates 
nominal POD using an internal function, adjusts the nominal POD to account for the small flaw 
approximation and the POD effectiveness factor, and returns a final POD along with any error 
codes generated due to input or output constraint violations. 

The PDI data upon which the POD model is based does not contain flaws smaller than 
approximately 10% of the component thickness and thus, these small flaws were not considered 
in the POD model development. To account for the possibility of detecting small flaws, the 
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model uses linear interpolation between zero and the input small flaw threshold; above the small 
flaw threshold, the nominal POD curve is used. If the small flaw threshold is set to zero, then the 
POD curve is used to describe the POD for flaws all the way to zero size, which is unrealistic. 
The POD model includes a scaling term to address differences expected between test and field 
inspection performance. Additional details regarding the development and mathematical 
description of this model are contained in the ISI Subgroup Report [2]. 

The sizing model relates measured and actual flaw depth as a function of a single independent 
variable, either the (actual) flaw depth to thickness ratio or the (actual) absolute length of the 
remaining ligament. The nominal form for the sizing model is a linear relationship between 
measured flaw size and actual flaw size with normally distributed uncertainty. The nominal form 
and uncertainty are compared to fixed input repair thresholds in order to derive the POR. The 
evaluation routine for determining the POR accepts (actual) flaw size, sizing model parameters, 
and a repair threshold; calculates nominal measured flaw size using an internal subroutine; uses 
the nominal measured flaw size and the model uncertainty to evaluate the POR; and returns the 
POR along with any error codes generated due to input or output constraint violations. Details of 
the development and mathematical description of this model are also contained in the ISI 
Subgroup Report [2]. 

The Framework performs a number of integration operations in implementing the ISI module, 
including scheduling inspections and calling the ISI module for each active flaw at each 
scheduled inspection. The Framework also integrates the POD and POR results during post-
processing to calculate risks of leakage and rupture conditional on the ISI results. 

14.2 Model and Module Limitations 
The POD and sizing models implemented within the ISI module subroutines are empirically 
derived model forms with parameters developed from PDI data. The ISI Subgroup Report [2] 
offers parameter recommendations for a subset of configurations that might be of interest in 
xLPR V2. However, the ISI model forms are believed to provide enough flexibility to 
accommodate new data or updated analyses (e.g., for different weld configurations, flaw 
orientations, and mitigation techniques) as may be needed for future versions of the code. 

Several practical considerations related to general inspection are not within the scope of the 
implemented ISI module: 

• Online monitoring and leakage detection is not addressed within the ISI module. The 
Framework implements the online leakage detection independent from ISI. 

• Inspections by eddy current testing, dye penetrant, or visual examination are not addressed. 

• Inaccessible regions that would lead to incomplete inspection coverage are not addressed by 
the ISI module routines (e.g., location is not an input). 

• Several ISI program rules rely on inspection results across many components in a piping 
system. For instance, only 25% of welds receiving stress improvement to mitigate a detected 
flaw are required to be placed into an inspection program; the others are inspected if a 
detection occurs within the inspection program. Because xLPR V2 only simulates a single 
weld, such intra-system dependencies cannot be modeled precisely. 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

154 

• Significant limitations were identified for both POD and sizing of circumferential flaws in 
the SG nozzle configuration due to the range of variability in as-installed nozzle weld 
configurations. Although the available PDI data reflecting generic weld configurations was 
analyzed, the resulting model parameters should be used only with caution and additional 
justification by the user to address this weld configuration variability for field applications. If 
this is not possible, then the benefits of SG nozzle inspection could be neglected in plant-
specific analyses since many plants have requested relief that has been granted by the NRC. 

• POD and sizing model parameters for axial flaws in SG nozzles were not investigated as part 
of this work given the scarcity of applicable PDI data, so no axial model parameters are 
provided for SG nozzles. 

Despite efforts to cover a range of different component types (Pressurizer, RPV, and SG 
nozzles), flaw orientations (circumferential and axial), and mitigation types (WOL), validated ISI 
model parameters were not developed for a number of configurations that are of interest. These 
configurations and, in some cases, proposed conventions to address them in the interim before 
more rigorously developed model parameters are available include: 

• SS welds: ISI model parameters developed in MRP-262, Revision 2 [1] are applicable to 
Alloy 82/182 DMWs in PWR and boiling water reactor piping systems within the LBB scope 
of application. Consequently, they do not directly address SS welds, and it is not deemed 
appropriate to simply apply model parameters for DMWs to SS welds. 

• Reactor coolant pump nozzles: Available data was not sufficient to support the 
development and validation of POD or sizing model parameters applicable to reactor coolant 
pump nozzle DMWs. The lack of these ISI models should not have a significant effect on 
calculated probabilities since PWSCC initiations are much less likely to occur at these low-
temperature locations. 

• Weld inlay and onlay: ISI model parameters were not developed for components receiving 
weld inlay or onlay mitigation. This configuration was not explicitly addressed within the 
PDI program and mockup set. Relevant information that may inform ISI model parameter 
assumptions for weld inlay and onlay locations may be found in EPRI 1016655 [3]. The data 
from this report demonstrate that inlaid and onlaid components can be examined reliably 
using the current ASME Boiler and Pressure Vessel Code, Section XI, Appendix VIII 
qualified inside surface procedures with no further demonstrations required for procedures, 
personnel, or equipment. 

• Optimized WOL: ISI model parameters were not developed for components receiving 
optimized WOL mitigation. 

• Stress improvement: ISI model parameters were not explicitly developed for components 
receiving stress improvement, like MSIP® or peening. Relevant information that may inform 
ISI model parameter assumptions for peened dissimilar metal butt weld locations may be 
found in EPRI 3002000656 [4]. The data presented in this report demonstrate that the 
capability to perform ultrasonic testing and eddy current testing from the peened surface of a 
DMW was not adversely affected by the peening application. 

• Axial flaws in SG nozzles: Available data was not sufficient to support the development and 
validation of POD or sizing model parameters applicable to axial flaws in SG nozzles. 
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• Axial flaws in components with full structural WOL: Available data was not sufficient to 
support the development and validation of POD model parameters applicable to axial flaws 
in components with full structural WOL. 

• Other restrictions: The data sets used to develop the models presented in this section were 
subject to the dimensional ranges, access locations, and scan modes that are reflective of the 
NDE qualification limitations of the associated inspection procedures. 

In all cases described above, the user must supply a technical basis for use of supplied ISI model 
parameters to components and conditions for which data was insufficient or not within the scope 
of the current work for developing appropriate model parameters. If this is not possible, then the 
benefits of DMW nozzle inspection could be neglected in plant-specific analyses. Such an 
approach would be conservative if there were any actual benefit in performing these inspections. 

14.3 Inputs and Input Uncertainty Characterizations 

14.3.1 Inputs 
The inspection subroutine applies the same model irrespective of the configuration. Therefore, it 
is the model parameters that are varied to simulate the distinct detectability for a given 
configuration. The POD model parameters for each distinct weld configuration, flaw orientation, 
and mitigation status (before or after mitigation) are defined in the Excel Inputs Workbook and 
the Framework performs the bookkeeping to ensure that the Inspection routine is called with the 
appropriate parameters for the configuration being evaluated. 

Similarly, the evaluation subroutine applies the same model for flaw sizing irrespective of the 
configuration. Therefore, it is the model parameters that are varied to simulate the distinct ability 
to size flaws for a given configuration. The sizing model parameters for each distinct weld 
configuration, flaw orientation, and mitigation status (before or after mitigation) are defined in 
the Excel Inputs Workbook, and the Framework performs the bookkeeping to ensure that the 
Evaluation routine is called with the appropriate parameters for the configuration being 
evaluated. 

The uncertainty on the pipe geometry and WOL values is described elsewhere [5]. The 
uncertainty on flaw depth is controlled by the initiation and growth module calculations and 
assumptions carried forward by the Framework. The remaining inputs to the inspection and 
evaluation subroutines are the model parameters, which account for the uncertainties and bias 
attributable to the data and regression methods used in developing the model forms. 
Recommended default values and distributions for the Inspection model parameters for 
circumferentially and axially oriented crack inspections are contained in xLPR-SDD-ISI [5]. In 
addition, important NDE parameters that characterize the qualification data populations that 
these results were developed from are identified in a set of notes in [5] that address applicable 
pipe dimensional parameters, whether the NDE scan surface is typically the ID or OD, and 
whether the UT transducer scan “X-Y” location is electronically tracked (encoded) or not (non-
encoded). 



 
xLPR Technical Report—Sources and Treatment of Uncertainties 

156 

14.3.2 Treatment of Model Uncertainty via Sampling on Inputs 
Uncertainty in both the POD and sizing model predictions results from several factors including: 

a) un-modeled effects, 
b) incorrectly modeled effects, and 
c) error or uncertainty in the measurements that support the PDI database. 

These factors do not include the unpredictable variation or randomness that is inherent in the use 
of a POD model (i.e., for any given flaw, a random Bernoulli trial is performed to determine 
whether detection occurs). The POD and sizing model parameters are treated as uncertain to 
incorporate these factors, and the Framework samples from the associated distributions. It is 
believed that these distributions conservatively reflect scatter in the data because, for most 
configurations, all data from the passed tests were considered in their development. This may 
result in an overprediction of the uncertainty on POD and sizing, but this is expected to be very 
minor since only certified vendors conduct inspections in the field. The user can change the 
model parameter distribution characterizations, but use of the models outside their ranges of 
calibration would need to be assessed on a case-by-case basis. 

As implemented within xLPR V2, the model parameters for POD as a function of flaw size are 
sampled once per realization for the weld configuration. They are not re-sampled for successive 
inspections of the same flaw and nor are they re-sampled for multiple flaws within the same 
configuration. This sampling frequency is indicative of an unverified premise that the majority of 
uncertainty in detection performance is due to variation from configuration to configuration — 
which may be due to several factors — and not from variation between different inspections of 
the same configuration or from variation between different flaws in the same configuration. The 
POD model parameters should be treated as epistemic to reflect the expectation that the POD 
model would gradually converge to a deterministic model with an unlimited test set. The actual 
determination of whether detection occurs should be treated as aleatory. 

As implemented in xLPR V2, the sizing model parameters for POR as a function of flaw size are 
also sampled once per realization for the weld configuration. They are not re-sampled for 
successive inspections of the same flaw nor are they are re-sampled for multiple flaws within the 
same configuration. This sampling frequency is indicative of an unverified premise that the 
majority of uncertainty in sizing performance is due to variation from configuration to 
configuration — which may be due to several factors — and not from variation between 
different examinations of the same configuration or from variation between different flaws in the 
same configuration. The sizing model parameters should be treated as epistemic to reflect the 
expectation that the nominal sizing model would gradually converge to a deterministic model 
with an unlimited test set. The actual determination of whether a repair occurs (i.e., whether the 
measured flaw is above or below the repair threshold) should be treated as aleatory. 

The assumptions that it is appropriate to sample model parameters each realization for both the 
POD and Sizing models only for the first inspection and not for each successive inspection 
ignores the probability of improved inspection methods and performance between inspections. 
This assumption results in a conservative estimate of uncertainty on the predictions made by both 
models relative to actual field performance. 
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The ISI module input includes a POD effectiveness factor that can be varied from zero to one to 
scale down the nominal POD curve. The primary purpose of this input is to address any potential 
differences between PDI laboratory results and the ISI results measured in the field. Even though 
the accuracy of detection and sizing are expected to improve with time, the reductions in 
uncertainty due to these improvements are conservatively neglected because these future 
improvements cannot yet be quantified. It is also expected that the amount of this conservatism 
in the uncertainty would increase as the time between subsequent inspections (i.e., ISI interval) 
increases. 

14.4 Discussion of Model Uncertainties Relative to Predicting Field or 
Laboratory Data 

Validation of the ISI module with plant operating experience is not possible because the 
existence and attributes of any flaws in the field are rarely forensically characterized. The 
question as to how well the PDI data represents field inspections can only be addressed via 
expert judgment. For instance, the ISI module does not account for the possibility of false 
positive calls [2]. Other issues involve binning the data relative to whether they are from 
“passed” tests only or from all tests performed (pass and fail), whether outliers were removed 
from the data sets, and whether detected flaws were fully characterized relative to orientation, 
size and location. In the field, inspections are only conducted by qualified vendors, suggesting 
that only data from “passed” tests should be used. The ISI Subgroup believed that including the 
data from all “passed” PDI tests in the development of the model forms and parameters would 
conservatively bound the uncertainty on field inspections. 

POD and sizing model validation was performed by comparing the fitted models to independent 
data not used in ISI model development and obtained from the PDI program since approximately 
2009. Validation was performed with respect to the best-estimate model parameter values; the 
parameter uncertainty and correlation values were not part of the validation process. The 
goodness of fit statistic used in validation analysis for the POD Model was the standardized sum-
of-squares for a logistic model as described in xLPR-MVR-ISI [6]. The goodness of fit statistic 
used in validation analysis for the Sizing Model was calculated assuming the statistic would 
follow a chi-square distribution. Recommended POD model parameters were validated for all 
configurations except four. Alternate recommendations were made for these four configurations 
as described in xLPR-MVR-ISI [6]. Recommended sizing model parameters were validated for 
most configurations. For two configurations (axial flaws in RPV nozzle configurations and axial 
flaws in WOL configurations), the sizing model developed with the full set of applicable data 
could not be validated. For these two configurations, outliers were removed from the validation 
data set. Specifics related to the outlier removal are given in xLPR-MVR-ISI [6]. 

14.5 Model and Module Assumptions and Implications to xLPR V2 
Predictions 

This subsection offers a consolidated list of the assumptions and dependencies that are 
considered most important with respect to the ISI models and model parameters. Limitations for 
aspects of ISI that are implemented by the Framework (e.g., examination scheduling and the 
assumption that all repaired flaws no longer contribute to leak or rupture probabilities) are not 
covered here. In all cases, best estimate models were developed from the available PDI data and 
the model parameter distributions were technically justified [2]. 
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Table 14-1 
List of Assumptions Made During the ISI Module Development 

Assumption Technical Basis Effects on Bias and 
Uncertainty 

Fully empirical ISI models 
are assumed to represent 
field inspection data. 

The model parameters and associated uncertainties have 
been developed to fit inspection and sizing data 
developed through the EPRI PDI program, the largest 
known database of the performance of UT examination 
procedures and personnel for a wide variety of materials, 
component forms, flaw types and orientations, and UT 
examination techniques [1]. Utmost care is taken to 
ensure that the qualification mockups and processes of 
the PDI program adequately reflect actual plant 
conditions and ISI experience. Nonetheless, the 
existence of some bias due to testing artifacts cannot be 
entirely discounted. 

Effects on bias and 
uncertainty can not be 
quantified because of a 
lack of destructive 
evaluation data for field 
flaws.  However, there 
is believed to be an 
over prediction bias due 
to human factors.  The 
effect of this bias is 
believed to be small 
because the effects of 
ISI on leak and rupture 
probabilities are small. 

It is assumed that 
controlled performance 
demonstration results 
accurately reflect field 
performance. 

Parameter estimates for the POD and sizing models that 
are based on PDI results may not perfectly describe field 
performance. 

The extent of this issue 
is difficult to quantify 
because some field 
flaws may be 
undetected and detected 
flaws are usually 
repaired without 
destructive 
examination. However, 
the effects of ISI, 
including human 
factors, on leak and 
rupture are small. 

Flaw depth is assumed to 
be the only independent 
variable describing 
detection and sizing 

In reality, detection and sizing processes are dependent 
on flaw attributes that are not explicitly modeled 
including, but not limited to, flaw length, COD, and flaw 
location. These dependencies are not modeled because 
they have not yet been quantified with PDI data. One 
illustrative consequence of this assumption is that a tight 
flaw (i.e., a flaw completely or partially closed by 
compressive stress) and a fully open flaw of the same 
depth are considered identical from a detection or sizing 
standpoint. 

Effects on bias are 
unknown. Uncertainty 
is expected to be 
underpredicted. 

It is assumed that detection 
and sizing behavior for 
artificial flaws is 
representative for SCC and 
fatigue flaws in real 
components.  

The available model forms do not differentiate between 
SCC and fatigue flaws, despite potentially distinct 
shapes and morphologies. The methods of flaw 
manufacture for the PDI program ensure UT responses 
are realistic relative to responses observed in the field. 

Little effect on bias and 
uncertainty is expected. 
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Assumption Technical Basis Effects on Bias and 
Uncertainty 

The ISI module assumes 
that all model uncertainty 
is allocated as component-
to-component uncertainty 
(as opposed to 
examination-to-
examination or flaw-to-
flaw uncertainty). 

This assumption suggests that the majority of variation 
in the detection and sizing processeses is due to 
component-to-component differences. In reality, some 
variation is likely due to all three sources identified 
above (and potentially others). However, because the 
main objectives of the PDI program do not extend to 
development of probabilistic models, quantification of 
different sources of variation has not been performed. 
The available data would only weakly support a more 
refined allocation of uncertainty (e.g., based on a random 
effects model [7]). 

Little effect on bias and 
uncertainty is expected. 

If the crack repair 
threshold is exceeded and 
a detected crack is 
repaired, the repair is 
assumed to be “perfect.” 

This is a practical simplification reflecting well-
developed welding processes and notably decreased 
PWSCC susceptibility in materials used in inlay repairs. 

This assumption may 
result in an 
underprediction bias in 
the number of cracks 
present, but the effects 
are believed to be 
minimal. 

The recommended models represent the best effort that can be made towards describing flaw 
detection using the current PDI database [1]. The available data would only weakly support the 
development of multivariable models and would likely lead to increased uncertainty. The 
inclusion of model uncertainty is intended to address any error due to missing dependencies. 

In addition, as a consequence of ASME Boiler and Pressure Vessel Code requirements, which do 
not require inclusion of flaws less than 10% through-wall for vendor qualification, the current 
PDI data are not extensive enough to accurately quantify POD performance for small flaws. 
xLPR V2 includes a degree of flexibility for specifying small flaw POD treatment, but the 
underlying dataset does not include flaw depths less than 10% through-wall. 

14.6 Summary 
The ISI models and parameters for POD and flaw sizing for POR were developed and validated 
for four DMW nozzle configurations with circumferential flaws and two configurations with 
axial flaws. These models are based upon PDI data and are best estimate models with little bias 
in representing DMW nozzle configurations and operating and loading conditions where 
PWSCC initiation has been observed in the field. The recommended ISI model parameter 
distributions account for uncertainties and other potential dependencies, such as flaw length, 
where there was a lack of sufficient data to model them. The user can influence the model 
parameter distributions in the Excel Inputs Workbook, but this is not recommended other than 
for sensitivity studies. 

With regard to the effects of mitigation on ISI performance, the models and input parameters 
recommended by the ISI Subgroup are based upon PDI results for a full structural WOL, which 
is believed to affect ISI performance the most. Other potential mitigation options that could be 
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evaluated in xLPR V2, such as optimized WOL, MSIP®, and weld inlay, are expected to have 
much less, if any, effect on ISI performance. 

Even though the same inspection procedures and techniques could be applied to similar 
configurations, there was insufficient PDI or ISI field data to develop and validate ISI models for 
conditions and components other than those recommended by the ISI Subgroup. Therefore, the 
predicted POD and POR for these components cannot be quantified and the bias and uncertainty 
in these probabilities are unknown. Use of the recommended ISI models for other components or 
the use of other models for the recommended locations in a plant-specific analysis would require 
additional technical justification. If that is not possible, then any credit for ISI could be 
conservatively neglected in the plant-specific analysis, such as by setting the POD effectiveness 
factor to zero or scheduling the first inspection beyond the operating time considered in the 
simulation. 
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15  
SUMMARY AND CONCLUSIONS 

This report compiles a description of all the sources of bias and uncertainty contained within the 
xLPR V2 code as well as a description of how the bias and uncertainty is treated to provide 
confidence in the output. In summary, the primary sources of uncertainty and bias in xLPR V2 
arise from five areas: 

1. Definition of the problem scope 
2. Limitations in the understanding of how to model certain features (e.g., constrained, 

discontinuous cracks caused by PWSCC) 
3. A desire to reduce the computational complexity of the problem 
4. Limitations on the factors accounted for in the experiments used to obtain the data upon 

which model development was based (model uncertainty) 
5. Limitations on the field information expected to be available for use as inputs into the 

code (input uncertainty) 

Regarding the first two areas, three general assumptions have been identified that are expected to 
result in an overpredicton bias on the basic xLPR V2 outcomes (i.e., rupture and leak rate). 
These general assumptions are: 

• All cracks are assumed to be single, contiguous, fully opened cracks, with no remaining 
ligaments (between series of smaller cracks) to provide crack face opening constraint. This 
assumption leads to overpredictions of: 

o stress intensity factors and thus crack growth rates, 
o leak rates (due to higher predictions of COD and actual crack size), and 
o ruptures (due to not accounting for crack opening constraint provided by 

ligaments). 

• All circumferential cracks are assumed to exist in the same plane such that crack coalescence 
proximity rules are more easily met. There is not sufficient information available at this time 
to realistically quantify the amount of crack coalescence overprediction resulting from this 
assumption. 

It is unclear at present how the overprediction bias between leak rate and thus leak detection, and 
rupture balances out since overprediction of leak detection should reduce the probability of 
rupture. It is important to view these biases within the context of the failure or acceptance criteria 
being used.  For example, within the context of the accetance criteria presented in Section 1.2.1, 
overpredicting the leak rate will result in an overprediction bias on the prediction of failure.  If 
different failure criteria are used, it is recommended to further assess the implications of the 
competition between the overprediction of both leak rate and rupture. 
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The module-level uncertainties are expected to have a lesser effect than the general assumptions 
listed above on the bias in the xLPR V2 outputs, but they are expected to have some effects. Key 
module-level sources and treatments of uncertainties and bias and their implications are 
summarized in Table 15-1. 

Table 15-1 
Table Showing Key Sources of Model Bias and Uncertainty and Their Implications to 
Module Predictions 

Module or Topic Model Basis Implication 

WRS WRS modeler uncertainty was judged to bound the 
uncertainties expected due to other factors (assumptions) 
and was used as the primary means to develop a method 
of uncertainty treatment for WRS profiles. Uncertainty 
over WRS was identified in the xLPR Pilot Study as one 
of the major contributors to the uncertainty in the 
probabilities of rupture and first leakage, so it is important 
to ensure that these uncertainties are adequately bound. 

Sensitivity studies are 
recommended to assess the 
implication of the WRS 
uncertainty treatment. 

TIFFANY The most significant factor contributing to uncertainty in 
TIFFANY predictions is the variability in the transient 
temperature and stress definitions. While these sources of 
uncertainty (and bias) are not treated directly within 
TIFFANY, the uncertainty factors applied by the 
Framework to the TIFFANY results are expected to 
provide a conservative bound that accounts for all sources 
of uncertainty and bias in the TIFFANY model and 
inputs.  

If conservative design-
basis transient definitions 
are used, application of a 
median uncertainty factor 
of 0.5 to the TIFFANY-
calculated stress and K 
values will result in only a 
slight overprediction bias.  

LRM The large uncertainties in tight-crack morphology in 
Regime 1, which will influence the effect of leak 
detection (0.1 to 10 gpm), are realistically simulated. The 
COV accounts for the large uncertainty due to lack of 
knowledge of crack morphology parameters for the tight 
cracks in Regime 1 with leak rates < 10 gpm. It is 
believed that use of the average of the ID and OD leak 
rates and COV in Regime 1 realistically accounts for all 
model and module uncertainty. 

Leak rates will tend to be 
overpredicted, while the 
uncertainty in leak rate 
prediction is accounted for 
by the COV uncertainty 
factor. 

KPW module 

KTW module 

The uncertainties and bias inherent in the K-solution 
modules due to the assumptions made in their 
development are for the most part insignificant as 
demonstrated in the validation prediction bias and scatter 
that was well within the 5% criterion defined for module 
acceptance. 

The uncertainties in the crack size (depth and length) that 
are provided as inputs to the K-solutions modules will 
have a larger effect on uncertainty. 

Minimal impact on rupture 
or leakage prediction bias 
and uncertainty is 
expected. 



xLPR Technical Report—Sources and Treatment of Uncertainties 

163 
 

Module or Topic Model Basis Implication 

CI-SCC module Three, best-estimate PWSCC initiation models are 
included in the xLPR V2 code, all of which contain 
parameters defined by distributions that are sampled by 
the Framework to account for model parameter 
uncertainty in CI predictions. These parameter 
distributions were determined by calibrating the PWSCC 
initiation models to U.S. PDI-qualified inspection results 
from 2004 to mid-2014 and validated with 25 years of 
laboratory data and limited international field data not 
used in model calibration. 

Previous probabilistic 
studies, such as in 
MRP-116 and the xLPR 
V1 Final Report, showed 
that the major (~80%) 
contributor to detectable 
flaw or very small leak 
probability is the time to 
PWSCC initiation.  
Sensitivity studies on CI 
model selection and 
parameter distributions are 
recommended. 

CGR module In general, the CGR models for both PWSCC and fatigue 
are expected to contain limited bias with respect to real 
plant conditions. However, the overall assumption in 
xLPR V2 that cracks are assumed to grow in one of three 
idealized planar shapes is expected to result in a small 
overestimation of the CGR, which as defined within this 
report is a conservative bias. The bias due to all other 
assumptions is expected to be minimal. 

Minor overprediction bias 
is expected and the effects 
on uncertainty have 
already been included in 
the recommended CGR 
model parameters. 

Coalescence module Simplifying assumptions are the primary contributors to 
the uncertainty and bias of the Coalescence Module. 
These include use of a rule-based approach instead of a 
fracture mechanics model and assuming simple, co-planar 
crack geometries instead of the more complex PWSCC 
morphologies. Model and input uncertainty are accounted 
for through use of distributions of SC and TWC 
interaction distances that can be defined to reasonably 
encompass expected uncertainties. The model 
assumptions can result in offsetting effects that are 
expected to be averaged out during a given probabilistic 
simulation. 

The net crack coalescence 
prediction bias is expected 
to modestly favor earlier 
and more frequent 
coalescence than would 
naturally occur. 
Uncertainties are 
accounted for within the 
model parameter 
definitions. 

CT module Uncertainties and bias in the CT module arise from the 
assumptions that went into the FEA model development 
and are accounted for only by the Framework sampling 
on the inputs it provides to the module. Validation (K-
solution correction values) with experimental results 
showed good agreement for crack shape evolution as well 
as for predicted crack growth rates. It is possible that the 
CT module tends to overpredict TWC formation due to 
the assumptions that a TWC forms (with minimal OD 
crack length) when the SC is 95% of the pipe wall 
thickness, a partial ellipse can be used to represent a semi-
elliptical crack, and that linear elastic solutions provide 
adequate estimations of elastic-plastic COD behavior. 

Minimal overprediction 
bias is expected on K-
solutions and CODs and 
thus on the subsequent 
predictions of leakage or 
rupture. 
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Module or Topic Model Basis Implication 

CrCOD module 

AxCOD module 

The primary assumptions in COD model development 
include assuming a fully open crack instead of a 
discontinuous crack caused by PWSCC, FEA to 
determine influence functions assumed pipe end rotations 
are unrestrained and the average secondary WRS in the 
AxCOD module is treated as a primary pressure load. 

Assumptions that result in COD module uncertainty 
include material property variability that is not well 
characterized and the f4 empirical correction term was 
defined using a limited number of data sets. 

Overprediction of COD is 
expected. Uncertainty in 
COD predictions is 
controlled by how well the 
input material properties 
are known. 

SC_Fail modules 

TWC_Fail module 

AxCS_Fail modules 

 

 

The Framework records a rupture event when a TWC 
stability run error occurs and the loads are at least 90% of 
limit load in the absence of cracks. 

The Framework interprets run errors output from the 
SC_Fail modules as SC rupture events and records them 
accordingly. 

Idealization of the crack geometry is expected to provide 
an overprediction bias for SC analyses because the 
constant depth crack will be larger than a natural crack of 
the same depth and length. The idealized TWC geometry 
presents the opposite problem of tending to under-
estimate the crack driving force, thereby tending to 
underpredict TWC rupture probabilities. This effect is 
difficult to quantify as the amount by which the idealized 
crack geometry over- or under-represents a natural crack 
will vary. 

With no restriction on the kind of J-R curve data used as 
input to the TWC_fail module, the conservative 
underprediction bias on critical crack size of 25 percent is 
used. 

Results in rupture 
overprediction bias, which 
is conservative. 

The assumption of 
idealized cracks will tend 
to decrease the scatter 
observed in the predicted 
rupture probabilities 
relative to the actual crack 
shapes likely to be 
encountered in field 
conditions. 

ISI module ISI models based upon PDI data are best estimate models 
with little bias in representing DMW nozzle 
configurations and operating and loading conditions 
where PWSCC initiation has been observed in the field. 
The recommended ISI uncertainties that account for other 
potential dependencies, such as flaw length, where there 
was a lack of sufficient data to model them, are 
reasonable. The ISI module input includes a POD 
effectiveness factor that can be varied from zero to one to 
scale down the nominal POD curve. The primary purpose 
of this input factor is to address any potential differences 
between PDI laboratory results and ISI results measured 
in the field. Parameter estimates for POD and sizing 
models that are based on PDI results may not perfectly 
describe field performance. 

The extent of this issue is 
difficult to quantify 
because some field flaws 
may be undetected and 
detected flaws are usually 
repaired without 
destructive examination. 
However, the effects of 
ISI, including human 
factors, on leak rate and 
rupture is expected to be 
small. 
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All the modules contained within the xLPR V2 code are either best-estimate or biased in a 
manner such that basic failure probabilities (i.e., leak and rupture) will tend to be overpredicted. 
When failure is based on the proposed risk acceptance criteria as described in Section 1.2.1, the 
overprediction bias is conservative.  The bias in outcomes predicted by the xLPR V2 code due to 
how the problem was defined cannot be quantified at this time due to a lack of alternative 
models. However, the validation studies show that the xLPR V2 model did well in predicting a 
high probability of occurrence for flaws or very small leaks when conditions representing plants 
in which flaws have been observed in both U.S. and international PWR plants were used.  
Benchmarking with other codes developed to perform LBB calculations also provides 
confidence that the xLPR V2 code performs as expected and provides results that follow 
expected trends.  The uncertainties in model parameter development are accounted for 
effectively using the sampling strategy implemented by the Framework. In many cases, the user 
has the option of influencing input variable and model parameter distributions for the purposes of 
performing sensitivity studies to better understand the implications of model calibration efforts. 
 


