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ABSTRACT 
 

The US nuclear industry and regulators are cooperating in a project called xLPR (extremely Low 
Probability of Rupture) with the long-term goal of developing a probabilistic assessment tool that can 
be used to demonstrate compliance with applicable regulations pertaining to piping system reliability. 
This tool would account for the effects of active degradation mechanisms and the mitigation activities 
that are being undertaken to address known degradation mechanisms in pressure boundary piping 
systems. All models used in this assessment must realistically represent the full distribution of input 
variables in order to appropriately characterize both epistemic (reducible) and aleatory (non-
reducible) uncertainties in as full a probabilistic manner as feasible. Dissimilar metal welds in 
locations that currently are approved to apply leak-before-break methodology (LBB) are the initial 
application of this new tool. 

NDE inspection reliability for ultrasonic examinations will be reflected in the xLPR framework 
in the form of probability of detection (POD) of degradation and flaw sizing uncertainty for input to 
these assessments. The source of inspection reliability information used is the database of ultrasonic 
procedure and personnel qualification developed through the Performance Demonstration Initiative 
(PDI) program administered by EPRI. 

POD is derived by modeling the detection data with a logistic function that results in a 
distribution that includes aleatory and epistemic uncertainties. The sizing uncertainty distribution was 
developed through a linear regression model for input to the probability of repair assessment within 
the xLPR simulation. Flaws that are detected are passed to the sizing calculation where the probability 
of exceeding the repair criterion is determined. Flaws exceeding the repair criteria are removed from 
the simulation. 

The extensive body of qualification data based on practical trials available though PDI enables a 
realistic and statistically valid assessment of NDE capability for procedures and personnel applicable 
to plant inservice inspection (ISI). The practical trials were conducted on realistic mockups of plant 
components containing inside surface connected cracks and relevant geometrical and access 
conditions that challenge examination. Although the PDI data covers a wide range of plant 
components inspected in accordance with ASME Section XI requirements, the scope of application 
described in this paper is limited to determining POD and sizing distributions and their role in piping 
reliability assessment applicable to specific dissimilar metal weld configurations.  

 
 

INTRODUCTION 
 

The xLPR program is intended for broad application within the pressure boundary. The initial 
application is piping locations that have received approval to apply leak-before-break (LBB) 
methodology. Current LBB approvals are based on deterministic assessments that do not consider the 
possibility of existence of either active degradation mechanisms such as primary water stress 
corrosion cracking (PWSCC) or repairs in these locations. EPRI is cooperating with the US Nuclear 
Regulatory Commission in a project called xLPR (Extremely Low Probability of Rupture) to develop 
a more realistic and flexible probabilistic technical basis for LBB locations which will include 
consideration of inservice inspection.  

The source of inspection reliability information in this study is the database of ultrasonic 
procedure and personnel qualification developed through the Performance Demonstration Initiative 
(PDI) program administered by EPRI.  
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Because this database is populated with data obtained with the same ultrasonic procedures and 
personnel as used in the field, it is representative of actual plant examination conditions. Several steps 
were necessary to obtain the required data, transform it to the proper form for calculations, and to 
perform the POD and sizing uncertainty calculations. Each step involved careful treatment of the data 
to ensure accuracy and to preserve the confidentiality of blind samples and data used for qualification 
of NDE procedures and personnel. 

 
 

SCOPE OF ASSESSMENT  
 

The scope of this POD and sizing study is limited in this initial application to selected PWR LBB 
locations containing Alloy 600/82/182 materials. The specific locations are: 
 

• Pressurizer surge connection 
• Hot leg surge connection 
• Reactor pressure vessel (RPV) inlet and outlet nozzle-to-safe end welds 
• Steam generator inlet and outlet nozzle to safe-end welds 
 
The critical size of a postulated axial flaw is many times longer than the weld width (1). Since 

the length of an axial flaw would be limited by the weld width, axial flaws contribute negligibly to 
rupture probability. Accordingly, only circumferential flaw orientations will be considered in this 
work. This is thought to be conservative because axial flaws may leak and thereby provide early 
warning of the presence of degradation, thereby reducing the estimated failure probability.  

 
 

xLPR MONTE CARLO SIMULATION  
 
The objective of xLPR is to develop a fully probabilistic assessment tool (Monte Carlo simulation) to 
evaluate the reliability of piping systems in nuclear power plants and includes evaluation of flaw 
initiation, growth, stability, mitigation, leak detection, inspection and repair. The initial application 
involves unmitigated dissimilar metal welds in PWR LBB locations. Follow-on applications will 
address other piping, including mitigated locations (such as overlay repair). 

The Inspection module within xLPR system is called when in-service inspection (ISI) is 
scheduled in the simulation. Calculations within the module determine flaw detection and sizing 
measurements, simulated according to developed POD and sizing models. Flaws escaping detection 
are returned to the simulation. Flaws detected and repaired are removed from the simulation and do 
not lead to rupture or leak. Future versions of xLPR will consider the possibility of new flaws 
introduced during repair or re-initiation of defects following repair. 

 
 



USE OF QUALIFICATION DATA 
 

Although the qualification data represents a robust source of relevant information, its use requires 
special considerations which present certain advantages and disadvantages as described below: 

 
• Advantages 

- Available data includes all applicable procedure, personnel, and team performance 
qualified for in-service inspection (ISI) 

- Enables development of probability distributions (POD, sizing) with associated 
uncertainties 

- Addresses a broad range of flaw types, sizes, locations (not just worst case) 
- Large database size (~3200 data points) that results in POD and sizing models with 

small epistemic uncertainty. 
- Data collected and maintained in a QA system  

• Disadvantages 
- Security considerations for blind sample data restrict disclosure of details of 

samples/defects, data handling, display of results, and communication 
-  The flaw sizes in the data are limited to ASME Section XI Code definition of safety 

significant flaws. In other words, small flaws are not present 
 
 

EPRI-PDI MOCKUPS USED FOR POD ASSESSMENT 
 

Appendix VIII of ASME Section XI requires that NDE qualification samples must be realistic 
representations of installed configurations and materials and contain intentional flaws of known size, 
shape, location, and orientation. Specific ranges of flaw size are specified for inclusion in test sets to 
ensure that examination procedures and personnel are challenged over a broad range of possible flaw 
conditions. 

Appendix VIII Supplement 10 (hereafter designated S10) addresses dissimilar metal welds, 
which is the application of interest relative to LBB assessment methodology. Figure 1 shows a typical 
dissimilar metal weld configuration for a large reactor vessel nozzle. Pressurizer surge nozzles 
typically have a similar configuration of buttering and Alloy 182 weld. There are several variations in 
configuration found in plant piping systems, including buttering thickness, width of the welds, 
location of adjacent safe-end to pipe welds, inside surface contours, and nozzle tapers. Some locations 
contain a second stainless steel weld in close proximity to the Alloy 182 weld. The PDI test pieces 
have been designed and fabricated to represent these conditions. Only the qualification data pertaining 
to the Alloy 182 weld has been considered in this study. Reference 2 describes the PDI program 
specimens, data grouping, and quality assurance measures used to obtain the data necessary to 
establish inspection reliability to support xLPR. 

 
 

GROUPING OF WELD CONFIGURATIONS FOR ANALYSIS 
 

Dissimilar metal welds within the LBB scope span a range of size and configuration and are inspected 
with several different approaches. To account for the possibility that POD could be different for 
various kinds of dissimilar metal welds, the PDI specimen library and accompanying qualification 
results were examined with the objective of identifying particular specimens or groups of specimens 
with configurations, materials, inspection approach, and access conditions that corresponded best with 
the locations of interest. This analysis considered geometry, pipe diameter and thickness, and 
configuration details as well as inspection accessibility, inspection surface, and procedure 
characteristics.  
 
 
 
 



 
 

 
Figure 1 - Configuration of a typical reactor vessel nozzle-to-safe end dissimilar metal weld 
 
 
Accordingly, PDI data was selected from the full database of qualification results representing 

locations under study and which were examined with procedures that match PWR ISI practice. This 
data was then further subdivided into groups with similar characteristics for detailed analysis. For 
example, RPV nozzle-to-safe end welds are of similar configurations and are examined predominantly 
from the inside surface while surge nozzles are examined from the outside surface, so it is reasonable 
to place the two components in separate groups. The thick section steam generator nozzles are 
sufficiently different in configuration from the reactor vessel nozzles or surge nozzles that they are 
organized into a third group. As a result, three categories were identified for which POD and sizing 
performance has been calculated as shown in Table 1. Figure 2 is a photograph of a practice specimen 
to illustrate the size and configuration of a typical specimen.  

 

 
Figure 2 - Photograph of an EPRI-PDI practice dissimilar metal weld specimen 

 
 



 

Table 1 - Summary of Configuration Categories 
 

Category  Application  Diameter 
Range  

Thickness 
Range  

Inspection 
Surface  

A Pressurizer 
Surge  

12 – 14 in  
305 – 356 mm 

1.2 - 2.3 in  
30.5 – 58.4 mm 

OUTSIDE 

B1 Reactor Vessel 
Nozzle  

27 – 31 in  
686 – 787 mm 

2.5 – 3.0 in 
63.5 – 76.2 mm 

INSIDE 

B2 Steam 
Generator 

Nozzle  

27 – 31 in 
686 – 787 mm 

5.0 – 5.2 in 
127 – 132 mm 

OUTSIDE 

  
 

POD ANALYSIS CASES 
 

S10 detection qualification requires demonstration of acceptable performance in detecting intentional 
inside surface connected defects in flawed grading units. S10 also requires demonstration of the 
capability to discriminate flawed from unflawed material by requiring acceptable false call 
performance on unflawed grading units. The following definitions are used in this report: 
 

• Passed (P) is defined as the results from qualification attempts that met both the detection and 
false call criteria. 

• Failed (F) is defined as the results from qualification attempts that failed either the detection 
or false call criteria or both.  

• Passed + Failed (P+F) is defined as the results obtained by combining the P and F results. 
• A False call is defined as declaring a flaw detection in an unflawed grading unit 
 
POD analysis was performed for two cases for each of the three Categories. One analysis was 

performed for data from qualification of personnel and procedures that have passed the Supplement 
10 qualification designated as (P). A second set of POD curves was calculated for the data set 
combining results from passed qualification and failed attempts at qualification, designated as (P+F). 
Although only those personnel and procedures passing Appendix VIII are permitted for ISI, analysis 
of the P+F data provides some measure of the variability of the performance of inspection teams and 
procedures and is therefore included. 

 
 

POD MODELING 
 
The POD curves described in this report were developed by fitting analytical models to the selected 
detection results from the PDI qualification data sets. The model selected for this project is the logistic 
model (3) which expresses the probability of detection of an existing flaw of size x as follows: 
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The parameters β1 and β2 and their correlation are determined by the maximum likelihood 

estimation (MLE) method. This model was chosen because it fits well with most experimental data 
and there are many well-known statistical packages capable of fitting the model to this kind of data. 
These packages also produce corresponding estimates of uncertainty, such as upper and lower 
confidence bounds as well as other measures of uncertainty. Reference 2 describes the statistical 
analysis procedures and results in detail. 

 
 



RESULTS OF POD DETERMINATIONS 
 

Tables 2 and 3 show the results of the statistical analysis for all three Categories. Figure 3 shows the 
result for the A(P) category. It is important to note that the POD curve in Figure 3 has been 
extrapolated to maintain security of the actual flaw sizes included in the blind qualification samples. 
Reference 3 shows all six curves with associated confidence bounds. The confidence bounds are 
shown for illustration only but are not used in xLPR. Within xLPR, the POD distribution is modeled 
as a bivariate normal with the means and variances of β1 and β2 and their correlation. Then β1 and β2 
are sampled to account for the uncertainty distribution associated with POD. The bivariate normal 
representation of the (β1, β2) distribution is justified for the large datasets in this particular analysis but 
is not accurate for small datasets as discussed by Annis (4). 
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Figure 3 - POD for Circumferential flaws in Category A 

 

Table 2 - Circumferential Flaw Detection Performance Summary 
Flawed Grading Units Only 

 
Category 

 
Detection Attempts 

 
Detections 

Average 
Detection Rate 

A(P) 1675 1582 94% 
A(P+F) 2358 2131 90% 
B1(P) 553 539 97% 

B1(P+F) 590 576 98% 
B2(P) 184 184 100% 

B2(P+F) 258 249 97% 

 

Table 3 - Performance on Unflawed Grading Units 

Category Attempts False Calls False Call Rate  
A(P) 5020 259 5% 

A(P+F) 7167 573 8% 
B1(P) 1467 34 2% 

B1(P+F) 1539 43 3% 
B2(P) 111 18 16% 

B2(P+F) 166 32 19% 
 



TREATMENT OF POD CURVES IN THE SMALL AND LARGE FLAW RANGES 
 

Appendix VIII requires use of intentional flaws in dissimilar metal weld specimens in specific ranges 
of through-wall depth. The smallest flaw range is 10-30% of wall thickness. The largest flaw range is 
61-100%. Although the actual minimum and maximum flaw size in each Category could be any value 
in these ranges, the actual minimum and maximum flaw size must be kept confidential to prevent 
disclosure of information on the blind samples. Therefore, the POD and confidence bound curves 
were extrapolated to the Code limits of 10% T and 100% T to avoid disclosing the actual minimum 
and maximum flaw size in each category. Extrapolation is not desirable as there may not be actual 
data near 10% T or 100% T, but it was necessary for sample security. Currently, the pilot version uses 
a linear extrapolation of POD to POD=0 for 0%T flaws. This will change as more information for 
POD for small flaws becomes available. 

 
 

FLAW SIZING ANALYSIS 
 
The flaw sizing results from the PDI Supplement 10 (dissimilar metal welds) qualifications for 
examination from the outside surface of the surge line location were used to develop the sizing 
uncertainty distribution. The sizing uncertainty was assessed by modeling the predicted measured 
flaw size M as a linear function of the input true flaw size as follows: 

 
M = A1 +A2*S + ε, where A1 (the intercept) and A2 (the slope) are constants, S is the true flaw 
size, and ε is an error term. 

 
A linear regression of the predicted measured size M on the actual size S was performed to 

determine the constants A1 and A2 and the associated uncertainty of the sizing measurement. The 
regression was performed with the true size as the independent variable because the true size will be 
the xLPR input to the Inspection Module, and the desired output is the prediction of the measured 
size.  

The uncertainty of the flaw sizing process can be obtained from the regression statistics. The 
predicted measured size M given a discrete input flaw size S can be described as a normally 
distributed random variable with a mean given by the least squares best fit line and a total variance 
VARP composed of the variances of the correlated fit terms A1 and A2 and the error term ε as follows 
(5) :  
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Where Mi is the predicted measured size, si is the true size, 
2σ̂  is the standard error of the term ε 

determined by the variance of the differences between the measured values and the fitted line, and n is 
the number of data points in the fitted line. The variance VARP is the total variance and includes both 
the epistemic and aleatory components of uncertainty. Within xLPR, these uncertainties are treated 
separately. The correlated parameters A1 and A2 are sampled from a bivariate normal distribution in a 
similar way as described for the POD distribution. The first term in the brackets is related to the 
aleatory uncertainty; the second and third terms are related to the epistemic uncertainty. They are 
combined here to provide insight into the total uncertainty associated with flaw sizing. These values 
were obtained from a regression analysis performed with the Analysis ToolPak in Microsoft Excel.  

The distribution of measured size, M, is then evaluated to determine the probability that the 
measured size exceeds the repair criterion. If repair is indicated, the flaw is removed from the 
simulation and does not contribute to the leak or failure probabilities. 

 
 
 
 



SUMMARY OF SIZING RESULTS 
 

Table 4 contains the results of the regression analysis for the surge line locations using data from 
successful Supplement 10 qualifications (category designated as A (P). Data from successful 
qualifications was used rather than combining it with data from failed attempts to reflect the actual 
sizing process applied during ISI. Whenever a flaw is detected and confirmed, sizing is accomplished 
by multiple measurements by qualified individuals using a combination of techniques. Typically, 
additional equipment and other experts are called upon to confirm the size measurement. Therefore, it 
was considered appropriate to consider only data from successful qualifications, (Note: the POD study 
does document results from successful qualifications and the combination of successful and 
unsuccessful qualification attempts since detection is a first step that does not typically involve 
multiple measurements by multiple experts) 

The parameters for the linear least squares fit (A1, A2) are shown as well as their attendant 
standard errors. The standard error σ̂ of the error term ε is also shown. These values are sufficient to 
describe the sizing uncertainty distribution and to enable separate assessment of the aleatory and 
epistemic uncertainties within the xLPR framework as required. The flaw size was expressed as a 
percentage of the wall thickness. Table 4 also includes the root-mean-squared error (RMSE), which is 
used as the sizing acceptance criterion in S10 (note: an RSME value of less than or equal to 0.125 
inches is required to qualify sizing procedures and personnel). 

 
 

Table 4 - Summary Statistics for the Regression Analysis of Measured Versus True Flaw Size for 
Surge Line Passed Only Candidates-Category A (P). Flaw Size Measured In Units of %T 

Number of measurements 254 
Intercept A1 3.74  
Slope A2 0.955  

Correlation coefficient (A1,A2) 0.952 
Standard error for predicted measured size (Y axis) σ̂   7.21  
Standard error for A1 parameter 0.915 
Standard error for A2 parameter 0.0193  

(s_i − s.bar)^2∑   1.39 x 105 

s  41.19 
RMSE (inch) 0.103  
RMSE (%T) 7.5 

 
 
 
GRAPHICAL REPRESENTATION OF THE SIZING RESULTS 
 
Figure 4 shows the regression analysis results for category A(P). The figure contains the regression 
line and the associated upper and lower 95% prediction bounds for the analysis the total variance 
(aleatory and epistemic combined). This means that 95% of the xLPR sizing simulations are expected 
to lie within these limits. The actual data points are not shown so as not to reveal information on true 
flaw sizes contained in blind qualification specimens. Likewise, the curve has been extrapolated to 
arbitrary values of true flaw size at the upper (90%) and lower (10%) flaw size range for security 
purposes. As described in the POD analysis, the confidence bands are not used in xLPR. Rather, the 
sizing uncertainty distribution is modeled directly. 
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Figure 5 - Regression analysis results for sizing circumferential flaws in the surge line for category A 
(P) showing the regression line and the associated 95% prediction bound curves calculated using the 

total uncertainty VARP 
 
 
 

SENSITIVITY STUDY POSSIBILITIES 
 

Sensitivity studies can be conducted with the xLPR system to evaluate the importance and influence 
of the many inputs and their associated uncertainties on piping failure and leak frequencies. Such 
studies can help identify where improvements in input descriptions can be most effective. For 
example, sensitivity studies can be used to evaluate the effect of various inspection variables such as 
scope and frequency of inspections, POD, sizing accuracy, treatment of small flaws, and other similar 
variables. A few such sensitivity studies have been performed with a preliminary version of xLPR and 
are currently being evaluated. 

 
 



CONCLUSION 
 

The POD curves and associated confidence bounds for the three Categories represent the results of 
approximately 3200 measurements in the EPRI-PDI qualification program on realistic specimens 
containing well-characterized circumferential cracks applicable to the defined LBB scope. These 
categories were selected on the basis of similarity of configuration and inspection procedure applied 
in inservice inspection. The scope of this POD study was limited to the original unrepaired weld 
locations, that is, overlay repaired welds are not addressed in this phase of the study.  

A logistic regression methodology was used to fit curves to the EPRI-PDI detection data which 
produced quantitative models for each of the three Categories for the two cases (P and P+F) as 
described in Reference 2. In addition, the qualification data contains approximately 10,400 
measurements on unflawed grading units that provide a measure of the capability of procedures and 
personnel to discriminate flawed from unflawed material.  

All of the POD curves exhibit high values and rather flat slopes, that is, the dependence of POD 
on flaw size is not strong over the range of flaw sizes present in the PDI data. This is caused, in part, 
by the requirement that qualification test sets do not contain flaws less than 10% of the wall thickness. 
The POD curves would be expected to decrease as the flaw size approaches 0%, which would give a 
downward slope to the curves in that region. Prior to the 2007 Edition of ASME Section XI, the 
allowable flaw size for dissimilar metal welds in Categories BF and BJ ranged from 9.5%T to 
12.5%T, depending on the flaw aspect ratio. (Note: “allowable” in the ASME Section XI Code 
context means acceptable without further evaluation). The recent change in the 2007 Edition removed 
the allowable flaw size criterion, but was enacted long after the detection data was collected that was 
used to develop the POD curves in this report. Since the flaw sizes in the S10 test sets are required to 
exceed 10% and range up to nearly 100%T, nearly all flaws in the test sets exceed the Section XI 
allowable flaw size. High detection rates are to be expected for flaws exceeding the allowable flaw 
size. 

The POD curves in this report were calculated using a relatively simple logistic model with flaw 
size as the independent variable. The resulting POD curves and associated confidence bounds are 
acceptable for assessing the confidence that can be placed in inspection capability as part of LBB 
assessment using the current deterministic methodology.  

The distribution of uncertainty for sizing circumferential flaws in PWR surge line locations has 
been determined by means of a linear regression analysis of PDI qualification data. Sufficient 
statistical information is now available to enable treatment of aleatory and epistemic uncertainties 
according to the xLPR framework requirements and to assess the probability of repair of detected 
flaws.  
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