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Summary 
Under the sponsorship and guidance of the U.S. Nuclear Regulatory Commission (NRC) and 
thanks to a cooperative effort between the NRC and the Electric Power Research Institute 
(EPRI), Pacific Northwest National Laboratory (PNNL) was able to participate in and provide an 
independent evaluation of a round-robin study (RRS) conducted by EPRI. The purpose of the 
RRS was to evaluate flaw detection capabilities in cast austenitic stainless steel (CASS) in order 
to help guide the development of American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel Code (Code), Section XI (Rules for Inservice Inspection of Nuclear Power 
Plant Components), Appendix VIII (Mandatory Appendix VIII Performance Demonstration for 
Ultrasonic Examination Systems), Supplement 9 (Qualification Requirements for Cast Austenitic 
Piping Welds) requirements (i.e., performance demonstration requirements for inservice CASS 
inspections). The NRC directed PNNL to document their independent and objective results, 
conclusions, and key observations from PNNL’s participation and subsequent statistical 
analyses of the RRS data for dissemination to the general public. This report provides details of 
the PNNL RRS analyses as well as a basis for a Supplement 9 document underpinned by the 
RRS results and many previous CASS studies. 

• As described in their RRS report, EPRI used the “typically desired [personnel] 
performance of at least 80% detection rate with less than 20% false call rate.” Such 
performance criteria were based on historical performance demonstration requirements 
in fine-grained materials, such as carbon steel or wrought stainless steel. The PNNL 
analyses found that all teams had false call probabilities (FCPs) at or below 13%. One 
team had a detection rate of 90% and a second team above 75%. 

• Teams that used low-frequency probes (< 1 MHz) had FCPs at or below 6%. Both teams 
that had detection rates above 75% used low-frequency phased-array probes. Overall, 
teams that used low-frequency probes were more successful in identifying flaws and 
avoiding false calls. 

• Probability of detection (POD) curves were generated by extrapolating from the 
destructive testing performed to date. These POD curves suggest that reliable detection 
of thermal fatigue cracks of ≥20% through-wall (TW) depth in CASS is currently and 
readily achievable with available technology. 

• Based on a comparative analysis of the RRS specimens with configurations known to 
exist in the U.S. nuclear fleet, PNNL concludes that the inner-surface geometries of 
some of the RRS specimens are likely not representative of piping conditions, as they 
would not meet the requirements of the construction code i.e., ASME Code Section III 
(Rules for Construction of Nuclear Facility Components); note that current construction 
code requirements may not be the same as requirements that were in place at the time 
of plant construction, especially if plants were constructed to B31.1.  

• PNNL shows that the flaw placement in the RRS specimens demonstrated a strong bias 
toward locating target flaws adjacent to inner diameter (ID) geometrical features. 
Although most Appendix VIII Supplements require the majority of flaws be placed 
adjacent to geometric conditions, it is important to remember that this activity is a round 
robin focused on flaw detection and not flaw discrimination. PNNL understands that RRS 
specimens should have flaws placed in locations with high susceptibility; however, it is 
unknown where those locations are in CASS, so it would be ideal to have a broad 
distribution of flaw locations. It is PNNL’s estimation that the overall specimen design 
was not ideal for a RRS intended to determine flaw detectability in CASS.  
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• Not all flaws that were detected by the ultrasonic examinations were reported by the 
participants, and the detection rates calculated in the RRS analyses by both PNNL and 
EPRI do not account for these false negatives. To determine actual detection capabilities 
in CASS—the true capabilities of the equipment and techniques used—human factors 
issues related to finding and reporting flaws should be accounted for. 

• A high number of false calls might be interpreted as meaning CASS is difficult to inspect 
due to coherent signals reflected from grain structures. However, PNNL found that very 
few false calls were attributable to parent material grain structures. In fact, one specimen 
(12C) contributed to a vastly disproportionate share of false calls due to an unusual ID 
geometry that would not be found in a plant.  

• Practice played an important role in teams’ performance. All teams had access to 
practice specimens; however, some teams chose not to practice. Teams that practiced 
had lower FCPs and higher detection rates, whereas teams that did not practice had a 
higher propensity for calling geometry features as flaws. PNNL found the practice 
specimens to be valuable for learning to differentiate between the counterbore, weld 
root, and flaw signatures. 

• The post factum discovery through destructive testing that some flaws did not have the 
intended true-state dimensions brings into question the accuracy of EPRI’s RRS 
analysis and conclusions because EPRI used length-based grading criteria. PNNL’s 
analysis and conclusions were less affected by the true-state issues because PNNL did 
not implement any length-based grading criteria. Additional destructive testing would 
allow a reliable analysis of length- and depth-sizing performance to provide more true-
state data to support development of an Appendix VIII, Supplement 9. 

• The existing CASS NDE literature, including information in this report, is sufficient for 
development of a justifiable technical basis to support a Supplement 9 to Appendix VIII. 
This body of knowledge, in combination with the findings reported here from the CASS 
RRS, show that a set of effective qualification requirements can indeed be defined. 

Based on the results of this round robin study and previous studies, PNNL concludes that flaw 
detection in CASS materials is presently possible with a POD of 80% or better and a low FCP 
when the most appropriate, currently available ultrasonic examination techniques are used. 
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Acronyms and Abbreviations 
ADAMS Agencywide Documents Access and Management System 
Appendix VIII ASME Code, Section XI, Mandatory Appendix VIII (Performance 

Demonstration for Ultrasonic Examination Systems) 
ASME American Society of Mechanical Engineers 
ASME Code American Society of Mechanical Engineers Boiler and Pressure Vessel 

Code 
BW bandwidth 
CASS cast austenitic stainless steel 
CC ASME Code Case 
CCSS centrifugally cast stainless steel 
CE Combustion Engineering 
COD crack opening displacement 
DMW dissimilar metal weldment 
DS downstream 
DT destructive testing 
EDM  electrical discharge machining 
EPRI Electric Power Research Institute 
ET eddy current testing 
FCP false call probability 
FCR false call rate 
FGU flawed grading unit 
FM fracture mechanics 
FSH full screen height 
HAZ heat-affected zone 
HIP hot isostatically pressed 
HP half path 
ID inner diameter 
IGTFC in situ grown thermal fatigue crack 
ISI inservice inspection 
ITFC implanted thermal fatigue crack 
MCDU motor control drive unit 
MLI mean-linear-intercept 
MOU Memorandum of Understanding 
MPS2 Millstone Power Station Unit 2 
NDA non-disclosure agreement 
NDE nondestructive examination 
NPP nuclear power plant 
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NRC U.S. Nuclear Regulatory Commission 
OD outer diameter 
PA phased array 
PA-UT phased array ultrasonic testing 
PARENT Program to Assess the Reliability of Emerging Nondestructive 

Techniques 
PDI performance demonstration initiative 
PFM probabilistic fracture mechanics 
PINC Program for the Inspection of Nickel Alloy Components 
PISC Programme for the Inspection of Steel Components 
PNNL Pacific Northwest National Laboratory 
POD probability of detection 
PWR pressurized water reactor 
PWROG Pressurized Water Reactors Owners Group 
PWSCC primary water stress corrosion cracking 
RCP reactor coolant pump 
RL residual length 
RMSE root-mean-square error 
ROC receiver operating characteristic 
RRS round-robin study 
Section III ASME Code, Section III (Rules for Construction of Nuclear Facility 

Components) 
Section XI ASME Code, Section XI (Rules for Inservice Inspection of Nuclear Power 

Plant Components) 
SNR signal-to-noise ratio 
SS stainless steel 
Supplement 9 ASME Code, Section XI, Mandatory Appendix VIII, Supplement 9 

(Qualification Requirements for Cast Austenitic Piping Welds) 
TD true depth 
TLR technical letter report 
TRL transmit-receive longitudinal 
TW through-wall 
UFGU unflawed grading unit 
US upstream 
UT ultrasonic testing 
VC volume-corrected 
WCL weld centerline 
WD wedge delay 
WSS wrought stainless steel 



PNNL-32218 

Contents vi 
 

 

Contents 
Summary .................................................................................................................................... ii 
Acronyms and Abbreviations ...................................................................................................... iv 
Contents .................................................................................................................................... vi 
1.0 Background ................................................................................................................... 11 
2.0 Introduction ................................................................................................................... 13 
3.0 Description of Specimens .............................................................................................. 14 
4.0 Assessment of Specimens ............................................................................................ 16 

4.1 RR Specimen Overview ..................................................................................... 17 
4.2 Typical CASS Weldment Configurations Found in the Field ............................... 17 

4.2.1 Westinghouse CASS Weldment Configurations .................................. 17 
4.2.2 Combustion Engineering CASS Weldment Configurations .................. 20 

4.3 Comparison of RRS Specimens and Typical Field Conditions ........................... 21 
4.3.1 Counterbores ....................................................................................... 21 
4.3.2 Weld Root Conditions .......................................................................... 24 
4.3.3 Pre-welded Specimen 12C .................................................................. 25 
4.3.4 Weld Crowns ....................................................................................... 26 

4.4 Flaw Placement in the Presence of ID Geometry ............................................... 27 
4.5 Flaw True State ................................................................................................. 30 
4.6 Summary and Conclusions ................................................................................ 31 

5.0 Post-RRS Activities ....................................................................................................... 32 
5.1 Blind Re-Analysis at PNNL ................................................................................ 33 
5.2 Open Analysis at PNNL ..................................................................................... 33 
5.3 Return Trip to EPRI 2017 ................................................................................... 33 
5.4 Return Trip to EPRI 2018 ................................................................................... 36 

6.0 PNNL Analysis .............................................................................................................. 37 
6.1 Data Overview ................................................................................................... 37 
6.2 Grading Criteria ................................................................................................. 37 
6.3 Comparison of PNNL and EPRI Grading Criteria ............................................... 41 
6.4 Statistical Analysis ............................................................................................. 42 

7.0 Results .......................................................................................................................... 44 
7.1 Detection Rate and FCP .................................................................................... 44 
7.2 Practice and Probe Frequency ........................................................................... 47 
7.3 Weld Crowns and Detection Angle ..................................................................... 49 
7.4 Flaw Types ........................................................................................................ 51 
7.5 Geometries ........................................................................................................ 52 
7.6 RMSE ................................................................................................................ 53 

8.0 Explanation of Key Differences Between PNNL and EPRI ............................................. 55 



PNNL-32218 

Contents vii 
 

 

8.1 Detection Rates ................................................................................................. 55 
8.1.1 Impact of Short-reported Flaws ............................................................ 55 
8.1.2 Summary ............................................................................................. 58 

8.2 False Call Probability ......................................................................................... 58 
8.2.1 EPRI Grading Methodology ................................................................. 58 
8.2.2 Size of Unflawed Grading Units ........................................................... 60 
8.2.3 Impact of Specimen 12C ..................................................................... 61 
8.2.4 Summary ............................................................................................. 63 

9.0 An Alternative Approach Using Defined Grading Units .................................................. 64 
9.1 Grading Units ..................................................................................................... 64 
9.2 Grading Criteria ................................................................................................. 65 
9.3 Results ............................................................................................................... 65 

10.0 POD Curves .................................................................................................................. 68 
11.0 Additional Observations ................................................................................................. 72 

11.1 Undetected Flaws .............................................................................................. 72 
11.2 Extraneous Flaws .............................................................................................. 73 
11.3 PNNL Data Review ............................................................................................ 75 

12.0 Destructive Testing Results ........................................................................................... 83 
13.0 Discussion ..................................................................................................................... 90 

13.1 Grading Criteria ................................................................................................. 90 
13.2 Grading Units ..................................................................................................... 90 
13.3 Geometry Conditions were Strong Confounders for Some Teams ..................... 91 
13.4 Impact of Practice .............................................................................................. 91 
13.5 Probe Frequency ............................................................................................... 92 
13.6 Examination Volume .......................................................................................... 92 
13.7 Destructive Testing ............................................................................................ 93 
13.8 Relevance and Context of the RRS to Supplement 9 Development ................... 93 

14.0 Conclusions ................................................................................................................... 95 
15.0 References .................................................................................................................... 98 
Appendix A – Specimen Descriptions ..................................................................................... A.1 
Appendix B – Specimen Photos .............................................................................................. B.1 
Appendix C – 3D Profiles ........................................................................................................ C.1 
Appendix D – Test Administration and PNNL Preparation ....................................................... D.1 
Appendix D-A – Focal Laws for Line Scan Detection Data .................................................... D.49 
Appendix D-B – Focal Laws for Raster Scans, Flaw Characterization ................................... D.55 
Appendix E – Flaw Calls and Grading Units ............................................................................ E.1 
Appendix F – Proposed Supplement 9 Qualification Requirements..........................................F.1 
Appendix G – Statistical Technical Basis ................................................................................ G.1 
 



PNNL-32218 

Contents viii 
 

 

Figures 
Figure 4.1. Axial-radial cross section of PWROG Specimen APE-1, showing outside 

and inside diameter geometry, and grain size, typical of APE 
configuration ...................................................................................................... 18 

Figure 4.2. Axial-radial cross section of PWROG specimen ONP-D-5, showing 
outside and inside diameter geometry, and grain size, typical of ONP-D 
configuration ...................................................................................................... 19 

Figure 4.3. Axial-radial cross section of PWROG Specimen ONP-3-8, showing 
outside and inside diameter geometry, and grain size, typical of ONP 
configuration ...................................................................................................... 20 

Figure 4.4. Side view schematic of counterbores for two piping segments of slightly 
varied thickness to allow ID to mate ................................................................... 21 

Figure 4.5. Axial cross section of two pipes being mated for welding. The blue pipe is 
round and the yellow pipe has a slight ovality. ................................................... 22 

Figure 4.6. Photograph of the ID surface of specimen 12B. This image illustrates the 
counterbore and weld root that were added. A flaw is at the edge of the 
counterbore and is not visible in the photograph. ............................................... 23 

Figure 4.7. Photograph of the ID surface of specimen 28B. This image illustrates the 
counterbore and weld root that were added. ...................................................... 24 

Figure 4.8. Profiles of the weld region of specimen 12C (12F). ............................................ 25 
Figure 4.9. Close-up of the weld crown on a 28” specimen. ................................................. 27 
Figure 4.10. Flaw placement with respect to ID geometrical features for the 12” and 

28” specimens. .................................................................................................. 28 
Figure 5.1. Checking flaw locations on 36I using eddy current ............................................. 34 
Figure 5.2. 3D Scanning being performed on Specimen 28D............................................... 35 
Figure 5.3. Flaw 1 in Specimen 12B (12E) is partially hidden from view by the weld 

root. ................................................................................................................... 36 
Figure 6.1. Flowchart used for grading reported flaws.......................................................... 41 
Figure 7.1. PNNL detection rate. .......................................................................................... 44 
Figure 7.2. PNNL false call probability. ................................................................................ 45 
Figure 7.3. ROC plot for all participants. .............................................................................. 46 
Figure 7.4. PNNL detection rates for each team and each specimen group ......................... 47 
Figure 7.5. PNNL detection rates for team groups by specimen size. .................................. 48 
Figure 7.6. ROC plots for all participants by specimen size.................................................. 49 
Figure 7.7. Upstream scan of specimen 12A. ...................................................................... 50 
Figure 7.8. Detection rates for different flaw types. .............................................................. 51 
Figure 7.9. C-scans of 28B and 36H comparing counterbore signals. .................................. 53 
Figure 8.1. Detection rates in 36” specimens. ...................................................................... 56 
Figure 8.2. Upstream and downstream UT scans of Specimen 36A. ................................... 57 
Figure 8.3. Upstream and downstream UT scans of Specimen 36F. .................................... 57 
Figure 8.4. Hypothetical example of grading units application. ............................................. 59 



PNNL-32218 

Contents ix 
 

 

Figure 8.5. Upstream and downstream UT scans of Specimen 12C. ................................... 61 
Figure 8.6. Reported flaws for Specimen 12C, downstream. ............................................... 62 
Figure 9.1. Detection rates with alternative grading units. .................................................... 66 
Figure 9.2. False call probabilities with alternative grading units. ......................................... 67 
Figure 10.1. Comparison of POD curves with and without FCP. ............................................ 69 
Figure 10.2. POD curves for each team for the two grading approaches. .............................. 70 
Figure 10.3. POD in 36” specimens for team groups. ............................................................ 71 
Figure 11.1. Flaw 1 of Specimen 36G. ................................................................................... 74 
Figure 11.2. An extraneous flaw in 36G was detected in the UT scan. ................................... 75 
Figure 11.3. Specimen 36G true-state and participant calls. .................................................. 75 
Figure 11.4. Team A, Specimen 12D, DS scan, 71°. Three flaws are visible and one 

(Flaw 3) is marginally visible. Overlap in the scan range resulted in 
detection of Flaw 1 twice. ................................................................................... 79 

Figure 11.5. Team A, Specimen 28A, DS scan, 47°. Flaw 1 is visible adjacent to weld 
root. ................................................................................................................... 79 

Figure 11.6. Team A, Specimen 28D, DS scan, 41°. Flaw 2 is visible adjacent to weld 
root and counterbore. ......................................................................................... 80 

Figure 11.7. Team B, Specimen 12A, DS scan, 68°. All four flaws are visible, but only 
Flaw 1 was reported. .......................................................................................... 80 

Figure 11.8. Team C, Specimen 28C, DS scan, 60°. Flaw 2 is visible.................................... 81 
Figure 11.9. Team E, Specimen 28A, US scan, 51°. Flaw 1 is indirectly detected as a 

shadow in the weld root. .................................................................................... 81 
Figure 11.10. Team E, Specimen 12B, US scan, 57°. Flaw 5, adjacent to counterbore, 

is visible. Data were truncated by a short scan range. ....................................... 82 
Figure 12.1. Cross-sectional profile of Flaw 1 in specimen 36A. ............................................ 83 
Figure 12.2. Close-up of Flaw 1 of 36A. ................................................................................. 83 
Figure 12.3. Circumferential profile of Flaw 2 of 36A. ............................................................. 84 
Figure 12.4. True-state flaw profiles and depths of 36A. ........................................................ 85 
Figure 12.5. Charts showing positions of intended flaws, reported flaws, and some 

extraneous flaws in 36A. .................................................................................... 86 
Figure 12.6. Recalculated POD curves for the 36” specimens. .............................................. 89 
 
Tables 
Table 4.1. Total number and length of flaws near the ID weld geometry (Geom) ................ 29 
Table 4.2. Significance determination ................................................................................. 30 
Table 7.1. RMSE analysis of 12” and 28” specimens (results in mm). ................................ 54 
Table 8.1. Hypothetical example of grading units application. ............................................. 60 
Table 8.2. A comparison of the number of reported flaws, the false calls counted by 

PNNL, and the false calls counted by PNNL using EPRI’s method in the 
downstream data of Specimen 12C ................................................................... 62 



PNNL-32218 

Contents x 
 

 

Table 11.1. Flaws missed by all teams ................................................................................. 72 
Table 11.2. Number of flaws detected by each team from only one side .............................. 73 
Table 12.1. Length RMSE of 36A Flaw Calls. ....................................................................... 88 
 
 



PNNL-32218 

Background 11 
 

1.0 Background 
Pacific Northwest National Laboratory (PNNL) has been performing nondestructive examination 
(NDE) research under the sponsorship and guidance of the U.S. Nuclear Regulatory 
Commission (NRC) Office of Research since the 1970s. A primary objective of the research at 
PNNL has been to assess the effectiveness and reliability of advanced NDE methods for 
inservice inspection (ISI) of light-water reactor components. A specific task has been created 
that focuses on developing and evaluating state-of-the-art technical approaches for inspecting 
reactor components that pose significant challenges to ultrasonic testing (UT) methods used by 
the commercial nuclear power industry. In particular, some of this work has been focused on 
assessing the capabilities of advanced NDE methods for application to cast austenitic stainless 
steel (CASS) materials. CASS piping components are fabricated using static or centrifugal 
casting techniques, yielding coarse-grained, inhomogeneous, and anisotropic microstructures 
that are challenging to examine (Ruud et al. 2009).  

A cooperative effort between the NRC and the Electric Power Research Institute (EPRI) was 
defined under Task 6 of the Addendum to the Memorandum of Understanding (MOU) between 
the NRC and EPRI on Cooperative Nuclear Safety Research – Nondestructive Examination, 
Attachment 2 Cast Austenitic Stainless Steel. Details associated with the MOU Addendum and 
the CASS cooperative work can be found in the Agencywide Documents Access and 
Management System (ADAMS) (Weber and Wilmshurst 2017).  

Under the MOU, PNNL participated in a CASS round-robin study (RRS) conducted by EPRI. 
EPRI’s primary aim for the CASS RRS was to “evaluate the detection performance of modern 
NDE equipment and techniques” for the examination of flaws in CASS components to guide 
development of future American Society of Mechanical Engineers (ASME) Boiler and Pressure 
Vessel Code (Code), Section XI (Rules for Inservice Inspection of Nuclear Power Plant 
Components), Appendix VIII (Mandatory Appendix VIII Performance Demonstration for 
Ultrasonic Examination Systems), Supplement 9 (Qualification Requirements for Cast Austenitic 
Piping Welds) requirements (EPRI 2018). The RRS provided an excellent opportunity to 
demonstrate and assess the capabilities of advanced low-frequency phased-array (PA)-UT 
methods for flaw detection in CASS. Domestic and international organizations were invited to 
participate in this RRS, including research laboratories and equipment vendors. PNNL’s 
involvement began with planning discussions with EPRI in the spring of 2015, although PNNL 
did not contribute to the final specimen design or the EPRI RRS test plan. PNNL’s participation 
began with the development of an inspection protocol and other preparatory lab work. PNNL 
collected and analyzed data at the EPRI NDE Center as a blind study participant in August 
2016. Following this, PNNL conducted an independent assessment of the entire RRS under the 
auspices of the MOU. PNNL relied on their extensive knowledge of analyzing round-robin 
studies through their involvement in various domestic and international round robins, including 
the Programme for the Inspection of Steel Components (PISC) (Bates et al. 1987; Heasler et al. 
1993), the Program to Assess the Reliability of Emerging Nondestructive Techniques (PARENT) 
(Meyer and Heasler 2017), and the Program for the Inspection of Nickel Alloy Components 
(PINC) (Cumblidge et al. 2010). In large part, the experiences and lessons learned from these 
round-robin assessments underpin the technical bases for how PNNL approached the analysis 
of the EPRI CASS round-robin data. 
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Prior to PNNL’s involvement, EPRI requested that PNNL treat all information associated with 
the CASS RRS, including data, specimen configurations, and flaw true-statea information, as 
secured, per an EPRI-developed security protocol. Therefore, PNNL participants and a few 
additional PNNL analytical staff and NRC staff were each required to sign a non-disclosure 
agreement (NDA) that was in effect until the RRS information was released. Prior to the release 
of the information, the NRC requested that PNNL document their independent and objective 
results, conclusions, key observations of PNNL’s participation, and subsequent statistical 
analyses in a non-secured, open document within the security guidelines of the NDA. This 
document was made accessible to both NRC staff and the general public in the form of an 
interim technical letter report (TLR) (Jacob et al. 2018).  

The RRS information was formally released by EPRI in January 2021, which allowed PNNL to 
move forward with the publication of the current report to address PNNL’s complete analyses of 
the RRS. Much of the information in the non-secured report is repeated herein with added 
background and specimen information to help elucidate PNNL’s methods and results. Note that 
PNNL was never informed of the identities of the participating teams, and PNNL was never 
given the original scan data of the other participants. In the PNNL and EPRI reports, all 
participants’ identities are anonymized so that specific data cannot be paired to a participating 
organization. 

 

 
a Actual “true-states” for cracks used in round robin studies are generally determined by destructive 

analysis after-the-fact. However, for purposes of maintaining the integrity of the specimens and the data 
analyses reported in this document, flaw information supplied by EPRI such as location, orientation, 
length, and through-wall depth was considered factual until destructive analysis showed otherwise. 
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2.0 Introduction 
PNNL was tasked to provide the NRC with an independent assessment of all aspects of the 
CASS RRS, including the project execution and outcomes, analytical results, and technical 
reports published by EPRI. PNNL’s analysis focused on determining the probability of detection 
(POD) and the false call probability (FCP) of all RRS participants’ data. PNNL assessed the 
execution of the RRS to determine what, if any, confounding variables may have contributed to 
complications in EPRI’s or PNNL’s analyses. PNNL also assessed the specimens, which 
included the overall flaw distribution, locations, and dimensions, and whether the specimens 
were representative of actual CASS piping field conditions. The assessment of the specimens 
was based on previous experience and input from industry sources.  

EPRI and PNNL took very different approaches to RRS data analysis. Both organizations 
leveraged their unique expertise in the data analysis: PNNL relied on their experience with 
previous round-robin studies, while EPRI approached the RRS analysis from a performance 
demonstration initiative (PDI) perspective. In doing so, EPRI concentrated their analysis more 
on flaw characterization (length and depth sizing), which are important parameters for PDI 
scoring. However, PNNL considers that determining detectability of flaw signals in the presence 
of multiple coherent responses to be of foremost importance in CASS material, and only after 
flaw detection capability is well established should efforts be focused on determining length and 
depth sizing accuracy. Furthermore, it is important to remember that performance 
demonstration requirements for CASS have not yet been established. Thus, any performance-
based approach to CASS examinations will most likely be based on procedures that were 
developed for more isotropic materials, such as carbon steel or wrought stainless steel (WSS), 
which have much different sound propagation and attenuation properties than CASS. The 
approach ultimately adopted for performance demonstration in CASS will likely differ 
significantly from those already established for other materials (Chockie and Griesbach 2013).  

The primary focus of this TLR is the full dissemination of the results of PNNL’s independent 
analyses of the RRS data. Included is an examination and explanation of the discrepancies 
between PNNL’s results and EPRI’s published analysis. This report also provides detailed 
specimen and flaw information, including an assessment of whether the RRS specimens were 
representative of field conditions. In addition, this TLR includes descriptions of PNNL’s 
preparatory work, data acquisition protocols, and data analysis methods. Finally, results are 
used to lay the foundation for a discussion on Appendix VIII, Supplement 9 development. 

Revision 1 of the EPRI report is publicly available (EPRI 2018). Note that throughout this TLR, 
all mentions of EPRI’s report, results, and/or analysis refer to the 2018 report. 
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3.0 Description of Specimens 
The RRS focused primarily on large, thick-walled piping segments (main loop reactor coolant 
piping) because previous studies have shown the relative ease of examining smaller, thin-
walled piping (Diaz et al. 2010). The RRS specimens “were similar in size and configuration to 
those found in various pressurized water reactors (PWRs). The test specimens span 
thicknesses and diameters representative of the Combustion Engineering (CE) surge line and 
the Westinghouse main reactor coolant piping” (EPRI 2018, p. 2-2). Seventeen specimens were 
fabricated for the RRS, plus a few additional practice specimens. Specimen details are shown in 
Appendix A. The specimens were circumferentially welded pipe segments with three different 
configurations identified by the nominal outer diameter (OD): 12 in. (300 mm), 28 in. (710 mm), 
and 36 in. (910 mm), hereafter referred to as 12”, 28”, and 36”, respectively. The 36” specimens 
were 60° pipe segments, the 28” specimens were 90° sections, and the 12” specimens were full 
360°. The 17 specimens included three 12”, four 28”, and ten 36”. The three 12” specimens 
were each presented twice to participants, first as 12A, 12B, and 12C, then as 12D, 12E, and 
12F, respectively, but with the pipe (and circumferential origin) rotated by 180°. This was not 
made known to the participants, so teams were told that there were actually six 12” specimens 
and 20 total specimens. (Hereafter, the 12” specimens will typically be referred to separately, as 
though they were six different specimens.)  

EPRI provided photographs to PNNL (also included in the EPRI report) of the polished and 
etched surfaces of a few of the round-robin specimens. These specimens were assumed to be 
representative; however, CASS grain structures can vary considerably from specimen to 
specimen and even within an individual specimen, regardless of the source of the material 
(Jacob et al. 2019a; Ruud et al. 2009). Based on these samples, PNNL assumed that a range 
and variety of grain structures and sizes was present in the specimens. The representative grain 
structures are shown in the specimen descriptions in Appendix A.  

Many of the specimens had geometrical features added to them. As EPRI stated in their report, 
some specimens “were designed to include weld crowns as a scan access obstruction.” Several 
of the specimens were “designed to contain a counterbore adjacent to the weld region,” 
including “intermittent counterbore.” Finally, some specimens were “designed to contain varying 
degrees of root condition,” including convex root, concave root, or no root. The geometrical 
features are described in more detail in the specimen descriptions in Appendix A of this TLR. 
Appendix B contains photographs of each specimen, including close-ups of each flaw. Appendix 
C contains the results of three-dimensional (3D) inner diameter (ID) surface scans of each 
specimen. All of the 12” and 28” specimens had added ID geometrical conditions and weld 
crowns, except for 12C, which was received as-welded and had no OD or ID manipulation. The 
36” specimens were received as-welded; they had no added ID geometrical conditions, and the 
weld crowns had been removed. Section 4.0, Assessment of Specimens, discusses the 
relevance and realism of such features compared to materials in the fleet. 

Of the 20 RRS specimens, 12C, 12F, 36E, and 36J contained no intentional flaws, or flaws that 
were placed for purposes of the RRS. Two specimens also contained axial flaws (12B and 28B). 
However, axial flaws were ignored, or not included in the EPRI analysis, because not all 
participants made an effort to detect them. Since EPRI did not include the axial flaws in their 
analysis, PNNL followed suit.b The only flaw in 28B was an axial flaw, so it was considered to be 

 
b Note that participants were not informed that the axial flaws would not be considered in the analysis; this 

was a later decision made by EPRI and disseminated in September 2017 in the first version of their 
published report. 
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an unflawed specimen. Thus, for the PNNL analysis, the unflawed specimens were 12C, 12F, 
28B, 36E, and 36J.  

The remaining specimens each had at least two intentional flaws. Almost all of the 36” flaws 
were in situ grown thermal fatigue cracks (IGTFC), referred to by EPRI as “laboratory grown” 
flaws, with the exception of flaws in 36I. 36I contained two implanted cracks that were hot 
isostatically pressed (HIPed) in base material and one thermal fatigue crack with an electro-
discharge machined (EDM) tip that was also HIPed. “The purpose of the EDM was to shadow 
the excavation when looking at the flaw from a single side.”c The remainder of flaws in the 12” 
and 28” specimens were either implanted thermal fatigue cracks (ITFC) at the weld fusion line, 
referred to by EPRI as “simulated” thermal fatigue flaws, or HIPed EDM notches in the base 
material. Flaw placements with respect to the weld are shown in Appendix A. Note that Flaw 2 
in specimen 12B was also ignored by PNNL; it was an embedded flaw that did not fall within the 
inner one-third inspection volume defined by EPRI. This flaw was not reported by any team. 

Omitting the ignored flaws, PNNL accounted for a total of 41 flaws: 20 ITFCs, 16 IGTFCs, 3 
EDM flaws (including the thermal fatigue crack with the EDM tip), and 2 implanted and HIPed 
cracks. The number of flaws was ultimately doubled to 82, because upstream scans and 
downstream scans were considered separately in the single-sided analyses by both PNNL and 
EPRI. The presumed through-wall (TW) depths of the flaws ranged from 10% to 85%. For the 
purposes of initial analyses, the given TW depths were assumed to be the true-states. However, 
destructive testing (DT) conducted after the completion of the analyses revealed that at least 
some of the IGTFCs (affecting seven of the 36” specimens) were about half as deep as 
anticipated. This issue will be discussed further in Section 12.0. Note that flaws are referred to 
in this report by a number assigned starting from the circumferential origin of a specimen. 
Because specimens 12A and 12D were the same specimen, just rotated by 180°, the flaws in 
12A and 12D were given the same number for simplicity (i.e., Flaw 1 of 12A is the same flaw as 
Flaw 1 of 12D). The same was done with specimens 12B and 12E. Flaw types and placements 
are described in detail in Appendix A. 

 
c EPRI, communication via email, September 19, 2016. 
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4.0 Assessment of Specimens 
This chapter focuses on an assessment of the round-robin specimens in relation to previous 
investigations of CASS components and provides an analysis of flaw placement issues noted in 
the CASS RRS. The specimen sizes, OD conditions, and ID geometries are evaluated and 
compared to similar configurations of CASS piping components found in the field.  

The RRS test specimens were fabricated to be representative of piping weldments containing 
CASS materials in thick-walled Westinghouse main loop reactor coolant piping and thinner-
walled Combustion Engineering (CE) pressurizer surge lines. Of the 17 RRS specimens, the 36” 
specimens are of typical size in Westinghouse and CE plants, the 28” are typical of 
Westinghouse plants, and the 12” are typical of CE plants. 

PNNL has conducted numerous investigations to evaluate the effectiveness and determine the 
reliability of advanced NDE methods for the examination of thick-walled piping weldments 
containing CASS materials. The results of investigations into the capability of low-frequency PA 
methods to detect and characterize cracks in thick-walled sections of main loop reactor coolant 
piping circuits were published by the NRC (NUREG/CR-6933, Anderson et al. 2007). For that 
work, PNNL used vintage piping segments made available by EPRI, Westinghouse, Inc., and 
IHI Southwest Technologies, Inc., that are typical of main loop reactor coolant piping. 
Descriptions of some of those vintage piping segments are provided in Section 4.2 to assist in a 
comparison of the RRS test specimens to actual CASS piping field conditions and assess how 
representative the RRS test specimens were. 

PNNL also conducted several technical evaluations to assess the capabilities of PA-UT 
methods as applied to the inspection of welds in CASS pressurizer (PZR) surge-line piping 
(NUREG/CR-7122, Diaz et al. 2012). The CASS PZR surge-line specimens (pipe-to-elbow 
welds) were fabricated from vintage materials formed in the 1970s (salvaged from a canceled 
nuclear power plant [NPP]). Additionally, PNNL reviewed licensee requests to perform 
alternative examinations of CASS weldments in CE plants. The information provided in the relief 
requests, including sketches and details of particular CASS weldments, was used in the 
assessment of the RRS specimens. 

Key points in this section are summarized below: 

• The RRS specimens were typical of what can be found in the NPP fleet, with regard to 
component configurations, material types, and sizes. 

• Certain 12” and 28” specimens had added intermittent counterbore with sharp angles 
and abrupt changes in slope, conditions contrary to current requirements in ASME Code, 
Section III (Rules for Construction of Nuclear Facility Components).  

• Certain 12” and 28” specimens had added weld root conditions that started and stopped 
abruptly, uncharacteristic of what is found in the field. 

• The weld in test specimen 12C did not meet current ASME Code, Section III 
requirements, as it contained coarse ripples and grooves with as much as a 37% 
reduction in wall thickness. The impact of this specimen on the RRS false call results 
was highly significant. 
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• Weld crowns on the 12” and 28” specimens were unusually high and wide compared to 
what is typically found in the field. 

• Flaw placement in the 12” and 28” specimens appeared to show a bias toward flaws 
being co-located with added geometrical features, i.e., weld root and/or counterbore. 
Thus, the flaw placement has the potential to negatively skew the false call results. Such 
placement shifts the focus from a round robin intended to determine flaw detectability to 
an activity akin to a personnel or procedure qualification test to discriminate between 
geometrical features and cracks.  

• Destructive testing of 36A revealed that the actual flaw depths and profiles were not 
consistent with those expected in typical thermal fatigue cracks. There was significant 
deviation in the actual depth and profile of the IGTFCs from the anticipated true-state. 

4.1 RR Specimen Overview 

As described in Section 3.0, the test specimens for the RRS were designed and fabricated to be 
similar in size to the large-diameter, thick-walled piping found in Westinghouse and CE primary 
loop piping or the thinner-walled, smaller-diameter piping (e.g., PZR surge-line, safe ends-to-
shutdown cooling or safety injection, etc.) in CE plants. The overall diameters and wall 
thicknesses of the RRS specimens are consistent with CASS piping found in operating plants. 
For example, reactor coolant pump (RCP) suction and discharge nozzles in CE plants are 
nominally 36 in. (910 mm) at the OD inlet (suction) nozzles of the RCP. Similarly-sized piping, 
between 28 in. (710 mm) and 36 in. (910 mm), also correlate to Westinghouse primary coolant 
loop piping. With respect to the wall thickness of large-bore centrifugally cast stainless steel 
(CCSS) pipe-to-pipe and pipe-to-elbow configurations, the materials in Westinghouse units are 
typically 2.6–3.2 in. (66–81 mm) thick. A PZR surge-line segment obtained by PNNL from a 
canceled plant has an OD of 12.75 in. (324 mm) and a 1.25 in. (32 mm) wall thickness on the 
CCSS side of the weld, which is similar to the smaller-bore CASS piping used in the RRS. 

4.2 Typical CASS Weldment Configurations Found in the Field 

As mentioned above, a set of Westinghouse Owners Group, now Pressurized Water Reactor 
Owners Group (PWROG), specimens were previously examined and characterized extensively 
by PNNL, including configuration specifications and photographs of cross sections. The 
research results, including pertinent details regarding these specimens, are provided in 
Anderson et al. (2007), Diaz et al. (1998), Diaz et al. (2007), Diaz et al. (2008), and Diaz et al. 
(2012). These specimens were fabricated based on designs supplied by Westinghouse, the 
original fabricator for primary coolant loops in Westinghouse PWRs, and should be considered 
typical configurations of CASS weldments in these plants. The CASS PZR surge-line specimen 
(pipe-to-elbow welds) extensively studied by PNNL is a typical configuration as it was salvaged 
from a canceled NPP. Finally, the information about typical CASS weldments in CE plants was 
submitted to the NRC by licensees (PNNL 2013a; PNNL 2013b; PNNL 2013c).  

4.2.1 Westinghouse CASS Weldment Configurations 

One of the oldest CCSS piping specimens examined by PNNL in its study of thick-walled CASS 
weldments was fabricated in the early-to-mid-1960s. The specimen had an OD of 36 in. 
(910 mm) and was 3.3 in. (84 mm) thick. Other PWROG specimens examined by PNNL are 
believed to have been fabricated in the early 1970s. The typical OD for piping fabricated in this 
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period was 28 in. (710 mm) with a 2.5 in. (64 mm) wall thickness. Finally, for the CCSS piping 
installed in primary coolant systems of later vintage Westinghouse-designed plants (circa mid-
1970s through mid-1980s), the typical OD was 34 in. (864 mm) with a wall thickness of 2.5 in. 
(63.5 mm) (Ruud et al. 2009; Ruud et al. 2016). 

Overall, PNNL has examined 15 PWROG CASS segments representing typical configurations 
in the primary coolant loop of Westinghouse-designed plants. These specimens contained ID-
surface-breaking thermal or mechanical fatigue cracks located on either side of a weld 
centerline. The following images of PWROG cross sections (reproduced from Anderson et al. 
(2007)) give examples of the microstructural details and the ID/OD surface geometries typical of 
the particular weld configurations that are present in Westinghouse PWRs. The colors in some 
figures were added to highlight the varied microstructural features. 

Figure 4.1, from Appendix A of Anderson et al. (2007), shows a configuration (designated 
specimen “APE 1”) with a statically cast elbow to centrifugally cast pipe section in which the 
elbow side is 3.5 in. (89 mm) thick and the pipe side is 2.6 in. (66 mm) thick. The grain 
structures are primarily coarse-equiaxed and span a range of sizes. 

 
Figure 4.1. Axial-radial cross section of PWROG Specimen APE-1, showing outside and inside 

diameter geometry, and grain size, typical of APE configuration 

Figure 4.2, from Appendix A of Anderson et al. (2007), shows a forged stainless steel welded 
safe-end to centrifugally cast pipe section. The forged SS safe-end is 2.9 in. (74 mm) thick, and 
the CCSS pipe segment is 2.5 in. (64 mm) thick. This specimen primarily comprises large 
equiaxed grains and was designated as ONP-D-5. 



PNNL-32218 

Assessment of Specimens 19 
 

 
Figure 4.2. Axial-radial cross section of PWROG specimen ONP-D-5, showing outside and 

inside diameter geometry, and grain size, typical of ONP-D configuration 

Specimen “ONP-3-8” shown in Figure 4.3 is a SS-clad, carbon steel outlet nozzle (not shown) 
welded to forged SS safe-end to centrifugally cast pipe section. The forged SS safe-end is 
2.8 in. (71 mm) thick, and the CCSS pipe segment is 2.5 in. (64 mm) thick. Both clad carbon 
steel and forged SS segments consist of a fine-grained microstructure, while the centrifugally 
cast microstructure is a coarse matrix of substantially equiaxed grains. There is a thermal 
fatigue crack in ONP-3-8 on the safe-end side of the weld centerline, between the forged SS 
safe-end segment and the CCSS piping, with a circumferential extent (length) of 2.6 in. (66 mm) 
and a depth of 0.7 in. (18 mm). 
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Figure 4.3. Axial-radial cross section of PWROG Specimen ONP-3-8, showing outside and 

inside diameter geometry, and grain size, typical of ONP configuration 

PNNL concludes that the larger-bore specimens used in the RRS are representative of typical 
CASS weldments in Westinghouse plants, with respect to material type and size. 

4.2.2 Combustion Engineering CASS Weldment Configurations 

Sketches of typical CASS weldment configurations in CE plants have been provided in licensee 
relief requests to the NRC for approval to perform alternative examinations (i.e., required weld 
examination coverage could not be achieved). To assess these requests, the NRC tasked 
PNNL to review the capabilities of the UT techniques applied and evaluate the claimed weld 
examination coverage in several of these requests, thus giving PNNL detailed knowledge of 
these particular CASS weldments (PNNL 2013a; PNNL 2013b; PNNL 2013c). In support of this 
activity, PNNL acquired large segments of smaller-bore, field-fabricated pipe-to-pipe and pipe-
to-elbow CASS pressurizer surge-line materials salvaged from canceled NPPs. 

Among the CASS weldments in the nuclear fleet are: 1) a RCP-to-primary loop piping dissimilar 
metal weld (DMW) (PNNL 2013c), a full penetration DMW on the RCP suction nozzle joining the 
carbon steel, ID-clad primary piping to a CASS safe-end; 2) a full penetration DMW on a 
discharge nozzle joining the RCP outlet to a CASS safe-end, with the CASS safe-end is welded 
directly to the RCP housing (PNNL 2013b); 3) a full penetration DMW on an RCP suction nozzle 
joining carbon steel, ID clad, primary piping to a CASS safe-end, with the safe-end welded 
directly to the RCP housing (PNNL 2013b); 4) an RCP-to-primary loop piping weld, a full 
penetration DMW on an RCP outlet nozzle with the CF8M CASS safe-end is welded directly to 
the RCP housing (PNNL 2013a). 
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With this background in mind, PNNL concludes that the smaller-bore specimens used in the 
RRS are representative of typical CASS weldments in CE plants, with respect to material type 
and size. 

4.3 Comparison of RRS Specimens and Typical Field Conditions 

4.3.1 Counterbores 

Practically all piping in NPP safety systems, including all of the examples shown above, are 
“counterbored” prior to welding. A counterbore is typically a machined region on the ID surface 
of both piping segments extending the full 360° to enable the ID of the segments to match prior 
to machining the weld bevel, thus simplifying welding of the root. Figure 4.4 depicts a cross-
sectional view of counterbores for two hypothetical piping segments having different 
thicknesses. 

 
Figure 4.4. Side view schematic of counterbores for two piping segments of slightly varied 

thickness to allow ID to mate 

The primary reasons for counterbores are: (1) wrought piping received from the foundry is not 
perfectly round but is somewhat unpredictably oval, and (2) actual wall thicknesses may vary 
between piping segments, even for the same nominal schedule of piping. In either of these 
cases, the ID surfaces of the piping will usually not align well enough for proper welding. 
Counterbore machining removes the ovality, and it also produces approximately equal pipe wall 
thicknesses at the weld, allowing the pipe ID surfaces to match up to facilitate welding. When 
trying to match up two piping segments with varied ovality and/or thicknesses, the amount of 
metal removed will be dependent on the severity of the out-of-round or thickness variations. A 
hypothetical example of this condition is shown in Figure 4.5 (drawn to scale of the 12” 
specimens). Two pipes, represented by the yellow and blue circles, are to be welded together, 
but the yellow pipe is slightly out-of-round. When the circles are laid over one another (the 
circular inner diameter of the blue pipe is shown in grey), the region where the yellow pipe 
would have to be counterbored is indicated by dark yellow (black arrow). Welding requirements 
found in typical codes (e.g., ASME Section III) provide tolerances for allowable ID mismatch 
prior to welding; the actual values must be validated and documented. Note that current Section 
III requirements may differ from those in place at the time of plant construction. 
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Figure 4.5. Axial cross section of two pipes being mated for welding. The blue pipe is round 

and the yellow pipe has a slight ovality. Metal is needed to be removed at the 
“misaligned” circumferential regions, such as shown by the black arrow in the inset, 
to make IDs match, thereby creating a counterbore. The red segment indicates the 
approximate extent of the counterbore in specimens 12A and 12B. The red arrows 
indicate regions of maximum counterbore (sides) and no counterbore (top/bottom). 

Based on the severity, variation, and orientation of the ovality and thicknesses, a full 
circumferential counterbore on both pipes may be required for the piping segments to match up. 
This is the typical case for CASS weldments, whether a statically cast stainless steel elbow-to-
CCSS pipe, a CCSS pipe-to-CCSS pipe of a different foundry run, or a DMW with CASS on one 
side. The machining must not violate minimum design wall thickness for the piping system. 
Nevertheless, counterbores are typically fully circumferential, since the counterboring process 
uses a cutting tool rotated in a circular fashion about the pipe axis to remove material from the 
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full ID circumference. This is especially true for CASS weldments that require periodic 
examinations (e.g., terminal ends of piping), because the mated components have fairly large 
differences in wall thicknesses. Unless the two segments are already within acceptable ID 
mismatch tolerances, the machining operation could produce counterbore that varies in length 
and depth, including nearly zero at certain circumferential locations as illustrated by the red 
arrows in Figure 4.5. Furthermore, these intermittent counterbores do not typically have discrete 
start/stop points but have gradual circumferential taper. Counterbores are designed according to 
ASME Code, Section III, Subsection NB (Class 1 Components), Article NB-4000 (Fabrication 
and Installation), Subsubarticle NB-4250 (Welding End Transitions – Maximum Envelope) to 
have a “gradual change in thickness” rather than sharp slopes, and “sharp reentrant angles and 
abrupt changes in slope in the transition region are avoided” (ASME 2017a). 

The RRS counterbores of the 12” and 28” specimens were add-ons and not actually needed for 
the welding operation. For example, Figure 4.6 shows an example of the ID surface of 
Specimen 12B with counterbore and a convex weld root. In some respects, the counterbores 
mimic conditions that could be found on wrought material welds in the field, but such 
counterbore as found in these specimens are abnormal for most CASS weldments. The added 
counterbore in 12B was about 110 mm (4.3 in.) long with clear circumferential start and stop 
locations. Actual counterbore, however, does not generally look like this. The example in Figure 
4.5 was drawn to the scale of the 12” specimens, including the ~2 mm (0.8 in.) depth of the 
counterbore. The length of the added counterbore is shown by the red segment. The figure 
illustrates that, to create a round pipe, the counterbore would continuously and gradually taper 
with no well-defined circumferential start and stop locations. To achieve the counterbore depth 
added in the 12” specimens, the counterbore would need to be much longer and more gently 
tapered than the added counterbore.  

 
Figure 4.6. Photograph of the ID surface of specimen 12B. This image illustrates the 

counterbore and weld root that were added. A flaw is at the edge of the 
counterbore and is not visible in the photograph. 



PNNL-32218 

Assessment of Specimens 24 
 

Figure 4.7 shows the ID surface of Specimen 28B, with counterbore and concave root visible. 
Additional specimen photographs are shown in Appendix B. These photographs illustrate abrupt 
counterbore edges at the axial taper and well-defined circumferential start and stop locations.  

 
Figure 4.7. Photograph of the ID surface of specimen 28B. This image illustrates the 

counterbore and weld root that were added.  

PNNL’s experience with UT shows that most counterbores are easily detected, especially when 
the two piping segments have relatively large thickness variations, which would produce full, 
360° counterbore conditions. Counterbores provide a UT analyst with a point of reference. For 
example, the location of geometrical responses from the ID counterbore and weld root (if these 
exist) can be used to ensure that the sound is penetrating to the ID surface and can aid in 
determining flaw response locations in coarse-grained materials. However, when these wall 
thickness variations are small, it is not uncommon to detect transient UT responses from varied 
and locally-tapered intermittent counterbore conditions.  
 

4.3.2 Weld Root Conditions 

EPRI indicated in their report that weld roots in the field may be concave, convex, or flush, and 
that these conditions were included in certain RRS test specimens to determine what, if any, 
effect root conditions might have with respect to discriminating flaw responses from root 
conditions. EPRI indicated that the root condition on the pre-welded (36”) components was 
preserved while the other specimens were designed to contain varying degrees of root 
condition. Root conditions in the 12” and 28” specimens started and stopped abruptly, which is 
atypical for field conditions (see Figures 4.6 and 4.7). Although the root conditions did lead to 
some false calls, there is no strong indication that the various types of root conditions played a 
significant role. It should be noted, however, that the unusual root condition of one specimen 
(12C) violated ASME Code, Section III minimum wall thickness and other requirements (as 
discussed in Section 4.3.3). This specimen was responsible for a disproportionate share of false 
calls (as discussed in Section 8.2.3). 

Concave Root 

Counterbore 
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4.3.3 Pre-welded Specimen 12C 

The specimen set included 12C (which was also 12F; recall that the three 12” specimens were 
each presented twice to participants, first as 12A, 12B, and 12C, then as 12D, 12E, and 12F, 
respectively). 12C was a pre-welded 12” specimen with the ID conditions as shown in Figure 
4.8. As welded, the thinnest area had up to a 37% reduction in wall thickness, and the area of 
wall reduction extended for most of the pipe circumference. The ASME Code provides bounds 
with respect to the weld conditions that are allowable in the field. The minimum allowed wall 
thickness tmin depends on the operating conditions as per ASME Code, Section III, Article NB-
3000 (Fabrication and Installation), Subparagraph 3641.1 (Straight Pipe Under Internal 
Pressure) (ASME 2017b). PZR surge-line weld dimensions are publicly available in requests for 
relief submitted to the NRC. For example, tmin in a hot leg to surge-line nozzle was shown as 
1.4275 in. (36.26 mm) and 1.1685 in. (29.69 mm) for intermediary surge-line locations 
(Westinghouse 2010). The nominal wall thickness of 12C was 1.35 in. (34.3 mm). If the wall of 
12C is thinned by 20% (cross-section C-C of Figure 4.8), then the wall thickness becomes 1.08 
in. (27.4 mm), violating tmin of the example PZR surge-line. A 37% reduction in wall thickness 
(cross-section A-A) results in a wall thickness of only 0.85 in. (21.6 mm). 

 
Figure 4.8. Profiles of the weld region of specimen 12C (12F). Four ID cross sections are 

shown along with the through-wall (TW) depths (in mm) and the amount of material 
that is missing as a percentage of TW. 

Even with wall thinning, Section III, Mandatory Appendix XIII (Design Based on Stress 
Analysis), Subsubarticle XIII-3770 (Requirements for Local Thin Areas) allows for areas that 
violate tmin, as long as the integrity of the pipe is maintained as per averaging described in 
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Subsubarticle XIII-3120 (Local Primary Membrane Stress Intensity). Guidelines for the pipe 
geometry in these locally thin areas, as shown in Figure XIII-3770-1 (Local Thin Area in a 
Cylindrical Shell), dictate that the thin region cannot exceed a prescribed length √𝑅𝑅𝑅𝑅, where R is 
the mid-wall radius of the thin area and t is the wall thickness of the thin area. In the case of 
12C, R≈5.5 in. (≈140 mm) and t≈1 in. (≈25 mm), thus the length of the thin region could be or 
approximately 2–2.5 in. (51–64 mm). In addition, a “gradual slope” into and out of the thin area 
is required (minimum 3:1 taper recommended). Therefore, even if 12C violates tmin only locally 
to an acceptable thickness, both the length and slope requirements of Subsubarticle XIII-3770 
are violated.  

Furthermore, weld construction code specified in Section III, Subparagraph NB-4424.1 
(Surfaces of Welds, General) require that the surface of welds be sufficiently free from coarse 
ripples, grooves, overlaps, and abrupt edges and valleys. Subsubparagraph NB-4424.1(c) 
states that undercuts shall not exceed 1/32 in. (0.8 mm) and shall not encroach on the required 
section thickness. Undercutting is when the edge of a weld has an inverse U shape. The 
presence of undercutting indicates weaknesses in welding procedures or practice. For example, 
it can be caused by too high amperage or when the travel speed is too great resulting in fast 
solidification. In addition, Subsubparagraph NB-4424.1(d) states that concavity on the root side 
of a single-welded circumferential butt welds is permitted when the resulting thickness of the 
weld meets the requirements of Section III, Article NB-3000 (Design), i.e., loading conditions, 
design pressure, and service conditions. Thus, it is reasonable to infer that the 0.49 in. (12.5 
mm) depression in the weld of Specimen 12C would not be found in an operating nuclear power 
plant.  

PNNL concludes that specimen 12C (12F) does not meet multiple standards set forth by 
Section III and therefore does not represent conditions that would be allowed in the field. 
Consequently, 12C should not have been included in the RRS. The impact of this specimen on 
the RRS results was significant—it led to 125 out of about 220 false calls (57%) recorded by 
EPRI—and will be discussed in more depth in Section 8.2.3. 

4.3.4 Weld Crowns 

As previously discussed, the 12” and 28” specimens were delivered with weld crowns. Figure 
4.9 shows the weld crown on a typical 28” specimen. The crowns on the 28” specimens 
averaged 1.3 in. (33 mm) wide, and those on the 12” specimens averaged 1.5 in. (38 mm) wide 
(see Appendix A). In their report, EPRI correctly indicated that the weld crown height did not 
affect the ability to scan up to the weld toe or adversely affect search unit contact with the 
specimen. However, the issue of how common weld crowns are on CASS weldments in the field 
is an open question. Indeed, the PWROG specimen profiles and the figures of typical CE CASS 
weldment configurations (see Sections 4.2.1 and 4.2.2) do not indicate the presence of weld 
crowns. It should be noted that even without weld crowns, geometric conditions shown in 
Figures 4.1 – 4.3 may restrict scanning across the weld. Furthermore, licensees indicated in 
their relief requests to perform alternative examinations that essentially 100% of the required 
weld examination volume could not be achieved either because there is no currently qualified 
CASS examination method, and/or obstructions and geometrical features such as steep OD 
transitions, branch connections, or support appurtenances precluded adequate probe 
placement. Weld crowns were not identified as a condition for inadequate coverage in these 
licensee requests. Even so, it is known that weld crowns exist on some CASS weldments in the 
NPP fleet.  
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Figure 4.9. Close-up of the weld crown on a 28” specimen. 

PNNL has recently documented that weld crowns can have a significant impact on beam 
coverage and detection rates (Harrison et al. 2020). Page 5-28 of the EPRI report states that, 
“All qualified OD examination techniques for dissimilar metal welds require the weld crowns to 
be ground flush, and the scan surface must be smooth. It is possible that the presence of scan 
restrictions, primarily weld crowns, impacted the ability for techniques to accurately depth size 
flaws contained within the RRS specimen set” (emphasis added). As shown in Section 7.3, the 
weld crowns likely affected overall RRS flaw detection performance, and not just depth sizing.  

4.4 Flaw Placement in the Presence of ID Geometry 

Another important issue pertains to the placement of flaws co-located with geometrical features. 
Figure 4.10 shows the number of flaws that were adjacent to counterbore or a root condition in 
the 12” and 28” specimens. It is apparent that most flaws were co-located with either convex or 
concave weld root conditions in both the 12” and 28” specimen sets. Such flaw placements also 
affect the use of grading units because essentially all flawed grading units will also contain 
geometrical features, which sometimes obfuscates whether a team was calling a true flaw or 
not. Section 8.2 explores the effects of grading units in the presence of geometrical features in 
more detail.  
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Figure 4.10. Flaw placement with respect to ID geometrical features for the 12” and 28” 

specimens. Note Specimen 12C/F contained no flaws. 

In UT round-robin exercises, specimens should be designed that are typical of field 
configurations and possess flaws and geometrical features that have been placed in a nearly 
random, or unbiased, fashion within the set of examination specimens. Such a design would 
probably result in a different specimen set than would be used for performance demonstration. 
PNNL performed a statistical analysis to determine the randomness of flaw placements within 
the 12” and 28” specimens with respect to ID geometry weld root and counterbore conditions. 
Note that the 36” specimens were made from existing weldments with smooth ID weld root, so 
an assessment of flaw placement is not relevant for those specimens. To complete a formal test 
on the distribution of flaws, a binomial distribution was used because there are only two possible 
outcomes: a flaw either is or is not co-located with ID geometry. Because the number of flaws is 
relatively small, the use of an exact binomial test is required rather than a one-sample 
proportional test that would use a normal approximation. For this analysis, each flaw is treated 
as an independent sample, and it is assumed that the probability that a flaw is co-located with 
ID weld geometry is some constant probability P. Under the null hypothesis of random flaw 
placement within the specimen, it is expected that P can be approximated by the proportion of 
the specimen with ID geometry in the circumferential direction. Each specimen is included only 
once (e.g., 12A is not included again as 12D).  

Table 4.1 shows the lengths of ID geometry in the circumferential direction and the number and 
lengths of flaws adjacent to the ID geometry for the 12” and 28” specimen sets. Note that 
specimens 12A and 12B are the only ones that have any length of flaw not adjacent to some 
geometrical condition. Note also that the flaw in 28B was primarily axially oriented. The table 
shows that 43% and 77% of the 12” and 28” specimens’ weld length, respectively, had some 
added ID geometry. In the 12” specimens, 83% of the total flaw length was adjacent to 
geometry, while this was 100% in the 28” specimens. 
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Table 4.1. Total number and length of flaws near the ID weld geometry (Geom) 

Specimen 

Number 
Flaws at 
Geom 

Number 
Flaws, 

No Geom 

ID Geo 
Length 
(mm) 

Total Flaw 
Length at 

Geom 
(mm) 

Total 
Flaw 

Length at 
No Geom 

(mm) 

Specimen 
Weld 

Length 
(mm) 

12A/D 4 1 700 330 90 1020 
12B/E 4 1 610 210 80 1020 
12C/F 0 0 0 0 0 1020 
28A 2 0 430 230 0 560 
28B 1 0 430 10 0 560 
28C 2 0 450 260 0 560 
28D 2 0 420 130 0 560 

 

Specimen 
Set 

Number 
Flaws at 
Geom 

Number 
Flaws, 

No 
Geom 

Total ID 
Geom 
Length 
(mm) 

Total 
Flaw 

Length 
at 

Geom 
(mm) 

Total 
Flaw 

Length, 
No 

Geom 
(mm) 

Total 
Specimen 

Weld 
Length 
(mm) P 

Flaw 
Proportion 

Near ID 
Geometry 

12” 8 2 1310 540 170 3060 1310/3060≈
0.43 

540/650 
≈0.83 

28” 7 0 1730 630 0 2240 1730/2240≈
0.77 

630/630 
=1 

The exact binomial test is used to determine whether a proportion from a single dichotomous 
variable is equal to a presumed population value. In this case, the presumed population value 
was taken to be P, the proportion of the specimen with ID weld geometry. If the flaws were 
randomly placed, P should be approximately equal to the proportion of flaws near ID weld 
geometry. To conduct an exact binomial test for each of the specimen sets, the hypotheses 
being tested need to be specified. Therefore, it is hypothesized that P0 is the true population 
proportion of flaws adjacent to ID weld geometry in the specimens of a given size (in this case 
the 12” or 28” sets). The hypothesis test can be written as the following: 

Null hypothesis: Random placement of flaws within the specimens, P0=P 

Alternative hypothesis: Flaws were more frequently placed near ID geometry 
(specifically weld root conditions), P0>P 

The binomial distribution formula is: 

𝑃𝑃(𝐵𝐵 = 𝑘𝑘) = �𝑛𝑛𝑘𝑘�𝑝𝑝
𝑘𝑘(1 − 𝑝𝑝)𝑛𝑛−𝑘𝑘 

where: 

 B = the binomial random variable 
 n = the number flaws 
 k = the number flaws adjacent to ID weld geometry 
 p = the probability of success for a single trial or the (hypothesized) population 

proportion, or in what was discussed previously, P 
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�𝑛𝑛𝑘𝑘� =  𝑛𝑛!
𝑘𝑘!(𝑛𝑛−𝑘𝑘)!

  

Given the alternative hypothesis, a p-value can be calculated to help determine the statistical 
significance of the results: 

 p-value = 𝑃𝑃(𝐵𝐵 ≥ 𝑘𝑘) = ∑ �𝑛𝑛𝑖𝑖 �𝑝𝑝
𝑖𝑖(1 − 𝑝𝑝)𝑛𝑛−𝑖𝑖𝑛𝑛

𝑖𝑖=𝑘𝑘  

A significance level of 0.05 is the probability of rejecting the null hypothesis (the hypothesis that 
flaws were randomly placed) when the null hypothesis is actually true. Therefore, a p-value ≤ 
0.05 indicates statistically significant support that flaws were not randomly placed but were 
instead preferentially placed near ID geometry. 

The results, shown in Table 4.2, show that there was a statistically significant bias in the 
specimen design toward flaw placement adjacent to weld root geometry in the 12” specimens 
(p=0.017). For the 28” specimens, the p-value of 0.16 suggests weaker, inconclusive evidence 
of a bias, most likely due to a combination of small sample sizes and the high proportion of ID 
weld geometry in these specimens. That is, because so much of the weld length was occupied 
by root and/or counterbore, it was practically impossible for flaws to not be placed coincidentally 
with a geometrical condition. The consequence of this is a large P and therefore an increased p-
value. Thus, although 100% of the flaws were placed adjacent to geometry, the statistical 
analysis of the 28” specimens is not conclusive. 

Table 4.2. Significance determination 

Specimen 
Set n k P p-value, Conclusion 
12” 10 8 1310/3060≈0.43 0.017, Significant evidence of non-random flaw 

placement 
28” 7 7 1730/2240≈0.77 0.16, Inconclusive due to the high fraction of weld 

geometry in these specimens 

In summary, results show that the flaws were not randomly placed within the 12” specimen set 
with respect to geometrical conditions. For the 28” specimens there is less evidence of a bias 
due to a combination of small sample size and a higher proportion of ID geometry in these 
specimens. The specimen design did not allow an objective assessment of detection because of 
overemphasis of flaw placement next to geometry. PNNL concludes that, for a round robin 
designed to determine flaw detectability, the flaw placement overemphasized participants’ ability 
to discern flaws from ID geometry versus their ability to simply detect flaws. 

4.5 Flaw True State 

Of the types of flaws used in the RRS, the IGTFCs are expected to be the closest 
representation of thermal fatigue cracks that might be found in the fleet. Although the RRS 
IGTFCs were grown in a laboratory setting, they were grown in situ, thus allowing for the 
propagation of natural branching and growth profiles that are not realized with implanted flaws 
or EDM notches. Some branching is visible from the ID surfaces of the specimens. It is not 
uncommon for networks of thermal fatigue cracks to form, with many small cracks occurring 
within proximity of one another (Gardin et al. 2010; Kemppainen 2006; Waale and Ekstroem 
1995). With continued thermal cycling, one crack may emerge as dominant. In the IGTFC 



PNNL-32218 

Assessment of Specimens 31 
 

specimens, multiple cracks were visible from the ID surfaces in the proximity of each intended 
flaw; the presence of these extraneous cracks was expected. However, DT of one specimen 
revealed that many of the extraneous cracks were deeper than expected and therefore may 
have interfered with detection of the intended flaw. 

Profiles of IGTFCs are typically shown to be approximately semi-elliptical (Gardin et al. 2010; 
Golan et al. 1980; Kemppainen 2006; Kemppainen et al. 2004). It was assumed that the 
IGTFCs in the RRS specimens had cracks with such profiles, and that the cracks would present 
a detectable ID-connected corner signal along the length of the flaw and potentially a tip signal 
near the center or deepest portion of the flaw. However, as described in Section 12.0, DT 
revealed that the expected flaw profiles were not realized. Rather, the flaws were about half as 
deep as expected, and the profiles were unusual. The actual profiles were characterized by 
shallow regions of approximately constant depth (~5% TW) flanking a short, deeper, and a 
nearly semi-elliptical central region that was about one-third to one-fourth of the total flaw 
length. The shallow portions of the flaws may have been below detectable size limits using low 
frequency UT. It is clear from the DT that the actual IGTFC flaw profiles did not imitate those 
expected from service-induced thermal fatigue cracking. 

4.6 Summary and Conclusions 

Using specimens that represent actual NPP CASS weldments is important with respect to 
meeting the objective of informing the development of ASME Code, Section XI, Appendix VIII, 
Supplement 9. The 36” specimens were taken as-welded from a canceled plant and were 
therefore assumed to be representative of actual CASS configurations. A comparison of the 12” 
and 28” RRS specimens to CASS weldments in the field shows that the specimens contain 
certain geometrical features representative of conditions that might be found in a plant. 
However, it is PNNL’s opinion that some of the specimens are not representative of typical field 
configurations. In particular, some specimens did not meet ASME Code, Section III 
requirements. It was also found that flaw placement in the 12” and 28” specimen set was not 
random. Therefore, PNNL concludes that the overall specimen design was not ideal for a round-
robin study for determining flaw detectability in CASS or for providing a technical basis for 
Supplement 9 development. Even so, significant insight into flaw detection in CASS can be 
learned from the RRS, especially if the true-state of the IGTFCs is learned through additional 
DT. 
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5.0 Post-RRS Activities 
After PNNL’s blind participation in the RRS (data collection and analyses), EPRI provided PNNL 
with specimen true-state information, including flaw circumferential start/stop positions, flaw 
axial locations, flaw types, and start/stop positions of other geometrical conditions (e.g., 
convex/concave root conditions and counterbore). PNNL was allowed to retain copies of their 
own UT scan files and data analyses (PNNL PowerPoint files, PNNL Excel files, and EPRI 
Excel Indication Report Forms), but PNNL did not receive any other participants’ data. After 
publication of Revision 0 of EPRI’s technical report in September 2017, PNNL received the 
other participants’ flaw call data (including reported flaw start/stop positions, axial locations, and 
remaining ligament). Later, PNNL received specific information about the participants’ probe 
frequencies and the sizes and locations of the grading units used by EPRI in their analysis. 
PNNL was not provided any identifying information about team aliases applied by EPRI to 
participants’ data, and that information remains anonomyzed. 

As part of the true-state information, PNNL received a set of specimen diagrams. This included 
a single representative diagram of the 36” specimens indicating the following nominal 
dimensions: weld crown width (although weld crowns had been ground off), counterbore 
distance from the weld centerline (upstream side only), and weld bevel angles. Each 12” and 
28” specimen had its own drawing that indicated positions, depths, lengths, and angles of the 
counterbore; compound weld bevel angles (the 12” diagrams showed a compound bevel but not 
the angles); root height or depth, root lengths and transition zones, and root type (i.e., convex or 
concave). The 12” and 28” drawings showed the presence of weld crowns but not the 
dimensions. For all specimens, flaw locations (axial and circumferential) and through-wall 
depths were provided separately and were not shown on any diagrams. Information such as 
flaw tilt and flaw profile was not provided, although EPRI did communicate to PNNL that flaws 
were intended to be “mountain peak” shaped. EPRI also provided the material types and the 
sources. 

The key points of this section are summarized below. 

• In an informal, blind, dual-sided analysis of their data, PNNL confirmed that dual-sided 
examination helped identify flaws that were missed during the RRS and false calls that 
were reported as flaws. 

• During open analysis of the data, PNNL identified a problem with the 36” specimen set 
true-state information. PNNL returned to EPRI to acquire more information on the 
specimens. PNNL and EPRI were able to identify the problem and correct the true-state 
information. 

• During the same return trip, PNNL acquired photographs and 3D profile scans of all the 
specimen ID surfaces.  

• To help answer some questions about other teams’ performances, PNNL was given 
access to a limited set of other teams’ anonymized UT scans during a subsequent visit 
to EPRI.  
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5.1 Blind Re-Analysis at PNNL 

Prior to viewing the true-state data, PNNL engaged in a brief re-analysis of their scans. The 
purposes of this exercise were to go through the data to verify the calls that were made (using 
the original results as a guide), double check for any errors in reported data, and acquire screen 
captures of any flaws that may have been missed or that may have been called errantly. 
However, no changes to the original flaw calls were made. A few reporting errors were found, 
and those were communicated to EPRI. 

PNNL also did a brief, qualitative, blind dual-sided analysis. This occurred a couple of months 
after returning from EPRI, so PNNL analysts were able to approach the data with fresh eyes. 
There were several instances in which dual-sided analysis helped distinguish between actual 
flaws and false calls. For example, in Specimen 12C, PNNL made five false calls at EPRI with 
single-sided analysis. At PNNL, the same specimen in a dual-sided blind re-analysis was 
determined to have no intended flaws. The dual-sided re-analysis was correct. Similarly, PNNL 
missed two flaws in the upstream line scan of 12B that were seen in the re-analysis with the 
help of dual-sided examination. Note that results of the dual-sided analysis are not formal and 
are therefore not presented herein. Nevertheless, this exercise made it clear to PNNL analysts 
that dual-sided examination was superior to single-sided, both in determining true flaws and in 
avoiding false calls. 

5.2 Open Analysis at PNNL 

In an “open” analysis, after PNNL reviewed the true-state information, PNNL compared the flaw 
calls that were made at EPRI with the true-state data. For flaws that were missed and for false 
calls, PNNL looked back at the scan data to try to determine how specimen geometric factors, 
such as weld root concavity, may have contributed to this. Unfortunately, PNNL did not have 
complete information about weld crown widths and root profiles. Ideally, such information could 
be incorporated into UltraVision overlays to visualize the true geometric contours concurrently 
with the UT data.  

Furthermore, while examining the data, PNNL noticed an anomaly in some of the PNNL flaw 
calls made on several of the 36” specimens. There appeared to be a systematic offset with 
respect to the true-state flaw positions that could not be accounted for by random beam 
redirection due to grain structure, miscalibration of the encoders, or geometrical factors. 
Erroneous true-state data was suspected, although it was considered unlikely. In addition, 
PNNL was interested in knowing details about the 3D geometries of the specimens to help 
better understand how the convex and concave weld root conditions, abrupt counterbores, and 
large weld crowns affected the UT data and to help determine whether the specimens were 
representative of field conditions. Therefore, a return trip to EPRI was planned so PNNL could 
more thoroughly characterize the specimens. 

5.3 Return Trip to EPRI 2017 

Two members of the PNNL team returned to EPRI in April 2017 to (1) validate the true-state 
flaw location and length information that was provided by EPRI, and (2) obtain measurements 
and photographs of specimen ID and OD geometries. For this, EPRI agreed to allow PNNL 
access to the ID surfaces of all the specimens. PNNL used manual eddy current testing (ET) to 
verify the start and stop locations of all the flaws, took close-up digital photographs of each flaw, 
photographed each specimen ID and OD, and acquired weld crown profiles (at multiple 
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locations on each specimen) using a contour gauge. Finally, a third-party vendor was 
commissioned to perform 3D laser profiles of each specimen’s ID surface to digitize 
counterbore, weld root conditions, and any other features that might be present. 

PNNL performed ET measurements with a hand-held, cross-point probe (probe diameter: 3 mm 
[0.12 in.], case diameter: 5 mm [0.20 in.], frequency range: 100–500 kHz) and a portable ET unit 
(Olympus Nortec 500D). Prior to the trip, PNNL practiced ET measurements on flawed CASS 
specimens and empirically determined that 250 kHz was an appropriate operating frequency. 
PNNL examined several welded CASS specimens containing various flaws and was able to 
blindly measure flaw endpoints to within approximately 3 mm (0.1 in.). Considering that flaws in 
the round-robin specimens were several inches long, this was sufficient to verify the true-state 
information provided by EPRI. At EPRI, flaw endpoints identified by ET were temporarily marked 
on the specimen ID with a red marker. Figure 5.1 shows an example of ET being performed on 
specimen 36I.  

 
Figure 5.1. Checking flaw locations on 36I using eddy current 

Photographs of each specimen and close-ups of each flaw were acquired with an 18 megapixel 
point-and-shoot camera (specimen photos are shown in Appendix B). An adhesive measuring 
tape was placed on the ID surfaces of the specimens to provide a scale for photographs, and 
the red marks from the ET measurements were also captured in the pictures. On the 12” and 
36” specimens, the measuring tape was placed on the upstream side of the welds, and on the 
28” specimens the tape was placed on the downstream side of the welds. The measuring tape 
was inadvertently reversed on the 36” specimens (except for 36I); this was important to 
remember when measuring flaw positions. For the 12” specimens, which were full rounds, 
PNNL used an inverted tripod that suspended the camera into the pipe and allowed the camera 
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to be manually rotated 360° for full coverage. The camera shutter was controlled remotely by a 
tablet computer to avoid having to reach into the pipe and risk disturbing the camera position. 
Ambient lighting inside the pipe was provided by an LED headlamp attached to the back of the 
camera.  

3D profile scans were acquired by Creative Dezign Concepts (Moorseville, North Carolina). 
They prepared the specimens by spraying the edges and the ID weld region approximately 25 
mm (1 in.) beyond the counterbore with an ultraviolet-reflective coating and then adding fiducial 
markers with a pen. An ultraviolet LED scanner was used to gather profile scans of each 
specimen. Figure 5.2 shows the vendor performing a scan on Specimen 28D. SolidWorks-
compatible data files were prepared and sent to PNNL. Representative scans and specimen 
profiles are shown in Appendix C. 

 
Figure 5.2. 3D Scanning being performed on Specimen 28D. The ultraviolet light of the scanner 

is not visible in the photograph. 

On the last day of the visit, PNNL and EPRI worked together to use the ET data and 
photographs to determine that the true-state data of the 36” specimens originally provided to 
PNNL was indeed erroneous (except for 36I; recall that 36I was the only 36” specimen that did 
not have IGTFCs). EPRI made the necessary corrections and provided PNNL with corrected 
true-state data. 

Some general observations from this visit include: 

• The openings of almost all flaws in the 28” and 36” specimens were visible to the naked 
eye. Most flaws in the 12” specimens were visible in photographs. Of those not visible, 
one was a mid-wall flaw, one was in a counterbore region that had been machined, and 
one was under a weld root. 

• Weld crowns were very uniform (see Figure A.15 and Figure A.25 in Appendix A). 
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• Except for 36I, the 36” specimens did not appear to have been modified except for the 
addition of the IGTFCs. 

• ID axial profiles of the 36” specimens were relatively uniform at all circumferential 
locations, although some 36” specimens had wider counterbore regions than others (cf. 
Figure A.5 and Figure A.6 in Appendix A). 

• The 12” and 28” specimens appeared to have had a weld root added after flaw 
implantation, because some of the flaws were hidden underneath the root, such as 12B 
Flaw 1 (see Figure 5.3). Note that the weld root ends abruptly. 

 
Figure 5.3. Flaw 1 in Specimen 12B (12E) is partially hidden from view by the weld root. The 

red arrow points to the approximate flaw endpoint that was visible, as measured by 
ET. The other end of the flaw was not visible or detected with ET due to the convex 
weld root. 

5.4 Return Trip to EPRI 2018 

In March of 2018, several PNNL and NRC staff attended a meeting with EPRI staff to discuss 
the RRS results and ongoing analysis. During this visit, three PNNL staff were allowed access 
to the other participants’ data on a secure EPRI PDI workstation. PNNL learned that all RRS 
participants used encoded data acquisition techniques, which are critical for flaw detection and 
characterization in CASS (Harrison et al. 2020; Jacob et al. 2019a). PNNL took notes and some 
screen shots but did not keep any of the participants’ data files. Due to time restrictions, PNNL 
reviewed only specific data files that they predetermined to be of interest in order to examine, 
for example, why a team missed all of the flaws in a particular scan, why a team missed at least 
one flaw that all (or most) other teams called, or why a team called a flaw that all (or most) other 
teams missed. PNNL was also given copies of a subset of the EPRI UT data used to fingerprint 
the RRS specimens. Participant anonymity was strictly maintained. The results of the PNNL 
data review are discussed in Section 11.3. 
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6.0 PNNL Analysis 
Understanding the grading criteria is key to interpreting the results and determining whether the 
goals of the RRS were appropriately met, since the final analysis relies heavily on the grading 
methods used. This section provides detailed information about the PNNL and EPRI grading 
criteria and compares and contrasts their methods of assessing the RRS. This section also 
summarizes the statistical analysis approach PNNL used to calculate the detection rate and 
false call probability. 

6.1 Data Overview 

The charts in Appendix E show the reported flaws for each team in relation to the actual flaws 
(red) and the geometrical features (black). The charts show the axial and circumferential 
positions of the reported flaws, the true flaws, and the geometrical conditions, but not the depth 
of reported flaws. Flaw depths are reported in Appendix A. (Recall that reported flaw depth [or 
remaining ligament] was not considered in the PNNL analysis). The gray vertical lines in the 
Appendix E charts are the EPRI grading unit boundaries (these are explored further in 
Section 8.2), and the gray boxes are the PNNL alternative grading unit boundaries (these are 
described in Section 9.0). Note that due to time constraints Team C did not collect upstream 
data on Specimens 12A, 12B, or 12C and did not collect downstream data on Specimens 12D, 
12E, and 12F. It should be noted that all participants used encoded data acquisition techniques. 

6.2 Grading Criteria 

The grading criteria—the criteria used to determine whether a reported flaw counts as a 
detection or a false call—are the key to the analysis and interpretation of the RRS data. PNNL 
recognized early on that the outcome of the RRS would be shaped almost wholly by the grading 
criteria. Therefore, it was PNNL’s initial goal to develop grading criteria that could provide an 
objective account of flaw detection that would accurately represent the intentions of the 
participating teams and provide insights into the capabilities of currently available UT methods 
and equipment. This required the use of both sound scientific judgment and a method of 
objectively distinguishing between reported flaws that were calls of actual flaws, calls of 
geometrical conditions, and false calls. Later, different grading criteria were implemented in an 
effort to examine the effects of approaching the data analysis in a more conventional way with 
grading units; Section 9.0 describes this alternative approach. 

PNNL developed grading criteria after they had received and thoroughly reviewed all of the 
participants’ reported flaw data in light of the true-state flaw and geometry information. PNNL 
created the charts shown in Appendix E to help reveal patterns in reported flaws of individual 
teams, as well as all teams together, while considering the spatial relationships between 
reported flaws and the intended, or true, flaws and geometrical conditions. Note that participants 
were not asked to identify geometrical conditions, but many reported flaws were clearly 
influenced by weld root or counterbore. Specific grading criteria were then developed, with 
justifications, to classify each reported flaw without relying on any interventions during grading. 
PNNL’s detection and grading criteria are listed below along with brief justifications and 
descriptions of their intended purposes. For reference, the following terms are defined: 

• reported flaw or reported call – an indication reported by a participating team 

• true call – a reported flaw that correctly identifies an intended flaw 
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• geometrical-feature call or geometry call – a reported flaw that identifies a geometrical 
feature, such as counterbore or weld root 

• false call – a reported flaw that does not correctly identify an intended flaw or a 
geometrical feature (note that for PNNL’s analysis, geometrical-feature calls were often 
grouped with false calls) 

• no call or ignored call – a reported flaw that is considered as a non-detection and is 
therefore not included in the analysis. 

PNNL established the following guidelines before grading the data: 

• Based on the grading criteria, each reported flaw may count as one (and only one) of the 
following: a true call, a geometrical-feature call, a false call, or no call (ignored). 

o For example, a single reported flaw cannot be counted as both a false call and a 
true call or as multiple false calls, regardless of the reported flaw length or how 
many different features (i.e., true flaws, weld root, counterbore, or unflawed 
material) that the reported flaw overlaps. This is to prevent an arbitrary 
assignment of unflawed grading units—and the subsequent subdivision of 
reported flaws—from artificially inflating the number of actual false calls. This 
approach emphasizes detection capability over examiner performance. 

• There are no axial grading units. 
o This is consistent with EPRI’s approach to indefinitely extend grading units in the 

axial direction. The data showed that many teams apparently reported signals 
from extraneous flaws or mode conversions. These reported flaws were 
generally in the correct circumferential position but varied axially from the true 
flaw position by as much as about 2 in. (50 mm). Because of the consistent and 
widespread nature of the problem among teams and specimens, no axial grading 
units were adopted. 

• Flaws that do not fall within EPRI’s defined examination volume are ignored.  
o EPRI stated that the volume of interest for examination would include the inner 

one-third of the specimen, including the weld region, the heat-affected zone 
(HAZ), and adjacent CASS material to 0.25 in. (6 mm) beyond the counterbores. 
However, the HAZ was not specified, nor were distances from the weld centerline 
to the counterbores. Therefore, the actual examination regions were not known 
to participants prior to scanning each specimen. 

o As described in Appendix A, Section A.3.6, Flaw 2 in Specimen 12A (and 12D) 
was ignored because it did not fall within the inner one-third inspection volume. 
No teams reported the flaw, so this action had little or no effect on the outcomes. 

• There are no length criteria for reported flaws. 
o This is a significant variation from EPRI’s detection criteria. EPRI implemented a 

rule that required reported flaws to be at least 50% of the length of the true flaw, 
otherwise the reported flaw was ignored. PNNL carefully examined the data and 
found, for example, that there were flaws that every team reported, yet virtually 
every team’s reported flaw was <50% of the true flaw length resulting in few, if 
any, credited detections. After considering this approach and examining the data, 
PNNL chose not to use length-based detection criteria. PNNL approached the 
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RRS as an exercise about detection of flaws and decided that length-sizing 
accuracy should be handled in a separate analysis. 

o In RRS discussions with PNNL staff, EPRI reported that flaws were “mountain-
peak shaped.” Thus, PNNL inferred that the strongest signal response would be 
near the center of a flaw, at the “peak” of the mountain. The detectable signal is 
further reduced by signal dropout, attenuation, and inherent noise, which cause 
signal loss in CASS. The result is that detected flaw lengths may be shorter than 
actual flaw lengths or flaws may appear as multiple flaws instead of one 
continuous response (Anderson et al. 2007; Anderson et al. 2011; Crawford et al. 
2014; Diaz et al. 2017; Diaz et al. 2018; Diaz et al. 2012). Therefore, a minimum 
flaw length for detection is not appropriate in CASS. This approach was 
ultimately justified by the DT results that were obtained in 2020 (see Section 
13.0). 

o Note that if one implements a minimum-length-based criterion for detection, then 
subsequent length-sizing analysis, such as root-mean-square error (RMSE) 
calculations and other statistics, would be significantly biased. That is, if the short 
detections are de facto filtered out as non-detections, length RMSE values 
calculated subsequently will be lower than actually supported by the data. 
Additionally, using a length-based criterion for detection conflates POD and 
length-sizing, making them harder to distinguish. 

The process PNNL used for grading is summarized in Figure 6.1. The specific rules for grading 
are given below with explanations: 
1. All reported flaws that are axial or primarily axial are ignored. 

– This is consistent with EPRI’s approach. Since not all teams attempted to detect 
axial flaws, EPRI and PNNL ignored all axial true flaws and axial reported flaws. 

– As a corollary to this, any circumferential (or primarily circumferential) reported flaws 
that overlap with an axial flaw are not considered true calls of the axial flaw. 

2. To be counted as a true call, a reported flaw must overlap circumferentially, by any amount, 
with a true flaw. Similarly, to be counted as a geometry call, a reported flaw must overlap 
circumferentially, by any amount, with a geometrical feature (i.e., weld root and/or 
counterbore). 

– This is consistent with EPRI’s second grading criterion for flaw detection.  
– After studying the data, PNNL concluded that a buffer, or tolerance, around the true 

flaws would not have had an impact on detection rates.  
3. For cases where a reported flaw overlaps at least partially with a true flaw and a geometrical 

feature, the reported flaw is assigned to be either a true call or geometrical-feature call 
depending on which midpoint (flaw or geometry) is closest to that of the reported flaw. 

– It was common for one or more geometrical features, such as weld root and/or 
counterbore, to overlap circumferentially with at least one true flaw. In fact, in the 12” 
and 28” specimens, only one flaw (28B Flaw 4) was not coincident with any 
geometrical feature. This proximity rule was effective at correctly assigning the 
reported flaw to what was inferred to be the intention of the reporting team. 

– There were a few exceptions where these grading criteria apparently misclassified 
geometry calls as true calls. This primarily occurred in cases where the geometrical 
feature and the true flaw were not substantially different in length and/or axial 
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location. However, no cases were observed where true calls were misclassified as 
geometry or false calls. 

– Reported flaws that were determined to be calls of geometrical features were 
categorized as geometry calls. For analysis purposes, geometry calls were counted 
first as no calls, then recategorized as false calls in order to help elucidate the 
confounding effects of geometry. 

4. If multiple reported flaws meet the detection criteria for a single true flaw, the reported flaw 
with the longest circumferential overlap with the true flaw will be used and the other reported 
flaw(s) will be ignored. 

– If multiple reported flaws overlap a true flaw, then only one should count as a 
detection. With no axial grading units, the decision of which reported flaw to keep is 
somewhat arbitrary. PNNL’s philosophy was to keep the most conservative (i.e., 
longest) reported flaw. 

– EPRI had a similar criterion, except they used a proximity rule and kept the reported 
flaw that was closest axially to the true flaw. As with PNNL, one reported flaw was 
retained and the other(s) ignored. 

5. Multiple false calls that overlap circumferentially (at least partially) become a single false 
call. 

– EPRI implemented a similar rule that if multiple reported flaws occupy the same 
unflawed grading unit, only one is counted. 

– PNNL observed only two cases where this rule was used after other grading criteria 
were applied. Geometry calls were exempt from this rule. 

6. Any reported flaw that overlaps at least partially with multiple true flaws and has not been 
classified as a geometrical call is considered a false call. 

– This rule was intended to prevent indiscriminate reporting of long flaws simply to 
assure a detection. As it turned out, this rule was never invoked. 

– EPRI implemented a maximum length criterion, which also served to prevent long 
reported flaws from counting as detections. 
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Figure 6.1. Flowchart used for grading reported flaws 

6.3 Comparison of PNNL and EPRI Grading Criteria 

The PNNL grading criteria varied from those used by EPRI in three notable ways: 
1. EPRI implemented a length-based detection rule that discarded reported flaws that did not 

meet a minimum-length threshold of at least 50% of the true flaw length, regardless of SNR 
or the number of teams that made similar calls. PNNL research has shown that single flaws 
in CASS are commonly displayed as discontinuous signal responses due to the deleterious 
sound field issues, such as beam scattering and beam partitioning (Anderson et al. 2007; 
Anderson et al. 2011; Crawford et al. 2014; Diaz et al. 2017; Diaz et al. 2018; Diaz et al. 
2012). Furthermore, actual flaw profiles, which may have an impact on the detected signals, 
were unknown at the time of the initial analysis, but later destructive testing revealed flaw 
profiles that were significantly different from the expected true-state profiles. In contrast to 
EPRI, PNNL did not use any length-based detection criteria, since PNNL’s focus was only 
on detection and not length-sizing accuracy. PNNL also felt that removing a significant 
number of reported flaws that appeared to be valid detections but with poor length sizing 
would impact any future length-sizing analysis. The impact of the length-based detection 
criterion on the results is discussed in Section 8.1. 

2. PNNL’s grading criteria classified calls of geometrical features separately to allow for an 
analysis of the effects of geometry on teams’ FCP. The coarse-grained structures in CASS 
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can produce high background noise and beam distortion (Crawford et al. 2014), so it is 
important to understand what fraction of the false calls were due to the material itself versus 
any added geometries. Note that participating teams were not asked to identify geometry in 
their reported flaws. 

3. PNNL did not employ grading units in this initial analysis; a false call was simply any 
reported flaw that did not meet the criteria of being assigned to a true flaw or a geometrical 
feature. EPRI implemented grading units, which resulted in a significantly different FCP than 
calculated by PNNL. Section 7.1 shows these results, and the discussion in Section 8.2 
describes the reasons for the differences. 

6.4 Statistical Analysis 

The five participating organizations collected and reported a total of seven data sets: two line 
scans and five raster scans. For this analysis, PNNL considered only the five raster-scan data 
sets (EPRI Examiner Aliases A, B, C, E, and G). This was because PNNL had some concerns 
regarding the independence of two of the raster-scan data sets and the two line-scan data sets 
(D and F). These concerns were based on inferences made from EPRI’s report and not 
necessarily on any specific information given to PNNL. However, PNNL submitted line- and 
raster-scan data that were treated as independent data sets by EPRI but were not treated as 
independent by PNNL during the RRS. PNNL was not aware of how the data from Team F were 
handled, so out of an abundance of caution PNNL did not include this data as well. Thus, both 
the line-scan data sets were ignored to avoid introducing potential bias into the analysis.d In 
addition, PNNL’s analysis was single-sided only (EPRI reported results of both a single-sided 
and a “simulated” dual-sided analysis), with upstream and downstream data treated as 
independent data sets, since they were acquired and analyzed separately. PNNL’s results will 
only be compared to EPRI’s single-sided analysis. 

PNNL’s analysis was consistent with those done in previous round robins, such as PARENT, 
PINC, and PISC, and did not consider what might be implemented in a performance 
demonstration program. The analysis primarily consisted of detection rate and FCP calculations 
for different scenarios. The detection rate (also referred to as the sensitivity) is the number of 
true detections divided by the total number of flaws. It is the POD and was calculated by 
Equation (6.1): 

 

= =
Number of True DetectionsDetection Rate

Number of Flaws
POD

 
(6.1) 

 

In the absence of flawed grading units, a probability model was used to calculate FCP, as was 
done in PINC (Cumblidge et al. 2010) and PARENT (Meyer and Heasler 2017). The FCP (the 
probability that a call intersects with an unflawed grading unit) was computed with 
Equation (6.2):  

 
d As it turns out, although the second line-scan data set (Team F) was acquired by the same organization 
that was labeled Team G, PNNL learned only after all the analysis was complete that Teams F and G 
performed the RRS analysis with independent analysts. In retrospect, the data from Team F could have 
been included in this analysis without any added bias. 
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=
Number of False Calls

Total Length of Unflawed Grading Units
FCR

 
(6.2a) 

( )= − − ×1 exp guFCP FCR L
 

(6.3b) 

where FCR is the false call rate and Lgu is the average length of the unflawed grading units. 
Recall that PNNL did not use grading units, so FCP was calculated with a value for Lgu of 4.5 in. 
(114 mm) because that was the average length of the flaws in the RRS specimens. 
Equation (6.2) assumes that the flaws were distributed randomly in the unflawed material. 
PNNL’s analysis showed that flaw placements were not strictly random but were usually 
associated with geometric features in the 12” and 28” specimens (see Section 4.5). Note that 
the FCP and FCR differ, because the FCR is calculated as a number of false calls per unit 
length. Thus, FCR is not strongly dependent on the grading unit size. FCP, on the other hand, is 
the probability that an inspector will report a flaw in an unflawed unit of material.e For unbiased 
and meaningful calculations of FCP, the size of the unflawed grading units should, on average, 
be the same as that of the flawed grading units. With about the same average size of the flawed 
and unflawed grading, POD (or detection rate) and FCP are directly comparable, whereas POD 
and FCR are not. 

PNNL calculated the detection rate for all teams together, individual teams, teams grouped by 
probe frequency, and teams grouped by whether they used practice specimens prior to 
acquiring data. PNNL also considered the detection rate for cases where data were separated 
by flaw type. EPRI described the flaw types as either laboratory-grown thermal fatigue cracks, 
which were IGTFC, or simulated cracks, which included all ITFC, EDM, or HIP flaws. PNNL 
calculated the FCP for the teams as a group and for the individual teams. Geometry calls were 
first kept as a separate category, then they were combined with false calls to illustrate the 
effects of ID geometry on the FCP. 

 
e To facilitate the reader’s comparison with EPRI’s results, it should be noted that EPRI’s false call rate is 

actually defined as a percentage; namely, the total number of unflawed grading units with candidate 
calls divided by the total number of unflawed grading units presented. This can equivalently be thought 
of as the probability that an unflawed grading unit has at least one candidate call. The PNNL FCP can 
also be thought of as the probability that a blank area of the same average size as the flawed grading 
units contains at least one false call, so they are essentially based on the same idea, but actual values 
may vary somewhat between the two approaches.  
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7.0 Results 
This section discusses the results of the RRS, with emphasis on the calculated detection rates 
and false call probabilities. The results reported by EPRI are compared to the PNNL results. 
Issues related to RRS execution and specimen design, i.e., practice, probe frequency, weld 
crowns, flaw types, and ID geometries, are explored, including examining the effects of these 
factors on RRS outcomes. Team flaw length sizing performance was also assessed in relation 
to RMSE. 

7.1 Detection Rate and FCP 

Figure 7.1 shows the results of PNNL’s detection rate calculations for each individual team 
(raster scans only) and for the teams as a group (note that EPRI’s reported group results 
included line-scan data from Teams D and F). PNNL’s detection rates were consistently about 
20 percentage points higher than those of EPRI. PNNL estimated that this equated to 
approximately 90 more true calls recorded by PNNL than by EPRI for the five teams. An 
explanation of this discrepancy is given in Section 8.1. 

 
Figure 7.1. PNNL detection rate. The detection rate was calculated by PNNL for each raster-

scan team and for the teams as a group. For comparison, PNNL’s results are 
shown with EPRI’s published results. 

The FCPs calculated by PNNL for each team and for the group are shown in Figure 7.2 (again, 
note that EPRI’s group results include Teams D and F). The PNNL results were broken down 
into false calls that did and did not include calls of geometrical features. Results show that the 
vast majority of reported false calls were attributable to geometrical features and were 
not caused by other factors such as the coarse-grain structures of the CASS parent 
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material. PNNL’s FCPs averaged about 12 percentage points lower than those reported by 
EPRI. PNNL estimated that this equated to a difference of about 85 false calls for the raster-
scan teams only. An explanation of this discrepancy is given in Section 8.2. 

 
Figure 7.2. PNNL false call probability. The FCP calculated by PNNL for each raster-scan 

team and for the teams as a group. The chart shows the results of ignoring 
geometry calls and of counting them as false calls. For comparison, PNNL’s results 
are shown with EPRI’s published results. 

Figure 7.3 shows the receiver operating characteristic (ROC) plot (detection rate vs. FCP) for 
each raster-scan team and for the group. Note that the large plot is an expanded view of the 
boxed region of the smaller plot. The diagonal line, or line of no discrimination, divides the ROC 
space into results that are better than random guessing (above the line) and worse than random 
(below the line). The green shaded region demarks the ≥80% detection rate and ≤20% FCP 
threshold that EPRI used as the benchmark of desired performance. PNNL’s results show that 
all teams had an FCP below the 20% threshold, even with geometry calls counted as false calls. 
Team G achieved a detection rate above the 80% threshold, and Team E was close behind at 
>75%. For comparison, EPRI’s reported results were included on the plot. 
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Figure 7.3. ROC plot for all participants. The large graph is an expanded view of the boxed 

region of the inset. The diagonal line is the line of no discrimination. Results of 
PNNL’s analysis with geometry calls ignored and included as false calls are shown. 
EPRI’s reported results are shown for comparison. 

The detection rate was further broken down by team and specimen group (i.e., specimens 
grouped by piping diameter); see Figure 7.4. Team G achieved detection rates >80% for all 
specimen groups. Team E achieved >80% for the two larger specimen groups (28” and 36”), but 
not the 12” specimens. Interestingly, while Teams E and G achieved relative parity in detection 
rate between the 28” and 36” specimens, the other three teams did not. Indeed, Teams A, B, 
and C performed considerably better on the 36” specimens than on the 12” or 28” specimens. 
Reasons for this are unknown, but an array of variables, such as flaw types, flaw placement, ID 
geometries, weld crowns, and practice, may have contributed to this. Also of note are relatively 
poor performances by Teams A, B, and C in the 12” and 28” specimen groups, with detection 
rates at or below 50% in most cases (recall that Team C only scanned the 12” specimens from 
one side; the calculated detection rates take this into account). 
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Figure 7.4. PNNL detection rates for each team and each specimen group 

7.2 Practice and Probe Frequency 

There were two key differences between the approaches to the RRS by Teams A, B, and C, 
which will be referred to as Group 1 for this discussion, and Teams E and G, which will be 
Group 2. These differences are the probe frequencies applied and the amount of practice. First, 
Group 1 used exclusively higher-frequency probes (EPRI defined such “non-low-frequency” 
probes as ≥1 MHz), while Group 2 used higher-frequency probes for the 12” specimens and 
“low-frequency” probes (defined by EPRI as <1 MHz), or a combination of low- and high-
frequency probes, for the larger specimens. Second, EPRI designed and fabricated a number of 
12” and 28” practice specimens that were similar to those in the RRS (note that teams were 
informed of the true-state of the practice specimens). All teams in Group 1 opted out of the 
opportunity to practice on a 12” specimen, but both Group 2 teams did practice on a 12” 
specimen. All teams except Team C practiced on at least one 28” specimen. No teams were 
given opportunities to practice on a 36” specimen (there were no geometries added to the 36” 
specimens, so the lack of practice was likely of little consequence). In addition, Team G was 
allowed the opportunity to practice with specimens at their own facility in advance of the actual 
RRS participation, while other teams that practiced did so on site upon arrival (note that prior to 
their arrival PNNL was unaware that practice specimens would be available; it is unknown if 
other participants were prepared to practice). Thus, opportunities for practice were not managed 
in a consistent manner. Note that the same teams that used higher-frequency probes also 
practiced the least, so these variables are intertwined, or confounded, and the separate effects 
of each cannot be determined. Furthermore, it should be noted that the effects of practice were 
somewhat confounding for this analysis, since the effects of practice on human performance are 
difficult to quantify with such a small data set and other uncontrolled or unknown factors. 
Nevertheless, the data were used to provide some insight into the effects of practice and probe 
frequency on the detection rate. 
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To determine the effects of practice and probe frequency, detection rates were calculated for 
the two groups; see Figure 7.5. The effects of practice are most evident in the 12” specimens, 
where all teams used higher-frequency probes but Group 1 teams did not practice. The 
difference in detection rate between the two groups is significant. Not only is the detection rate 
for Group 2 nearly double that of Group 1, but the ROC plot for the 12” specimens in Figure 7.6 
shows that the FCPs for Group 2 teams were about half those of the Group 1 teams. So, when 
all teams applied higher-frequency probes in the small-bore specimens, teams that practiced 
had nearly double the detection rate and half the FCP. 

 
Figure 7.5. PNNL detection rates for team groups by specimen size. Detection rates for Teams A, 

B, and C are compared to those of Teams E and G to illustrate the effects of practice 
and using low-frequency probes. 
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Figure 7.6. ROC plots for all participants by specimen size. The three plots show the PNNL-

calculated detection rate vs. FCP for each participant. Here, geometry calls were 
considered as false calls. The diagonal line is the line of no discrimination. 

The effects of frequency are most evident in the larger specimens. Figure 7.5 shows that the 
Group 2 teams, that applied low-frequency probes on the larger specimens (28” and 36”), had 
higher detection rates than the Group 1 teams that used higher-frequency probes. For the 28” 
specimen group, PNNL was informed that all teams practiced except for Team C. Note in Figure 
7.6 that the detection rate and FCP for Team C in the 28” specimen set are comparable to those 
for Teams A and B, indicating that differences in practice were likely not a significant factor in 
the 28” specimens for the Group 1 teams. Therefore, PNNL attributed this wide discrepancy in 
detection rates in the 28” specimens between the two groups to probe frequency. Also, no 
teams practiced on a 36” specimen, so the higher detection rate for Group 2 teams in the 36” 
specimens was attributed to applying lower probe frequencies. 

Results show that both practice and probe frequency played important roles in the outcome of 
the RRS, and both were confounding variables to the goal of determining the detection abilities 
of currently available technology for the examination of CASS. Practice could have been better 
controlled through an RRS protocol that required all teams to practice the same amount (or not 
at all). Probe frequency is more difficult to control since participating organizations were 
instructed to bring the inspection technology of their choice. In light of this, the effects of probe 
frequency could be better understood by increasing the number of participating teams. 
Unfortunately, this was out of EPRI’s control. Nevertheless, this RRS confirms previous PNNL 
work, which has shown that low-frequency PA probes with encoded data acquisition are the 
best currently available technology for inspecting CASS (Anderson et al. 2007; Anderson et al. 
2011; Diaz et al. 2012; Jacob et al. 2019b). 

7.3 Weld Crowns and Detection Angle 

The weld crowns on the 12” and 28” specimens may have played an important role in the RRS 
by limiting scan access across the weld. PNNL recently reported empirical results showing that 
limiting the forward motion of the probe can result in significant reductions in POD (Harrison et 
al. 2020). The average weld crown width for the 12” specimens was about 1.5 in. (38 mm) and 
for the 28” specimens was about 1.3 in. (33 mm)—this was measured by PNNL during the 2017 
return trip using a contour gauge. With the weld crowns intact, scan ranges were limited up to 
the weld toe. The 36” specimens did not have weld crowns, but scanning was limited up to the 
weld centerline by the RRS invigilator. The presence of the impeding weld crowns meant that 
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higher refraction angles were required for projected sound fields to reach the weld centerline 
and beyond in the 12” and 28” specimens. This is illustrated by the focal law simulations in 
Appendix D-A of Appendix D. PNNL determined that the average refraction angle used by the 
PNNL team for detection in the 12” specimens was 56°, and in the 28” specimens was 54°, but 
in the 36” specimens was only 40°. Because of the differences in material thickness, the metal 
paths for the mean refraction angles in the 28” and 36” specimens were calculated to be about 
the same (3.4 in. [86 mm] and 3.5 in. [89 mm], respectively). However, for the probe matrices 
and frequencies applied, the PA sound beams would tend to focus less efficiently at higher 
angles resulting in larger spot sizes and lower peak sound field intensities (Anderson et al. 
2011). Indeed, based on CASS end-of-block dropout results, angles ≥50° are not favorable for 
detection in most CASS specimens (Jacob et al. 2019a). 

Figure 7.7 shows an example of the upstream raster scan of Specimen 12A.f The refraction 
angle was 54°, and 6 dB of soft gain was added. Visible in the scan are all four flaws (indicated 
by the red brackets), root conditions (green brackets), and faint indications of the counterbore 
signal (blue brackets). The flaw signals were somewhat truncated (indicated in the B-scan by 
the red arrow), so the entire flaw response was not captured even at this high of an angle. 
Higher refraction angles resulted in less truncation but lower SNR and less distinguishable flaw 
responses. In the 12” specimens, lower refraction angles missed the flaws entirely but showed 
the counterbore responses very strongly. Indeed, several teams missed the flaws entirely in the 
12” specimens and reported only the counterbore signals. 

 
Figure 7.7. Upstream scan of specimen 12A. This figure shows the upstream raster scan of 12A 

with refraction angle of 54°. Indicated are the flaws (red), weld root (green), and 
counterbore (blue). The red arrow shows a truncated flaw signal. 

 
f All scan images shown were acquired by PNNL. Recall that PNNL did not have access to scans of other 

participants. 



PNNL-32218 

Results 51 
 

Evidence suggesting that the limited probe coverage affected results can be seen in the PNNL-
calculated ROC plots for each specimen group shown in Figure 7.6 (the FCPs shown include 
geometry calls as false calls). All teams had >65% detection rate and ≤10% FCP in the 36” 
specimens, but the 12” and 28” specimens proved to be more challenging, especially for 
Teams A, B, and C. It is unclear if or to what extent the presence of weld crowns may have 
affected some teams more than others (recall that practice and probe frequency remain 
confounding variables), but the specimen groups with weld crowns had overall lower detection 
rates and higher FCPs. Repeating scans with the weld crowns removed would help clarify the 
effect that weld crowns actually had. 

7.4 Flaw Types 

Detection rates were also calculated by team for the different flaw types. EPRI described the 
flaw types as “laboratory-grown” TF cracks, which included all IGTFCs, and “simulated” TF 
cracks, which were all the other flaws. Figure 7.8 shows the detection rate for each team for the 
different flaw types. Most teams had more success detecting the laboratory-grown cracks than 
the simulated cracks, although Teams E and G—the teams that used low frequency and 
practiced the most—had more parity in their detection rates for the different crack types than the 
other three teams. This could be due to practice, since Teams E and G practiced on the 12” and 
28” specimens, which contained only simulated flaws. Practice may have provided the benefit to 
Teams E and G of seeing how flaws appeared with respect to geometrical features, along with 
learning that the weld crown obstruction necessitated using higher angles of inspection to 
differentiate flaws from counterbore. 

 
Figure 7.8. Detection rates for different flaw types. The detection rates by team for the different 

flaw types, laboratory-grown and simulated, are shown. 
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7.5 Geometries 

The EPRI report stated that it was important to evaluate effectiveness of techniques performed 
and to assess the possibility of false calls in the presence of geometric and surface conditions 
known to exist in installed components. Several PNNL reports have addressed this issue 
(Anderson et al. 2007; Crawford et al. 2014; Diaz et al. 2012). 

PA analysis software using post-acquisition images is an invaluable tool with respect to 
discriminating between flaws and geometrical features such as counterbores. An investigator 
can view the various response images in a given scan to discriminate between the assorted 
features in a specimen. For example, (Anderson et al. 2007) describes the advantages of using 
merged line scans. At certain angles, reflections from the counterbore of the examined pipe are 
seen to dominate the reflection. At intermediate angles, other features such as weld root also 
become visible. At higher angles, only the targeted flaws become visible. It was found that this 
angular discrimination was a very useful tool when linked with A-, B-, and C-scans. In addition, 
the location of geometrical responses from an ID counterbore and weld root (if these exist) can 
be used to ensure that sound is penetrating to the ID. Finally, signal discrimination aided by 
geometrical responses such as counterbore detection can aid in locating flaw responses in 
CASS weldments. Flaw analysis generally involves locating the counterbore signal as a 
reference point and examining the adjacent regions for a flaw signal. The advantage of merged 
data is that signals with continuity in length and depth, such as ID counterbore or flaws, will be 
detected at multiple positions and thus ideally present a better connected or "filled-in" response. 

Figure 7.2 shows that added geometries in the 12” and 28” specimensg were a major factor in 
the FCPs, with all teams having called geometries as flaws. For two teams, A and C, all the 
false calls were attributed to geometries. As an example of the impact of the added geometries, 
Figure 7.9 shows a comparison of PNNL’s UT raster scans of specimens 28B (50° refraction 
angle, downstream) and 36H (32° refraction angle, upstream), highlighting the signals from the 
counterbores. These scans span the entire specimens and reach as close to the edges that the 
probe footprint would allow. The counterbore in 28B extended for only a portion of the scan, 
while the counterbore in 36H spanned the entire scan, as is more typical for counterbore (see 
Section 4.0). The counterbore signal in 36H was not uniform, with regions of higher and lower 
signal intensities, whereas that of 28B was more uniform. No teams reported the counterbore of 
36H as a flaw, but three teams reported the 28B counterbore (see Figure E.8 in Appendix E). 
Ignoring the axial flaw in 28B, PNNL counted ten false calls in this specimen (considering both 
upstream and downstream data), nine of which were co-located with geometry. Using EPRI’s 
grading units (see Section 8.2), PNNL counted 26 false calls in 28B alone. The PNNL team did 
not report the counterbore in 28B as a flaw because (1) it was much longer than any flaw that 
PNNL expected to see, (2) the signal amplitude saturated strongly at lower angles and was too 
high overall with gain levels set for flaw detection, and (3) it had fewer amplitude variations than 
would be expected with a flaw. 

 
g The counterbores in the 36” specimens were not considered to be “added geometries,” because they were not 

added for the purposes of the round robin. The geometries in specimen 12C were also not added for the round 
robin, but they were so unusual that 12C was included in the added-geometry specimen group. Thus, it will not be 
considered separately from the other 12” specimens. 



PNNL-32218 

Results 53 
 

 
Figure 7.9. C-scans of 28B and 36H comparing counterbore signals. 28B (left) shows the 

downstream counterbore and weld root signals at 50° refraction angle. 36H (right) 
shows the downstream counterbore signal at 32° refraction angle. Both scans are 
TD focus. 

Figure 7.9 also shows the signal from a concave root in 28B. This condition was reported by 
one team from the downstream side and two teams from the upstream side (see Figure E.8 in 
Appendix E). Overall, root conditions were reported as flaws less often than were counterbore. 

7.6 RMSE 

PNNL calculated RMSE for the 12” and 28” specimens. PNNL did not calculate RMSE for the 
36” specimens because the calculations were done after destructive testing revealed 
discrepancies with the flaw true-states in those specimens (see Section 12.0). 

For the 12” and 28” specimens, data were broken out by team and by specimen. Only the true 
calls based on the PNNL grading criteria were considered. Table 7.1 shows the number of true 
calls that were used to calculate RMSE and the resulting RMSE. Note that Team C made a very 
long flaw call in a 28” specimen that qualified as a true call under the PNNL grading criteria (it 
appeared that they confounded the weld root signal with the flaw signal), and their inflated 
RMSE reflects that. For comparison, highlighted RMSE values are those that fall within existing 
Supplements 2 or 10 length-sizing qualifications of 19.1 mm (0.75 in.). For the 12” specimens, 
all teams have RMSE values within the existing Supplements 2 and 10 sizing qualification. For 
the 28” specimens, Team E met existing sizing qualifications.  
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Table 7.1. RMSE analysis of 12” and 28” specimens (results in mm). 

  All Teams A B C E G 
All 12” and 

28” 
Specimens 

Number 
True Calls 

123 22 17 12 31 41 

RMSE 
(mm) 

31.7 30.9 43.2 57.8 16.6 24.0 

12” Only Number 
True Calls 

85 17 11 6 21 30 

RMSE 
(mm) 

16.9 18.1 17.3 15.9 15.3 17.2 

28” Only Number 
True Calls 

38 5 6 6 10 11 

RMSE 
(mm) 

51.5 55.5 68.9 80.2 19.0 36.6 

It is unclear why all teams performed well on length sizing on the 12” specimens but not on the 
28” specimens. For the 12” specimens, Teams A, B, and C did not practice, but all teams used 
high-frequency probes. The lack of practice adversely affected the detection rates of Teams A, 
B, and C but did not appear to affect their RMSE in relation to the other two teams. For the 28” 
specimens, Teams A, B, and C used high-frequency probes whereas the other two teams used 
low-frequency probes (recall only Team C did not practice on the 28” specimens). Teams A, B, 
and C had significantly lower detection rates and higher RMSE values, which is most likely 
attributed to probe frequency. 
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8.0 Explanation of Key Differences Between PNNL and EPRI 
This section explores the sources of key differences between the PNNL and EPRI analysis 
results. It is shown that the key difference between the PNNL and EPRI detection rates is rooted 
in the EPRI grading criterion that ignored short-reported flaws. UT scans are presented to 
support PNNL’s position that the short-reported flaws represent actual flaw detections and 
should not be ignored. Differences in the methods of counting false calls are also examined. 
The effects of EPRI’s grading units are explored in depth, including the impact on the false call 
rate of unflawed specimens that contained geometrical features. In particular, it is shown that 
specimen 12C contributed disproportionately to the overall number of false calls. 

8.1 Detection Rates 

8.1.1 Impact of Short-reported Flaws 

As shown in Figure 7.1, there are significant differences in the detection rates calculated by 
PNNL and EPRI. To reconcile the differences, PNNL further analyzed the detection rates with 
and without the EPRI minimum-length-based grading criterion (i.e., the criterion that reported 
flaws need to be at least 50% as long as the true flaw to count as a detection). Results are best 
illustrated in the 36” specimens, in which the vast majority of the reported flaws that were too 
short to be counted as detected occurred. In the 36” specimens, PNNL counted 144 true flaw 
calls for all participating teams. After applying the EPRI minimum-length criterion, this was 
reduced to 64 true calls, a decrease of 80 reported flaws (approximately 56%). With the loss of 
80 detections, the PNNL overall detection rate for this subset of specimens dropped from 76% 
to 34%.  

Figure 8.1 shows the PNNL detection rates for each raster-scan team and select groups of 
teams with and without the minimum-length criterion applied for the specimen subset. The EPRI 
detection rate data for the 36” specimens are shown for comparison; these data are labeled 
“EPRI mean” and were calculated as closely as possible from data in Table 5-3 of the EPRI 
report. As shown in Figure 8.1, the PNNL results with the minimum-length criterion applied 
strongly agreed with the EPRI results (minor variances persisted due to other differences in 
grading criteria). The results therefore show that the minimum-length criterion implemented by 
EPRI was the primary difference between the PNNL and EPRI detection rates. 



PNNL-32218 

Explanation of Key Differences Between PNNL and EPRI 56 
 

 
Figure 8.1. Detection rates in 36” specimens. This chart compares PNNL’s original detection 

rates with those obtained when the length-based detection criterion was applied. 
Results are compared to EPRI’s detection rates to show that this criterion was the 
primary difference in detection rates between PNNL and EPRI. 

Figures 8.2 and 8.3 illustrate the types of detections that did not meet the EPRI minimum-length 
criterion. Figure 8.2 shows the PNNL PA-UT upstream and downstream raster scans (TD, 35°) 
of 36A with the approximate length and circumferential location of the true flaws indicated with 
red lines on the D-scans. Both flaws were detected with SNR of about 15–16 dB (5.5x – 6.3x) in 
the downstream scan, so detection was unequivocal even though the lengths of the detected 
flaws agreed poorly with the true-state lengths. Similarly, Figure 8.3 shows the PA-UT upstream 
and downstream scans (TD, 41° and 35°, respectively) of 36F. Again, both flaws were detected 
with strong SNR. In this case, the detected length of Flaw 2 (on the right) was considerably 
shorter than the true length. Refer to Figures E.11 and E.16 in Appendix E, which show the 
reported flaws of all the participating teams for Specimens 36A and 36F. For both flaws in 36A 
and Flaw 2 in 36F, most of the participants’ reported flaws were less than 50% of the length of 
the true flaws despite high SNR levels. These examples illustrate the consistency of short flaw 
calls among teams and strongly indicate that most short-reported flaws were not anomalous or 
random but were a true indication of actual detection capabilities. Therefore, disregarding such 
reported flaws is not justified. Indeed, destructive testing completed after the round robin 
confirms that the short flaw calls in the 36” specimens were based on actual flaw profiles (see 
Section 13.0). 
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Figure 8.2. Upstream and downstream UT scans of Specimen 36A. The approximate flaw 

lengths and circumferential locations are indicated by the red lines in the D-scans. 

 
Figure 8.3. Upstream and downstream UT scans of Specimen 36F. The approximate flaw 

lengths and circumferential locations are indicated by the red lines in the D-scans. 

It was clear from examining the data that length sizing was a significant challenge for all 
participating teams, particularly in the 36” specimens. Whether a length-based criterion for 
detection in CASS is appropriate for a round-robin exercise can be debated. However, if the 
purpose of the RRS was to evaluate detection capabilities in CASS, then it is the opinion of 
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PNNL that all reported detections should be considered. The consequences of including all 
short calls as detections would then be manifest in length-accuracy analyses instead of 
detection rates, and the results would likely reveal that accurate length sizing is a more 
significant challenge than was initially reported. However, in this RRS, DT showed that the flaw 
depths and profiles were not as expected. A re-evaluation of length-sizing accuracy based on all 
the actual flaw true-states (learned from DT) is advised. 

As of this writing, destructive measurements of flaw profiles have only been made on the two 
IGTFC flaws in 36A. A full re-evaluation of length sizing should be investigated before any 
conclusions are drawn from this RRS about the effectiveness of flaw characterization in CASS 
and especially before any alternative methods of determining flaw size are implemented (such 
as using flaw length to inform flaw depth). One possible cause of poor length sizing is very tight 
crack opening dimensions, perhaps caused by compressive stress (Kemppainen and Virkkunen 
2011; Yoneyama et al. 2000). Although echo amplitude can be affected by the amount of crack 
opening and compressive stress in a crack, the limited DT done to date in conjunction with the 
consistency of short-reported flaws by all teams strongly suggests that the flaw profiles are to 
blame for the preponderance of short flaw calls and poor length sizing. Alternatively, the 
extraneous flaws, which were shorter than the intended flaws in many cases, may have been 
detected. In any case, PNNL asserts that discarding short-reported flaws as non-detections is 
unjustified. 

8.1.2 Summary 

The prevalence of short-reported flaws led to many such calls being discarded in the EPRI 
analysis and therefore led to the large differences in the PNNL and EPRI reported detection 
rates. The reasons for so many short-reported flaws are unknown but are likely tied to the 
IGTFC flaw profiles. PNNL contends that length-based criteria should not be used for grading; 
rather, length-sizing accuracy should be considered independently from detection. 

8.2 False Call Probability 

This section describes the role that grading units played in the differences in false call 
assessments between PNNL and EPRI. 

8.2.1 EPRI Grading Methodology 

A grading unit was defined by EPRI as a region on a specimen that either contained a single 
intended flaw (flawed grading unit) or contained no intended flaws (unflawed grading unit). 
There were several rules related to EPRI’s use of grading units: (1) the minimum grading unit 
size was 3 in. (76 mm); (2) at least a 1 in. (25 mm) buffer was required from each end of a flaw 
to the boundary of an adjacent unflawed grading unit; (3) each entire specimen was subdivided 
into grading units—there were no spaces or gaps between grading units; (4) only one true flaw 
was allowed per flawed grading unit (note that a true flaw must be wholly contained within a 
single flawed grading unit, but a geometrical feature could span multiple flawed and/or unflawed 
grading units); (5) no more than one false call was counted per team per unflawed grading unit 
(i.e., multiple false calls by one team in one unflawed grading unit counted as one false call, 
even if the calls did not overlap circumferentially or were calls of different overlapping 
geometrical features).  
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After the specimens were subdivided into grading units, the EPRI grading criteria were applied. 
Figure 8.4 shows an example of how this was done. In this example,h a true flaw is shown (blue) 
and three candidate calls are shown, one made from the upstream scan (green) and two from 
the downstream scan (red). The gray vertical lines represent the grading unit divisions, with the 
divisions labeled as UFGU or FGU for unflawed and flawed grading units, respectively. Any 
portion of a candidate call that was contained within an unflawed grading unit was counted as a 
separate false call. By applying this methodology, the three reported flaws would result in two 
true calls (one from each scan) and five false calls, one from the upstream scan (green arrow) 
and four from the downstream scan (red arrows), for a total of seven indications. For 
comparison, PNNL’s grading method would also have counted two true calls, one from each 
scan, but only one false call, from the downstream reported flaw located wholly outside the 
flawed grading unit. The results of this example are summarized in Table 8.1. EPRI noted in 
their report that, during a PDI exam, the invigilator can use discretion, presumably to not count 
the portion of a reported flaw that barely protrudes into an unflawed grading unit as a separate 
false call. However, they also note that the RRS grading was strictly objective so that the 
grading rules were applied equally to all participants. Thus, invigilator discretion was not used. 

 
Figure 8.4. Hypothetical example of grading units application. In this example, a hypothetical 

pipe section is shown with a flaw (blue), a call from the upstream (US) side 
(green), and two calls from the downstream (DS) side (red). One flawed grading 
unit (FGU1) and five unflawed grading units (UFGU1, UFGU2, etc.) are shown. 
The weld centerline (WCL) is illustrated as a dashed line. False calls tallied by 
EPRI’s method are indicated by arrows. 

 
h This example of applying grading units to the RRS data was based on an example provided to PNNL by 
EPRI to illustrate their methodology. Recall that upstream and downstream scans were treated as 
independent data sets. 
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Table 8.1. Hypothetical example of grading units application. The results from Figure 8.4 are 
tallied in this table. From a total of three calls (one US and two DS), PNNL would 
report three calls (two true and one false) while EPRI’s method would result in seven 
calls (two true and five false). Results illustrate how EPRI’s approach to determining 
false calls leads to a higher FCP than PNNL’s approach. 

 
EPRI 

True Calls 
PNNL 

True Calls 
EPRI 

False Calls 
PNNL 

False Calls 
US 1 1 1 0 
DS 1 1 4 1 

The example in Figure 8.4 illustrates that this method of grading can result in considerably more 
false calls than the actual number of reported flaws. This methodology appears to have had a 
strong impact on the EPRI RRS analysis. For example, it was common for teams to mistake 
long geometrical features for flaws, resulting in reported flaws that typically spanned multiple 
unflawed grading units. Therefore, single reported flaws were commonly counted as multiple 
false calls. On the other hand, the number of true calls could never exceed the number of actual 
reported flaws. As a result, the application of such grading units would not be expected to affect 
detection rates, but the increased number of false calls resulting from this approach did not 
realistically represent the performance of the participating teams. One way to avoid the problem 
of counting one reported flaw as multiple false calls is to space out the unflawed grading units 
(Heasler et al. 1993). 

It should be noted that the EPRI application of grading units as described above can result in 
errant true calls. For example, in Specimen 12A (and 12D), calls of the counterbore by 
Teams A, B, and C would count as detections of Flaws 1 and 4 because they overlap the true 
flaw and meet the length criteria (see Figures E.1 and E.4 in Appendix E). Normally the EPRI 
grading criterion that a reported flaw may not exceed twice the length of a true flaw would result 
in a false call in such a scenario. However, the unfortunate choice of making the counterbores in 
12A (and 12D) about the same length as the flaws resulted in some incorrect true calls.  

8.2.2 Size of Unflawed Grading Units 

The average size of the unflawed grading units can also have a profound effect on the FCP 
(Heasler et al. 1990). Although it is not possible in every case, ideally all grading units—flawed 
and unflawed—should be approximately the same average size in order to allow for comparison 
between detection statistics (Cumblidge et al. 2010; Heasler et al. 1993). However, this was not 
done in the RRS. The average size of the EPRI-defined unflawed grading units was 3.5 in. (89 
mm) while the average size of the flawed grading units was nearly double that at 6.7 in. (170 
mm). Although this may be appropriate for a performance demonstration test, it is not typical for 
a round robin. By halving the size of the unflawed grading units, the FCP will increase by as 
much as a factor of two. The primary reason for the size discrepancy was that the unflawed 
grading units in the unflawed specimens (12C, 12F, 28B, 36E, and 36J) were all made to be 
approximately the minimum length allowed by EPRI of 3 in. (76 mm). On the other hand, there 
were comparatively few unflawed grading units in the flawed specimens, while the lengths of the 
flawed grading units were constrained largely by the lengths of the flaws (recall flawed grading 
units were at least the length of the flaw plus an inch on either side). The differences can be 
seen if one compares the grading unit sizes in flawed and unflawed specimens (cf. Figures E.1 
to E.3 or Figures E.15 and E.16 in Appendix E.) PNNL tested the consequences of using flawed 
and unflawed grading units that differed so much in size by increasing the size of the unflawed 
grading units in only the unflawed specimens, then re-counting the number of false calls using 
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the EPRI grading criteria. In other words, PNNL attempted to make the average size of the 
flawed and unflawed grading units more similar without affecting the size of the flawed grading 
units. Results showed that when the average size of the unflawed grading units was increased 
to be more similar to that of the flawed grading units, the number of false calls decreased by 
35%, or a total of 60 fewer false calls. Increasing the average size of the unflawed grading units 
would have a small effect on the FCR as calculated by EPRI in Equation 4.7 of their report. 
However, the FCP, as calculated by PNNL in Equation (6.3b)—and as calculated in PARENT 
and PINC—would drop significantly because the number of false calls would decrease (as was 
demonstrated), but the total length of unflawed grading units would be unaffected. Again, it is 
best if unflawed and flawed grading units have the same average size. 

8.2.3 Impact of Specimen 12C 

An individual specimen disproportionately contributed to the overall number of false calls. 
Specimen 12C (which was presented again as 12F), represented two specimens of 20 total and 
led to about 125 out of about 220 EPRI false calls. In other words, 10% of the specimens led to 
about 57% of the total number of false calls reported by EPRI. Figures 8.5 and 8.6 help illustrate 
why. Figure 8.5 shows PNNL’s PA-UT scans (HP, 45°) for Specimen 12C with the prominent 
echoes labeled to match the respective cross section shown in Figure 4.8. Gray lines were 
added to the downstream C-scan to illustrate the size of the EPRI unflawed grading units in 
relation to the specimen echoes. Recall that Specimen 12C had much of the ID weld region 
ground away resulting in unusual concave geometries. In the true-state data, EPRI reported 
these ground regions as counterbore. Figure 8.6 illustrates the lengths and locations of the 
(circumferential) reported flaws from the downstream scans of 12C. There are 16 reported flaws 
shown in the figure, but 47 false calls were counted using the EPRI grading units. Recall that 
only one false call per team per unflawed grading unit is counted, but any protrusion into an 
unflawed grading unit counted as a separate false call. Note that the grading units were spaced 
at about the minimum distance of 3 in. (76 mm), as discussed above.  

 
Figure 8.5. Upstream and downstream UT scans of Specimen 12C. The prominent signals 

are labeled in the D-scans by the respective cross-sections shown in Figure 4.8. 
The gray lines in the DS C-scan illustrate size of the EPRI unflawed grading units. 
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Figure 8.6. Reported flaws for Specimen 12C, downstream. All reported flaws from the 

downstream side were between about 15 and 35 mm from the weld centerline. 
Vertical lines indicate EPRI grading units. The black lines, labeled “CB” represent 
the ground-out regions, which were reported by EPRI as counterbore. 

Error! Not a valid bookmark self-reference. breaks down the false calls in Figure 8.6 by team. 
Even without subdividing reported flaws across unflawed grading units, PNNL found that 28% of 
all false calls came from 12C and 12F (counting geometry calls as false calls), which is still 
disproportionately high considering they comprise only 10% of the specimens. The 
disproportionate number of false calls found in this specimen suggests that it is an outlier with 
respect to field realism. Based on the data and the analysis in Section 4.3.3, PNNL concludes 
that 12C (and 12F) is indeed an outlier and that data collected on it should therefore have been 
omitted from the RRS analysis. 

Table 8.2. A comparison of the number of reported flaws, the false calls counted by PNNL, and 
the false calls counted by PNNL using EPRI’s method in the downstream data of 
Specimen 12C 

Team 
Reported 

Flaws 
PNNL False 

Calls 
EPRI False 

Calls 
A 2 2 7 
B 2 2 6 
C 2 2 7 
D 1 1 3 
E 3 3 6 
F 4 4 12 
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G 2 2 6 
TOTAL 16 16 47 

8.2.4 Summary 

In summary, several factors contributed to a much higher number of false calls measured by 
EPRI than by PNNL.  

• A single reported flaw was often counted by EPRI as multiple false calls—one false call 
for every unflawed grading unit it intersected with—which increased the total number of 
false calls. This issue was exacerbated in cases where a team incorrectly reported as a 
flaw a geometrical feature that spanned multiple unflawed grading units. 

• EPRI’s unflawed grading units were, on average, about half the size of the flawed 
grading units. The size discrepancy increased the probability for a single reported flaw to 
pass through multiple unflawed grading units and, therefore, more likely to be counted 
as multiple false calls.  

• Unflawed grading units were commonly adjacent to one another, which was inconsistent 
with the grading approaches in previous, similar round robins (Bates et al. 1987; Heasler 
et al. 1993; Heasler et al. 1990) and further increased the chances that an errant 
reported flaw would cross multiple unflawed grading units and be counted multiple times.  

• Unflawed grading units were adjacent to flawed grading units, which can lead to 
“contaminated” unflawed grading units that have higher rates of false calls than well-
isolated unflawed grading units (Heasler et al. 1990). That is, without isolated grading 
units, a true call can also be counted as one (or more) false call if the reported flaw 
extends into an adjacent unflawed grading unit. 

• Specimen 12C (and 12F) elicited a vastly disproportionate number of false calls that 
dramatically increased the overall FCP. This was mainly because of atypical ID 
geometries that many teams identified as flaws. Furthermore, the number of false calls 
was compounded because EPRI used the minimum grading unit size in this unflawed 
specimen.  
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9.0 An Alternative Approach Using Defined Grading Units 
Notwithstanding the issues with grading units as described above, PNNL recognizes that 
grading units may be necessary for objective scoring in future CASS round robins or CASS PDI 
examinations. Therefore, PNNL devised a method to implement grading units as an alternative 
to their original analysis approach, applied the method to the round-robin data, and evaluated 
how the detection rates and FCP differed from what PNNL originally calculated. The goal was to 
find an example method of applying grading units that was consistent with, or comparable to, 
methods applied in prior round robins (such as PISC, PARENT, and PINC) with a result that 
fairly reflected the teams’ ability to detect the flaws. 

9.1 Grading Units 
Flawed grading units were empirically established with the following criteria: 

• Flawed grading unit boxes were drawn so that flaws were fully enclosed and centered 
axially and circumferentially. 

• Issues such as beam redirection and signal dropout in CASS materials are magnified by 
sound path length, so grading unit box sizes were increased proportionally with 
specimen thickness. 
– For 12” specimens, the grading units had a tolerance around each flaw of 0.39 in. 

(10 mm) axially and circumferentially. 
– For 28” specimens, the tolerance was 0.59 in. (15 mm). 
– For 36” specimens, the tolerance was 0.79 in. (20 mm). 

• Grading units did not overlap. 

The charts in Appendix E shows these grading units as gray boxes. Note that the grading unit 
tolerance of 0.39 in. (10 mm) in the 12” specimens was approximately consistent with what was 
determined by modeling to be appropriate in previous international studies PINC and PARENT 
(Cumblidge et al. 2010; Meyer and Heasler 2017). 

The issue of unflawed grading units in this exercise posed a problem. Unflawed grading units 
should be essentially identical in length or area to flawed grading units and separated from other 
grading units by a sufficient distance (Bates et al. 1987; Cumblidge et al. 2010; Heasler et al. 
1990), but this was not possible in the RRS specimens because the spacing of the flaws and 
the sizes of the specimens did not leave enough room. Therefore, for this exercise, the entire 
examination area (upstream counterbore to downstream counterbore plus 0.25 in. [6 mm] on 
each end), minus the area of the flawed grading units as defined above, was considered as 
unflawed grading area. This is similar to what was done in PINC and PARENT, where all the 
blank material outside of the established flawed grading units was treated as one contiguous 
unflawed grading unit (Cumblidge et al. 2010; Meyer and Heasler 2017; Ramuhalli et al. 2018). 
This is also somewhat consistent with PNNL’s original approach and EPRI’s approach. PNNL 
originally did not define unflawed grading units, and EPRI defined any portions of specimens 
that were not flawed grading units as unflawed grading units (with the 3 in. [76 mm] minimum-
length restriction). 
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9.2 Grading Criteria 
With this trial grading unit approach, new grading criteria needed to be adopted. PNNL 
condensed the criteria down to a single rule with two corollaries:  

• A reported flaw that is 50% or more within a flawed grading unit (and only one flawed 
grading unit) is a true call.  
– All other reported flaws are false calls.  
– If a team reports multiple flaws in the same flawed grading unit, one will be a true 

detection and the other(s) ignored.  

Note that this rule had the effect of greatly reducing the previous number of ignored calls, 
because the only calls that could be ignored were those within the same flawed grading unit as 
another call. With PNNL’s original approach, when two calls overlapped circumferentially, one 
would be a true call and the other ignored no matter how far apart they were axially. With the 
alternative grading unit approach, a circumferentially-overlapping call outside the flawed grading 
unit is a false call. 

9.3 Results 

Compared to PNNL’s initial approach, the following resulted from applying the alternative 
grading units. 

• There were about 30 fewer true calls, since many calls that were previously true calls 
(e.g., far away axially but correct circumferentially) became false calls. 

• There were about 60 more false calls. In addition to the 30 previously true calls that 
became false calls, about 30 more previously ignored calls became false calls. 

Results of detection rates are presented in Figure 9.1. In the “PNNL Original” case, geometry 
calls were counted as false calls. Notice that detection rates with the alternative grading units 
were somewhat reduced from the PNNL original detection rates. One reason for this is the 
presence of the “bonus”, or extraneous, flaws, many of which were outside the grading unit 
boundaries. Destructive testing confirmed that many of these bonus flaws were deep enough to 
be detected. The proposed grading units can penalize teams that made correct calls of the 
bonus flaws that were unfortunately not the intended flaws. Under ideal conditions, the bonus 
flaws would not be present and there would not be a problem misclassifying calls. Again, this 
approach with grading units is intended to serve as an example approach of data analysis but 
may not be well suited for the specimens in this RRS. 
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Figure 9.1. Detection rates with alternative grading units. The detection rates calculated with 

PNNL’s original grading criteria are compared to those calculated with PNNL’s 
alternative grading units and EPRI’s reported results. 

As shown in Figure 9.2, FCP was also reduced regardless of more false calls being counted. 
This is due to the statistical method used to calculate FCP. The approach taken in the PNNL 
original analysis used Equation (6.2), which assumed unflawed grading units of a given length. 
For the present analysis, Equation (6.2) was generalized to calculate an FCP for a given area of 
unflawed material, such as shown in Equation (9.1).  

 

=
Number of False Calls

Total Area of Unflawed Grading Units
FCR

 

9.1a) 

( )= − − ×1 exp guFCP FCR A
 

(9.1b) 

 

where Agu is the average area of the unflawed grading units, calculated to be 5.81 in.2 
(3750 mm2). This number was based on Lgu used in Equation (6.2) with the grading unit 
tolerance added around each flaw. In this case, the entire inspection region, minus the area of 
the flawed grading units, was treated as an unflawed grading unit. Therefore, the denominator in 
the FCR calculation in Equation (9.1) was larger than before, resulting in a smaller FCR and 
FCP. Of course, the denominator could be reduced by randomly reducing the area inspected for 
false calls, but the trade-off would be that fewer false calls would be counted. 
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Figure 9.2. False call probabilities with alternative grading units. The false call probabilities 

calculated with PNNL’s original grading criteria are compared to those calculated 
with the alternative grading units and EPRI’s reported results. 

The alternative approach with defined grading units is an example of just one method for 
determining the detection rate and FCP. Naturally, one could adjust the sizes of the flawed and 
unflawed grading units or change the grading criteria in myriad different ways. However, the 
purpose of this exercise was to compare the effect of simplified grading units that are consistent 
with those used in previous round robins to the more cumbersome, yet more thorough, original 
PNNL approach. Results varied somewhat, but not widely, between the two different PNNL 
methods. 
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10.0 POD Curves 
PNNL analyzed the CASS round-robin data to extract the detection rate as a function of the flaw 
depth, typically referred to as a POD curve. Note that the POD curves calculated in this section 
used the assumed true-state and were not based on any destructive testing results. Additional 
POD curves that consider DT results are shown in Section 12.0.  

POD curves were calculated using logistic regression with the following model form: 

 

( ) ( )
( )
β β
β β
+

=
− +

0 1

0 1

exp
1 exp

d
POD d

d
 (10.1) 

where d is the normalized flaw depth (flaw depth divided by the specimen thickness), and β0 and 
β1 are free parameters determined by the curve-fitting process. Equation (10.1) is the same 
equation used by EPRI (Equation 4-8 in their report) and has also been used in numerous other 
round robins (Cumblidge et al. 2010; Heasler et al. 1993; Meyer and Heasler 2017; Ramuhalli et 
al. 2018).  

The ideal POD curve is a step function with 100% detection of all flaws of d>0 and 0% detection 
of flaws of d=0 (or of d ≤ a pre-defined minimum flaw size). However, because missed 
detections are more frequent for shallow flaws, most POD curves have an S-like shape. POD 
curves with steeper slopes that plateau at lower flaw depths indicate better detection capabilities 
than, say, those that have shallow slopes or that fail to plateau. Confidence intervals are also 
commonly shown on POD curves, and they indicate the uncertainty in the POD curve fit results. 
A wide confidence interval indicates that a team’s performance was variable and that there is 
less confidence in the POD for a given flaw depth. This may be due to inconsistency in 
detections, or to a small number of data points, or both. 

POD curves can be generated with or without FCP data included. In theory, the FCP information 
provides a measure of the probability of detecting a flaw of zero through-wall depth. For 
example, a flaw as shallow as a surface scratch would have a through-wall depth of essentially 
0 mm and would go undetected; that is, a flaw with through-wall depth of zero must necessarily 
have a POD of zero. Thus, the FCP is commonly included as data at d=0 to help the curve-
fitting process determine the y-intercept, or POD(0) (Cumblidge et al. 2010; Meyer and Heasler 
2017; Ramuhalli et al. 2018). This is particularly useful when there is an insufficient number of 
flaws with small through-wall depths to support a good fit of the data. To show the effects of 
including FCP versus not including it, PNNL created POD curves with and without the FCP as 
POD(0). Figure 10.1 shows the overall POD curves (solid lines) and 95% confidence intervals 
(dashed lines) with PNNL’s original approach (orange), PNNL’s alternative grading units (black), 
and EPRI’s results (blue). The figure shows the results of not using FCP (panel A) and using 
FCP (panel B) on the POD calculations. Note that the EPRI results were based on their 
published curve fit parameters and were only reproduced without the FCP or confidence 
intervals (PNNL did not have the information required to add the FCP and to properly duplicate 
their confidence intervals). Results show that including the FCP gives a more realistic POD(0) 
value, tightens the confidence intervals, and produces an S-shaped curve that is typically 
characteristic of POD curves. Appendix E of NUREG/CR-7246 (Ramuhalli et al. 2018) also 
shows a similar analysis of including versus not including the FCP data, and it was concluded 
that POD curves that include the FCP more accurately represent the actual reported flaw data. 
Note that the PISC, PARENT, and PINC round-robin reports also included the FCP in the POD 
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models (Cumblidge et al. 2010; Heasler et al. 1993; Meyer and Heasler 2017). Therefore, all of 
the following POD curves in this TLR follow the precedent and were calculated with the FCP 
included. PNNL acknowledges that there are other approaches to calculating POD, and PNNL 
will continue to monitor and evaluate emerging reports that can help establish industry 
standards. 

 
Figure 10.1. Comparison of POD curves with and without FCP. a) POD curves calculated 

without FCP. EPRI’s results are included for comparison. b) POD curves 
calculated with FCP as POD(0). Solid lines are POD and dashed lines show the 
95% confidence interval. 

Figure 10.1(b) shows the overall POD curves (including all teams as a group) for the two PNNL 
grading methods. The alternative, grading-units approach has a lower overall POD for flaws 
below about 25% through-wall, but for deeper flaws the POD curves converge.  

Figure 10.2 shows the POD curves of each team for the two PNNL grading methods. Compared 
to Teams A, B, and C, Teams E and G show narrower confidence intervals and steeper slopes, 
indicating better, more consistent detection performance overall. Also, smaller differences 
between the POD curves for the different PNNL scoring methods suggest that Teams E and G 
were less affected by the tighter grading units and therefore had overall better axial positioning 
accuracy. In particular, the POD curves of Team E showed overlap in the confidence intervals 
over the entire range of TW depths, suggesting no statistical difference between the grading 
methods for Team E. 
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Figure 10.2. POD curves for each team for the two grading approaches. The figures show 

POD curves (solid lines) with 95% confidence intervals (dashed lines). Methods 
are considered to be significantly different where the 95% confidence intervals do 
not overlap for a given TW thickness. 
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To further explore how Teams E and G were less affected by the alternative grading units, 
Figure 10.3 shows a POD comparison of the two groups of teams (high frequency versus low 
frequency) for the 36” specimens only (recall that on these specimens Teams A, B, and C used 
higher frequency and none of the teams had practice). With the PNNL original grading 
approach, Figure 10.3A) shows that the 95% confidence intervals of the POD curves for the two 
groups nearly overlap for most of the flaw size range, although Teams E and G (that used low 
frequency) consistently outperformed the other teams. However, with the alternative defined 
grading unit approach, Figure 10.3B) shows that Teams A, B, and C performed significantly 
worse; i.e., there is little overlap between the confidence bounds of the two groups. This is 
because the alternative approach, with the grading units that enclosed the true flaws, was much 
less forgiving than the original approach, where there were no axial limits to grading units. Thus, 
many reported flaws by the higher-frequency teams that were scored as detections or ignored in 
the original approach were deemed as false calls in the alternative approach because of poor 
axial positioning. The performance of the low-frequency teams, on the other hand, was more 
consistent. It is important to note that this POD comparison was completed before the 
destructive testing took place and therefore assumes the given through-wall true-states, which 
have been shown to be incorrect. These POD curves will be revisited in Section 13.0 in light of 
the DT results. 

 
Figure 10.3. POD in 36” specimens for team groups. The figures show POD curves (solid 

lines) with 95% confidence intervals (dashed lines). a) PNNL’s original approach 
shows slight statistically significant differences between the groups of teams 
between about 15–30% TW. b) PNNL’s alternative approach shows statistically 
significant differences between the groups of teams above about 10% TW. 
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11.0 Additional Observations 
This section explores some additional factors that had an impact on the overall RRS results. 
First, there were some flaws that were undetected from one or both sides of the weld, and the 
potential impact of dual-sided examinations is discussed. Second, the presence of the 
extraneous flaws in the 36” specimens is investigated. Initially, these flaws were thought to have 
minimal impact on the RRS; however, evidence suggests that the impact was stronger than first 
believed. Finally, in PNNL’s analysis of other teams’ UT scans, it was discovered that several 
flaws were detected but were not reported. The impact and causes of such false negatives are 
looked at in some detail.  

11.1 Undetected Flaws 

Ideally, all flaws in the CASS RRS would be detected by at least one team, but expectations 
may need to be recalibrated in light of the challenging nature of CASS inspections (Chockie and 
Griesbach 2013). Considering flaws in upstream and downstream scans separately, but not 
counting the ignored flaws, there were 6 flaws of 82 total, or 7%, that were not detected by any 
team. These flaws are detailed in Table 11.1. Note that one of these undetected flaws (counted 
twice, once as Flaw 5 in Specimen 12B and again in 12E) was located at the edge of the 
counterbore on the downstream side of the weld and was only 11% TW. However, due to the 
access limitation posed by the weld crown, this flaw could only be detected with far-side 
inspection angles greater than about 65°, which is possible but exceedingly challenging through 
coarse-grained CASS even without having to pass through the weld material (Diaz et al. 2018). 
Granting the challenges in CASS, only one flaw was not detected by any team from either side 
of the weld (36D Flaw 3). The true TW depth of the flaws in 36D is unknown because DT has 
not yet been conducted on that specimen. 

Table 11.1. Flaws missed by all teams 

Specimen Flaw Scan Direction TW % 
12B 5 Upstream 11 
12E 5 Upstream 11 
36C 1 Upstream 14 
36D 1 Downstream 24 
36D 3 Upstream 19 
36D 3 Downstream 19 

Note: 12B Flaw 5 and 12E Flaw 5 are the same physical flaw. 

Overall, results show good detection rates and low FCP from single-sided examinations of 
CASS. In particular, the two teams (E and G) that used lower probe frequencies had detection 
rates exceeding 75% and FCPs well below 10%. However, dual-sided examinations would likely 
improve detection rates even further, although it is impossible to speculate how a team would 
differently analyze dual-sided data. One could, with good justification, presume (as EPRI did in 
their simulated dual-sided analysis) that a flaw detected from at least one side of the weld would 
be reported as a flaw. Table 11.2 shows the number of flaws that each team detected from one 
side of the weld but not the other. With dual-sided examinations, many, if not all, of the single-
sided detections would presumably be reported as flaws, thereby increasing the overall 
detection rates. Indeed, EPRI confirmed this in their “simulated” dual-sided analysis. However, it 
is more difficult to make similar presumptions about false calls. The number of false calls may 
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be reduced by dual-sided exams where the evidence indicating a flaw may be less convincing. 
However, a conservative analyst may err on the side of caution and report the flaw regardless. 
Naturally, dual-sided exams should be conducted whenever feasible; however, configurations in 
plants will ultimately dictate the types of exams that are possible. 

Table 11.2. Number of flaws detected by each team from only one side 

Team 12” 28” 36” Total 
A 7 3 6 16 
B 6 2 3 11 
C * 2 5 7 
E 3 2 2 7 
G 2 1 1 4 

Total 18 10 17 45 
*Team C examined only one side of the 12" specimens due to time constraints. 

11.2 Extraneous Flaws 

The presence of extraneous cracks in the 36” specimens had an effect on the RRS results. 
These flaws appeared to be a ubiquitous consequence of the induction thermal fatigue process 
for growing deep flaws and may have been unavoidable in this application. Extraneous cracks 
were present on every 36” specimen with IGTFCs, as discussed in Appendix A, Section A.1.6, 
where Figures A.11 and A.10 show example photographs of the ID appearance of IGTFCs in 
Specimens 36C and 36F, respectively. Cross sections of the cracks are also shown in the 
destructive testing results in Section 12.0. For these IGTFCs, it was common for several 
discrete, extraneous cracks to extend axially from, and parallel to, the main crack. EPRI stated 
that it was possible for “some” of these extraneous flaws to be detected. EPRI reported that 
these cracks should not interfere with the RRS, because they were believed to be much 
shallower and shorter than the intended flaws and should therefore not impede the ability to 
detect the intended flaws. However, prior to the destructive testing proving otherwise, PNNL 
looked carefully at photographs of the flaws, examined their own UT scans, and considered the 
potential impact of the extraneous cracks on the round robin. PNNL initially concluded that the 
extraneous cracks probably had a minimal overall impact on the outcomes of the study, mainly 
because it is unlikely that the extraneous cracks completely masked the intended flaws from 
detection even if the extraneous cracks were themselves large enough to be detected and if the 
intended flaws were as deep as believed. Following the DT of 36A, however, it was revealed 
that many of the extraneous cracks were, in fact, deep enough to detect with UT and were even 
nearly as deep as the intended flaws, which were much less deep than anticipated. PNNL now 
concludes that extraneous flaws had a larger impact on the EPRI analysis than originally 
believed. EPRI ignored short calls (<50% of the true flaw length), and the extraneous flaws were 
shorter than the intended flaws (as can be observed from visual examination of the ID surfaces); 
therefore, most calls of extraneous flaws were likely too short to qualify as true detections. 
Recall, with no axial grading units, an errant call of an extraneous flaw would not be penalized, it 
would just be ignored due to the length criterion. The PNNL analysis was not affected by 
extraneous flaws because a length-based criterion was not used. 

One example of an extraneous flaw being reported instead of the intended flaw is Flaw 1 of 
36G. The photograph of this flaw (Figure 11.1) shows that there were two large cracks in the 
same circumferential location: the intended flaw near the weld centerline (blue arrow) and a 
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shorter extraneous flaw (green arrow) about 1.6 in. (40 mm) upstream of the intended flaw. 
Figure 11.2 shows a C-scan (top view) of a raster scan from the upstream side. One indication 
(green arrow) is approximately 1.6 in. (40 mm) upstream of a second indication (blue arrow). 
The positions of these indications approximately match the positions of the cracks shown in the 
scan in Figure 11.1. Therefore, the indication shown by the green arrow in the C-scan is likely 
the response from the extraneous flaw. The data suggest that five of the seven teams reported 
the extraneous flaw; this can be seen in Figure 11.3, as evidenced by the clustering of reported 
flaws at about −30 mm axial. Note that the intended flaws in 36G were both about 5.5 in. (140 
mm) long and were separated by only 1.7 in. (43 mm), so they appeared in Figure 11.2 to nearly 
merge and span the entire scan region. Thus, PNNL (and perhaps others) mistook the actual 
Flaw 1 signal (blue arrow), along with Flaw 2, to be weld root and reported the extraneous flaw 
instead. In this example, the extraneous flaw did not mask the intended flaw from detection, but 
its unequivocal presence in the UT data did result in confusion. With PNNL’s original grading 
approach and with EPRI’s approach, reported extraneous flaws were not penalized as false 
calls—they were counted as true calls or ignored. With PNNL’s alternative approach using 
grading units, reports of extraneous flaws were more likely to be counted as false calls. It is not 
possible for PNNL to determine how many times extraneous cracks were reported as flaws. 
Therefore, the overall impact of the extraneous cracks is unclear but should be considered 
when studying the outcomes of the RRS. 

 
Figure 11.1. Flaw 1 of Specimen 36G. The intended flaw (blue arrow) and a prominent 

extraneous flaw (green arrow) are visible. The approximate location of the weld 
centerline is indicated by the dashed red line. The downstream direction is to the 
right. 
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Figure 11.2. An extraneous flaw in 36G was detected in the UT scan. This C-scan shows the 

intended flaw (blue arrow) and an additional signal (green arrow) believed to be 
from the extraneous flaw. The downstream direction is to the right. 

 
Figure 11.3. Specimen 36G true-state and participant calls. 

11.3 PNNL Data Review 

PNNL made several observations during their limited review of participants’ data in 2018. These 
observations are summarized below by participating team. Note that the term “missed flaw” 
below refers to a flaw that was detected, or was apparent in the scan data to PNNL analysts, 
but was not reported. 
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Team A 

• 12D Downstream (DS) – It appears that three flaws were detected with weaker evidence 
of a fourth, but none of them were reported. These detections occurred at high focal 
laws of about 68°–71°. Three of the four flaws were reported for this specimen when it 
was presented as 12A. Figure 11.4. Result: three missed flaws. 

• 28A DS – PNNL observed a strong echo response from Flaw 1, but this flaw was not 
reported. Flaw 2 was called, but it appears that the team was actually reporting a root 
condition. The actual response from Flaw 2 can be seen with careful gating. Figure 11.5. 
Result: one missed flaw. 

• 28D DS – Flaw 1 is clearly visible but was not reported. There is evidence that Flaw 2 is 
visible at multiple focal laws, but it was also not reported. Both of these flaws were 
adjacent to weld root and/or counterbore and may therefore be easily missed if the team 
did not practice on similar specimens. Figure 11.6. Result: two missed flaws. 

• Summary: There were six unreported flaws in these three data sets. 

Team B 

• 12A DS – This team reported one flaw, but all four flaws are visible, especially at high 
angles (59°–71°). Figure 11.7. Result: three missed flaws. 

• 28A Upstream (US) – They called a short portion of Flaw 2. The data suggest that the 
entire flaw was visible ~62° focal law and could have been reported. The call was 
credited by PNNL grading criteria but not by EPRI because it did not meet length 
requirements. Result: one missed flaw using EPRI’s grading rules. 

• 36I US – They made multiple calls of Flaws 1 and 3, but they missed Flaw 2. The data 
show that Flaw 2 was visible. Result: one missed flaw. 

• Summary: There were at least four unreported flaws in two of these data sets. 

Team C 

• 12A DS – This team reported both counterbores but none of the flaws. The data show 
that flaws 1 and 5 are visible. In PNNL’s opinion, responses from Flaws 2 and 3 are 
apparent but not compelling. Result: two missed flaws.  

• 28C DS – They were the only team to miss Flaw 2. The flaw was evident as a mode-
converted response at ~60° but was not reported. Figure 11.8. Result: one missed flaw. 

• 36B DS – This was the only team to miss Flaw 1; however, this flaw was visible at ~35°. 
A very high gain was used in this scan resulting in emphasized noise responses that 
may have obscured this flaw somewhat. Result: one missed flaw. 

• 36C DS – No flaws were reported, but Flaw 1 is clearly visible and Flaw 2 is marginally 
visible but perhaps not compelling enough to report. Result: one missed flaw. 

• Summary: There were five missed unreported in these four data sets. 

Team E 

• 12B US – Flaw 5 was visible at high angles (>55°), although a short scan range 
truncated the data. Figure 11.9. Result: one missed flaw. 
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• 12D US – Three flaws were missed but are apparent in the data. The SNR was low, so 
this team may have mistaken flaw signals for weld root. Result: three missed flaws. 

• 28A US – This was the only team to miss Flaw 1. Their data show the flaw manifest as a 
gap in the weld root signal, but it appears that no direct signal from the flaw was seen. 
Flaw 2 was faintly visible, particularly at low angles (~23°); perhaps the detection was an 
implantation artifact. Figure 11.9. Result: at least one missed flaw. 

• 36C DS – Flaws 2 was visible, although signal was not strong and was comparable to 
intermittent counterbore. Result: one missed flaw. 

• Summary: There were six unreported flaws in three of these data sets. 

Team G 

• 12B DS – They were the only team to correctly call Flaw 5 near the counterbore. 

• 28A US – Both flaws were called but with poor axial positioning. They were one of only 
two teams to report Flaw 2. 

• 36C DS – This was the only team to call Flaw 2. All three flaws appear visible in the low-
frequency scan but Flaw 1 was not reported. Only one other team reported Flaw 1. 
Result: one missed flaw. 

• Summary: There was one unreported flaw in one of the data sets. 

EPRI Fingerprint Data 

PNNL reviewed a subset of the EPRI data used to fingerprint the specimens. EPRI scanned the 
specimens with multiple PA probes using both low and high frequencies (< 1 MHz and ≥ 1 MHz, 
respectively). It should be noted that EPRI scanned across the weld centerline on all the 36” 
specimens, both in the DS and US directions. Thus, some flaws may have been more readily 
detected in the fingerprint data than in the RRS (recall that RRS participants were prohibited 
from scanning across the weld). Below are some of PNNL’s opinions from their assessment of 
the data. 

• 12B DS – Flaw 5 was clearly visible at high angles (~60°) and could be distinguished 
from the counterbore. 

• 36A – This is the specimen that was destructively tested. Both flaws were visible, but the 
flaw lengths did not appear to be consistent with the original true-state. As with most 
participants, and consistent with the DT results, the flaw lengths appeared to be short.  

• 36C DS – Flaw 3 is not visible. Flaw 1 might be visible, but the coarse angular resolution 
used makes it difficult to confirm a detection. 

• 36C US – Flaw 1 is not visible. No teams identified this flaw. 

• 36D US – Flaw 3 is not visible. No teams identified this flaw. 

• 36D DS – Flaws 1 and 3 are not clearly visible, although they are possibly visible in one 
angle of a scan. Again, coarse angular resolution makes it difficult to confirm. 

• Summary: Some flaws in 36C and 36D were not detected by the EPRI fingerprinting 
data.  
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Summary of all observations: 

Many flaws were detected but not reported. In the limited set of scans that PNNL reviewed, at 
least 22 flaws were detected but not reported. Both human factors and inspection protocols may 
have contributed.  

Human factors issues may have contributed to the failure to report detected flaws. Flaws that 
are detected but not reported can be referred to as “false negatives.” The rate of false negatives 
cannot be calculated without an independent assessment of all the teams’ data, but such an 
assessment may shed light on the severity of human factors issues in CASS examinations and 
how they can best be overcome. Human factors issues may include: rushed analysis due to 
time restrictions, failure to deeply investigate the data (especially higher angles), lack of practice 
on the specimen set, unfamiliarity with characteristic coherent grain echoes in CASS, and 
analyst fatigue (Sanquist 2021). 

Some teams may have been affected by data acquisition protocols that were not well suited for 
CASS examinations. Based on PNNL’s observations, the following protocol issues are posited. 
1) Probe frequency is one important factor. Some scans with high-frequency probes appeared 
to be challenged by high noise and/or low signal. In some instances, high hardware gain may 
have been used to compensate for poor signal at high frequencies, further emphasizing the 
noise background. 2) Low angular resolution (e.g., angular step sizes ≥5°) can exacerbate poor 
SNR, particularly when data merging techniques are used. 3) When possible, it is critical to 
implement dual-sided analysis in situations where detection is difficult, such as CASS. In the 
RRS, teams were not permitted to do a dual-sided analysis even though such analyses are 
common in field inspections and PDI exams. 4) Failure to include some overlap in a 360° scan 
can make it difficult to detect flaws that span the 0° circumferential marker. For example, Flaw 3 
of 12D was split on the 0° circumferential marker.  

A few flaws were not detected by any team or found by PNNL in the EPRI fingerprinting data. 
Since it has been determined by consensus that these flaws were not detectable, a separate 
analysis excluding these flaws might be of interest. It is rare for an intentional or implanted to go 
undetected. It is important to understand what makes a flaw undetectable so that detection 
methods can be effectively evaluated. Therefore, DT on the undetected flaws would be 
instrumental in helping to ascertain why they were not detected.  

Overall, the limited analysis of other teams’ data show that detection capabilities in CASS are 
better than the RRS results suggest due to the failure of teams to report some detected flaws 
and due to the inclusion of a few undetectable flaws. Recall that the intention of the RRs was to 
assess “evaluate the detection performance of modern NDE equipment and techniques” (EPRI 
2018) (emphases added). However, determination of true detection rates is impossible without a 
full re-analysis of all the data. Results suggest that training and practice will be especially 
important in preparation for CASS field exams so that flaws that are detected but difficult to 
discern will be reported. 
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Figure 11.4. Team A, Specimen 12D, DS scan, 71°. Three flaws are visible and one (Flaw 3) is 

marginally visible. Overlap in the scan range resulted in detection of Flaw 1 twice. 

 
Figure 11.5. Team A, Specimen 28A, DS scan, 47°. Flaw 1 is visible adjacent to weld root. 
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Figure 11.6. Team A, Specimen 28D, DS scan, 41°. Flaw 2 is visible adjacent to weld root 

and counterbore. 

 
Figure 11.7. Team B, Specimen 12A, DS scan, 68°. All four flaws are visible, but only Flaw 1 

was reported. 
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Figure 11.8. Team C, Specimen 28C, DS scan, 60°. Flaw 2 is visible. 

 
Figure 11.9. Team E, Specimen 28A, US scan, 51°. Flaw 1 is indirectly detected as a shadow 

in the weld root. 
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Figure 11.10. Team E, Specimen 12B, US scan, 57°. Flaw 5, adjacent to counterbore, is 

visible. Data were truncated by a short scan range. 
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12.0 Destructive Testing Results 
Destructive testing is necessary to characterize the flaw profiles and verify true-state depths in 
specimens where the actual flaw sizes are uncertain, which includes all RRS specimens with 
IGTFCs. EPRI initially selected 36A for DT. Flaw 1 was serial-sectioned axially at 0.2 in. (5 mm) 
increments to reveal the circumferential profile. Flaw 2 was split circumferentially to reveal the 
entire axial profile. In both cases, the true flaw depth and profile were measured along the 
length of the flaws. In September of 2020, EPRI presented the DT results to PNNL and NRC 
staff. 

Figure 12.1 shows a cross-sectional view of Flaw 1. The approximate location of the weld 
centerline is shown with a red line (labeled WCL), and the upstream (US) and downstream (DS) 
sides of the weld are labeled. The arrow indicates the location of the intended flaw. Many 
extraneous flaws are also visible. Note that a few of them are nearly as deep as the intended 
flaw. Figure 12.2 is an additional cross-section of the intended flaw with greater magnification. 

 
Figure 12.1. Cross-sectional profile of Flaw 1 in specimen 36A. The red line is the approximate 

position of the weld centerline, and the arrow indicates the intended flaw. 
Photograph courtesy of EPRI (annotations added) (Latiolais and Stevens 2021) 

 
Figure 12.2. Close-up of Flaw 1 of 36A. The scale bar indicates that the flaw is about 10.6 mm 

(0.42 in.) deep. Image courtesy of EPRI (Latiolais and Stevens 2021) 
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Figure 12.3 shows the circumferential profile of Flaw 2. The flaw is the dark, reddish region of 
the section, which has been stained by oxidation and/or penetrant from penetrant testing. Notice 
the profile of the flaw is not uniform; rather, it is very shallow for most of the length of the flaw, 
but in the center it forms an elliptical-shaped peak.  

 
Figure 12.3. Circumferential profile of Flaw 2 of 36A. The reddish-brown area (stained by 

oxidation and penetrant) shows the flaw profile. Image courtesy of EPRI. (Latiolais 
and Stevens 2021) 

The profiles of both flaws are illustrated in Figure 12.4. The red lines indicate the actual flaw 
profiles, and the brown dashed lines indicate the intended flaw profiles. The flaws were about 
half as deep as intended. The deep central regions were flanked by sections not deeper than 
about 5% through-wall (about 0.13 in., or about 3 mm) and were therefore probably not 
detectable. At 500 kHz, the wavelength in steel is about 0.5 in. (12 mm), so most of the flaw 
only penetrated about ¼ of a wavelength, which is below the theoretical resolution for detection. 
Even at 1 MHz, used by Teams A, B, and C, most of the flaw would be about ½ wavelength 
deep, which is near the theoretical resolution limit for detection (assuming the 1 MHz pulse was 
able to penetrate the CASS and return an echo without significant attenuation, redirection, and 
scatter). About 1 in. (25 mm) of Flaw A was deeper than 5% TW, while about 1.5 in. (38 mm) of 
Flaw B exceeded 5% TW. These >5% TW lengths are significantly shorter than the intended ~4 
in. (~100 mm) flaw lengths and are less than the EPRI 50% length criterion for detection. 
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Figure 12.4. True-state flaw profiles and depths of 36A. Data obtained from destructive testing 

(red lines) are compared to the intended true-state (dashed lines) for Flaw 1 (top) 
and Flaw 2 (bottom). Measurements are in inches or percent TW. Images courtesy 
of EPRI. (Latiolais and Stevens 2021) 

With the actual true-states of the flaws in 36A now known, comparisons can be made with the 
flaw calls made by the RRS participants. Figure 12.5 was adapted from Figure E.11 in Appendix 
E. It shows a plot of the lengths and locations of the intended flaws (solid red lines) and the 
flaws reported by the participants. Added to the plot are black lines indicating the approximate 
portions of the intended flaws deeper than about 5% TW and red dashed lines indicating 
approximate locations (but not lengths) of unintended flaws in the vicinity of Flaw 1 that are also 
deeper than about 5% TW. These location and depth measurements were taken from Figure 
12.1; such information on Flaw 2 was not available. The lengths of the unintended flaws are not 
known, but the lengths can be estimated from specimen photographs in Appendix B.  
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Figure 12.5. Charts showing positions of intended flaws, reported flaws, and some extraneous 

flaws in 36A. Solid red lines: intended flaws. Dashed red lines: extraneous flaws 
with >5% TW depth. Black lines: length of the intended flaws where TW depth is 
>5%. Other colored lines: flaw calls by participating teams. Gray vertical lines: 
EPRI grading unit boundaries. Gray boxes: PNNL alternative grading units. Note 
that positions of extraneous flaws with >5% TW are only known for Flaw 1. 
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There are several items to note from Figure 12.5: 

• Reported flaws that were far from the intended flaws can now be positively accounted for 
as calls of unintended flaws. For example, in the downstream data of Flaw 1, several 
teams called a flaw at about the 40 mm position. In PNNL’s second analysis, in which 
grading units were used (indicated by the gray boxes in the plots), such calls were 
treated as false calls because they were outside the grading unit. In reality, however, 
they should be counted as true calls because they correctly identify the location of an 
actual flaw that was deep enough to detect. 

• Almost all of the reported flaw lengths were consistent with the portions of the intended 
flaws > 5% TW. Assuming that detection of flaws < 5% TW is not expected in these 
CASS specimens with appropriate inspection frequencies, this means that the reported 
flaw lengths are consistent with the flaws’ true-states and accurately reflect detection 
capabilities in CASS. It is now clear that EPRI’s decision to impose a length-based 
criterion for detection did not accurately account for actual detection rates.  

• Reported flaw lengths were far more accurate than previously believed (assuming again 
that there is no expectation of detecting flaws as shallow as 5% TW in the 36” 
specimens), therefore causing EPRI’s calculated RMSE values of reported lengths to 
also be erroneous. Any RMSE length calculations that include the IGTFCs in this RRS 
will not accurately reflect true detection capabilities. Consequently, EPRI’s RRS 
conclusions should not be relied on as a basis for supporting probabilistic fracture 
mechanics (PFM) models for CASS or to underpin ASME Code related decisions. 

• Overall, the reported flaw lengths and locations by RRS participants appear to be 
consistent with the DT results for this limited sample. 

Based on the DT results and the nature of the flaw calls in the 36” specimens, PNNL surmises 
that the actual TW depths of many, if not all, of the other IGTFCs in this RRS are not consistent 
with the presumed true-states. Note that the 36” specimens that are not affected are 36E (no 
flaws), 36I (no IGTFC flaws), and 36J (no flaws), leaving six additional candidates for DT. If the 
flaw true-states in these six specimens can be learned, then the RRS data could be re-analyzed 
and the true detection capabilities in CASS could be better quantified. PNNL encourages this 
course of action. 

PNNL calculated RMSE for the specimen 36A true calls, first for the original true-state then for 
the portion of the flaw that was found through DT to be >5% TW. The >5% TW lengths of the 
flaws were measured from Figure 12.4 (by using ImageJ and calibrating the pixel size to the 
shown flaw lengths) to be 29.21 mm and 37.34 mm (1.15 in. and 1.47 in.), respectively 
(rounding was performed at the end of the RMSE calculations to avoid propagating rounding 
errors). RMSE was calculated for different scenarios of high-frequency teams, low-frequency 
teams, near-side detections, and far-side, or through-weld, detections. Results were not broken 
out by team because there were not enough detections for reliable calculations. Table 12.1 
shows the RMSE results; “DT True-state” refers to the portion of the flaw that is >5% TW. Note 
that all teams detected all the flaws, so the detection rate was 100% for this specimen. 
Highlighted RMSE values are those that fall within Supplements 2 or 10 length-sizing 
qualifications. Even though the round robin was primarily focused on assessing detection 
performance in CASS, flaw sizing performance was also evaluated. Results show that accurate 
length sizing was realized with low-frequency probes and near-side detections. Note that depth 
sizing RMSE was not calculated, because very few flaw tips were detected. 
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Table 12.1. Length RMSE of 36A Flaw Calls. 

Scenario 
Number of 
True Calls 

RMSE 
(mm) 

All Teams (A, B, C, E, G), 
Original True-state 

20 84.4 

All Teams (A, B, C, E, G), 
DT True-state (>5% TW) 

20 19.4 

High-Frequency Teams (A, B, C), 
DT True-state 

12 21.1 

Low-Frequency Teams (E, G), 
DT True-state 

8 16.4 

All Teams, 
DT True-state, 

Near-Side 

10 6.6 

All Teams, 
DT True-state, 

Far Side 

10 26.6 

To get an idea of how the detection probabilities would be affected by the DT information, PNNL 
recalculated the POD curves for the 36” specimens assuming that the problem with the IGTFC 
growth process was systematic. Thus, PNNL assumed true-states of all the IGTFCs in the 36” 
specimens were half of the originally reported values. Figure 12.6 shows the POD curves based 
on PNNL’s original grading criteria, before the recalculation (left) and after (right), with separate 
curves for the high and low-frequency teams (as with the curves shown in Figure 10.3). Results 
show that the probability of detecting 20% TW flaws with low-frequency probes in these 
specimens is essentially 100%, while detection with the high-frequency probes was about 80%. 
Detection of 10% TW flaws is expected to be about 60% and 30% for low- and high-frequency 
probes, respectively. Although the actual true-state of most of the IGTFCs is not yet known, 
extrapolation from the destructive tests performed to date suggests that reliable 
detection of thermal fatigue cracks of ≥20% TW depth in CASS is currently and readily 
achievable with available technology. 
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Figure 12.6. Recalculated POD curves for the 36” specimens. Curves show POD in the 36” 

specimens for the teams using high-frequency probes (A, B, C) and low-frequency 
probes (E, G). a) Original POD curves. b) Recalculated POD curves assuming 
that all IGTFCs were half as deep as originally reported. Gray vertical lines are at 
the 5%, 10%, and 20% TW. Dashed lines show the 95% confidence intervals. 
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13.0 Discussion 
As part of the activities conducted under the NRC/EPRI MOU, PNNL was asked to report on 
“the conduct of the testing, results of the examinations, and independent data analysis” (Weber 
and Wilmshurst 2017). Results and analysis of the examinations have been detailed in the 
sections above. In this section, PNNL identifies several factors in the management and conduct 
of the tests that affected the overall outcome of the RRS. It is impossible to quantify the 
significance of each factor, so they are discussed below in no particular order. 

13.1 Grading Criteria 

The grading criteria are the key to understanding and interpreting the data. Different grading 
criteria were independently developed specifically for the RRS by EPRI and PNNL to classify 
reported flaws as true calls, false calls, or non-detections (ignored). As has been shown in this 
TLR, different grading criteria result in significantly different outcomes and even contradictory 
conclusions about the efficacy of flaw detections in CASS. In particular, EPRI concluded that no 
teams achieved the “desired performance” of ≥80% detection rate and ≤20% false call rate, 
whereas PNNL concluded—from evaluating the same data—that one team had a detection rate 
>80% and every team had a false call rate below 17%, even when counting geometry calls as 
false calls.  

An important aspect of grading criteria is that they be designed such that the goals of the study 
can be realized without introducing complicating or confounding factors. EPRI stated that their 
primary aim for the CASS RRS was to “evaluate the detection performance of modern NDE 
equipment and techniques” for the examination of flaws in CASS components; therefore, the 
primary goal of the PNNL analysis was to determine detection capabilities. Grading criteria that 
incorporate factors beyond detection, such as characterization performance (i.e., length or 
depth sizing), will result in a skewed outcome. PNNL treated detection independently from any 
flaw characterization, including length sizing, in order to get an unhampered picture of detection 
capabilities. Implementation of grading criteria that conflate detection and length sizing 
complicate interpretation of both without providing meaningful insight into either. 

13.2 Grading Units 

Grading units are commonly used to aid in scoring round-robin data, and their application can 
have a strong impact on the results. In PNNL’s original analysis, grading units were not used in 
lieu of other grading criteria that accounted for geometrical features. In a subsequent alternative 
analysis, PNNL applied conventional, box-shaped grading units and showed how results were 
affected. Differences in the detection rate and false call rate were noted. Overall results were 
consistent with the original method, implying that the RRS can be equitably scored with grading 
units and strict grading criteria. Note that the PNNL grading units did not account for extraneous 
flaws that were later revealed by DT to have TW depths comparable to the intended flaws. 
Thus, some correct flaw calls were counted as false calls in the PNNL analysis with grading 
units. Even so, the purpose was to demonstrate how grading units could be applied to the 
specimens in this RRS, where flaws were generally too closely spaced to equitably apply 
conventional grading units. 

When PNNL compared their original results with EPRI reported results, significant differences in 
the false call rate were found; see Figure 7.2. PNNL determined that the grading units and 
scoring methods were the underlying reason for the elevated number of false calls reported by 
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EPRI. This was shown to be caused by making the unflawed grading units much shorter than 
the flawed grading units and subdividing reported flaws so that each can be counted as multiple 
false calls. The result was the false calls, particularly on the unflawed specimens, had a higher 
probability of crossing multiple unflawed grading units and therefore being counted as multiple 
false calls. In other words, the absolute and relative size of the grading units will significantly 
impact the results and should be carefully chosen, preferably with a statistical basis. 

In essence, PNNL showed that a wide range of results can be obtained from the same data 
based solely on the grading criteria used. Therefore, it is critical that the grading criteria be 
chosen carefully such that unbiased results can be obtained and the RRS objectives can be 
realized.  

13.3 Geometry Conditions were Strong Confounders for Some Teams 

The EPRI test plan stated, “Discrimination between cracking defects and non-relevant ID 
surface features (such as counterbore and root conditions) shall be part of the evaluation 
process.” Indeed, the presence of weld root and counterbore played an important role in the 
RRS. Many reported flaws were actually geometry signals, which led to an increase in FCP, 
especially in the EPRI analysis.  

PNNL found that the geometries designed into the 12” and 28” specimens resulted in a high 
number of false calls (see Figure 7.2)—far more than were caused by the CASS parent 
material. PNNL was able to quantify this by separately counting the false calls due to geometry 
and those not due to geometry. The impact of added geometries was illustrated in Section 7.5 
with Specimen 28B, where several teams reported the counterbore and/or weld root as flaws. 
However, the specimen most responsible for false calls was 12C (and 12F), where unusual 
“preexisting ID conditions” contributed to 57% of EPRI’s false calls and 28% of PNNL’s false 
calls (in the original analysis). From laser-profile imaging, PNNL found that this specimen had 
up to 37% of the through-wall thickness in the weld region removed from the ID. EPRI stated in 
their report that “it is unknown whether the weld would have been put in service or if this 
condition exists in the fleet” but chose to include it in the RRS anyway. PNNL asserts that this 
specimen was not representative of field conditions and would not have passed ASME Code, 
Section III criteria and should not have been included in the RRS. Specimens with distinctive 
and highly unusual ID surface conditions not seen in the field can pose particular challenges to 
RRS participants and therefore result in a disproportionately high number of false calls. While 
PNNL has no objection to the inclusion of representative geometries in RRS specimens, PNNL 
believes that several of the added geometries were less representative of typical field ID surface 
conditions than they were of worst-case scenarios.  

13.4 Impact of Practice 

The inconsistent use of practice appears to have had a significant impact on the overall results. 
In particular, results from the 12” specimens, where all teams used high-frequency probes, 
showed that the three teams that did not practice (A, B, and C) had significantly lower detection 
rates and higher FCPs (see Figures 7.1 and 7.2). As EPRI noted, the practice specimens were 
similar to the RRS specimens except that the true-state of the practice specimens was provided, 
so practice helped teams identify the varied signatures of geometrical features, flaws, and other 
background signals. The results showed that teams that did not practice reported geometrical 
features as flaws more often. Furthermore, in PNNL’s experience, practice gives understanding 
of how limited scan access due to weld crowns affects the ability to detect flaws while giving 
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valuable information about the inspection angles needed. Thus, as the data suggest, teams that 
did not practice may have been affected more by the presence of the weld crowns. The issue of 
inconsistent practice was a confounding variable to the goals of the RRS; namely, to the 
assessment of detection capabilities in CASS. To eliminate practice as a confounding variable 
in future round robins, all teams should be required to practice on the same specimens over a 
consistent and specified time period or practice specimens should not be provided to any 
teams.  

13.5 Probe Frequency 

The primary goal of the RRS was to “evaluate the capabilities of currently available NDE 
techniques” in examining CASS (EPRI 2017). PNNL’s published CASS research has 
established that low-frequency (500 kHz) PA is the most effective NDE technique currently 
available for examining thick-walled, coarse-grained CASS (i.e., wall thicknesses greater than 
about 1.6 in. [41 mm]) (Anderson et al. 2007; Anderson et al. 2011; Diaz et al. 2012). In the 
RRS, the 28” and 36” specimens were 2.0 in. (51 mm) and 2.7 in. (69 mm) thick, respectively. 
On these thicker RRS specimens, the two teams (E and G) that used low-frequency probes had 
higher detection rates and lower FCP than the three teams that used higher-frequency probes. 
Based on years of NDE CASS research, it is understood that the use of higher frequencies (≥1 
MHz) on thick-section CASS materials will lead to increased FCPs and reduced detection rates. 
To demonstrate the best currently available techniques and to eliminate probe frequency as a 
variable in future CASS round robins, all participating teams should be required to use low-
frequency probes on materials >1.6 in. (41 mm) thick.  

13.6 Examination Volume 

It is important to consider how the examination volume may help inform field inspections and 
Supplement 9 development. The defined examination volume for the RRS specimens is shown 
in Figure D.1the examination volume as defined for all specimens, extended to 0.25 in. (6 mm) 
past the counterbore and encompassed the inner 1/3 thickness. The EPRI report explains that 
the upstream and downstream examination volume limits were based on the risk-informed ISI 
volume described in ASME Code, Section XI, CC N-716 (Alternative Piping Classification and 
Examination Requirements, Section XI, Division 1), which extends just beyond the counterbore. 
The examination volume used in the RRS is consistent with footnote 1 of CC N-716. The EPRI 
report did not address the rationale for choosing the footnote 1 examination volume, considering 
the number of examination volumes that have been approved and are currently being 
implemented and the number of licensees applying each method. It is not known what 
percentage of CASS weldments in the industry share the examination volume that was chosen 
for the RRS. Such information could affect the general applicability of the results with respect to 
informing the development of Supplement 9. CC N-716 provides a risk-informed examination 
option for Class 1 or 2 piping in lieu of the prescriptive examination requirements in Section XI. 
Class 1 CASS weldments in reactor coolant systems are typically classified as high safety 
significant under a risk-informed ISI program either because the weldments contain Alloy 82/182 
materials and are susceptible to primary water stress corrosion cracking (PWSCC), or the 
pressure-retaining welds were categorized as such using both probabilistic and deterministic 
insights. Table 1 of CC N-716 addresses examination categories. With respect to CASS 
weldments, item R1.11 of Table 1 addresses high safety significant piping structural elements 
subject to thermal fatigue, and item R1.15 addresses piping structural elements subject to 
PWSCC. Both items reference (via footnote 1) Section XI, Figure IWB-2500-8(c), which defines 
an examination volume (i.e., C – D – E – F) that extends 0.25 in. (6.4 mm) beyond the weld into 
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the base metal on the inside surface of the pipes. However, CC N-716 further extends the 
examination volume to include the counterbore transition. It should be noted that the CC does 
not address thermal aging embrittlement and a corresponding examination volume. 

An example of an implemented examination volume is given in the following relief request. In a 
letter dated September 27, 2007, the licensee for the Millstone Power Station Unit 2 (MPS2) 
requested approval from the NRC to allow the use of a limited, one-sided UT examination 
technique for eight 36 in. (910 mm) OD reactor coolant system DMWs with CASS safe ends that 
are welded with Alloy 82/182 material. The MPS2 risk-informed ISI program requires that these 
welds be examined using Section Xl (i.e., Figure IWB-2500-8) in conjunction with the UT 
examination requirements outlined in WCAP-14572, Revision 1-NP-A. The requirements in 
Examination Category R-A, “Risk-Informed Piping Examinations,” WCAP-14572 Revision 
1-NP-A, Table 4.1-1, require that some of the base material on either side of the weld and butter 
be UT examined but does not specify that this material should include the counterbore 
transitions.  

13.7 Destructive Testing 

Destructive testing of one 36” specimen revealed that the actual true-states of the IGTFCs did 
not agree with the presumed true-states. In fact, the actual flaws were about half as deep as 
expected, and the detectable portion of the flaw was less than half as long. Furthermore, the 
presence of relatively deep extraneous flaws was confirmed by DT. In light of the DT results, the 
data appear to indicate that teams were overall successful at detecting the IGTFC flaws. DT 
should be done on the other relevant specimens, so that a correct analysis on POD and length 
sizing can be performed. It is likely that such an analysis would result in the determination that 
detection performance in CASS is better than original conclusions implied. 

13.8 Relevance and Context of the RRS to Supplement 9 Development 

Thus far, this report has focused on the technical aspects of PNNL’s analyses regarding the 
CASS RRS and its results. This report has identified various factors that contributed to the 
differences between EPRI’s and PNNL’s results from the RRS. These results have been 
reviewed and presented in terms of detection performance in CASS. However, it is also 
important to understand the relevance and context of the PNNL analyses in terms of existing 
regulatory requirements, current ASME Code actions, and planned future activities being 
pursued by the industry regarding CASS examinations. In particular, the results of the RRS can 
be used to support the development of Section XI, Appendix VIII, Supplement 9. 

A placeholder for Supplement 9 first appeared in the 1992 Edition, 1993 Addenda of Section XI, 
Appendix VIII and has been “in course of preparation” for nearly 30 years. Over this time, 
inspection relief has been justified due to the significant flaw tolerance and large critical crack 
sizes in CASS piping. That is, one of the objectives of such a PFM approach is to determine 
whether periodic, PDI-qualified UT is necessary to address both axial and circumferential 
cracking in CASS. In addition, multiple arguments have been used to help substantiate a basis 
for reduction or elimination of CASS exams: CASS material toughness, CASS corrosion 
resistance, and the lack of previously detected degradation in CASS piping. However, since 
CASS examinations have never been conducted at any meaningful level across the commercial 
NPP fleet, the lack of degradation in CASS piping cannot be validated.  

In support of the NRC’s Defense-in-Depth philosophy to safety, PNNL believes that the CASS 
RRS results, along with previous CASS research, provide a solid technical basis to support 
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development of Supplement 9. Considerations for the technical basis and draft requirements for 
Supplement 9 are provided in Appendix F. The appendix identifies requirements for inclusion in 
a performance demonstration (qualification) process, including descriptions of specific criteria, 
notes summarizing the basis, rationale for these requirements, and supporting technical 
references. Finally, Appendix F also identifies gaps and poses relevant questions that should be 
addressed during Supplement 9 development. 

The general requirements proposed in Appendix F were guided by requirements used in other 
supplements; however, the specific inspection challenges introduced by CASS materials were 
addressed. That is, these requirements were specifically tailored to the unique challenges that 
CASS microstructures pose to UT examinations. In addition, PNNL focused on relevant and 
potential degradation mechanisms inherent in CASS and reviewed the wide range of research 
conducted in fracture mechanics analyses of CASS materials. The proposed set of qualification 
requirements and technical considerations in Appendix F can be used to facilitate the discussion 
and development of Supplement 9. 
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14.0 Conclusions 
The EPRI CASS RRS represents progress toward understanding current capabilities of flaw 
detection in CASS piping and the development of Appendix VIII, Supplement 9 performance 
demonstration criteria. PNNL’s analysis of the RRS can be used to make a direct contribution to 
the development of Supplement 9. Below are the key issues that affected the RRS.  

Issues that affected detection and POD: 
• PNNL considered the data both holistically and by assessing each reported flaw, with a 

focus on evaluating flaw detection capabilities. ERPI used a strict length-based 
approach with a focus on team performance. The different approaches resulted in 
significant differences in detection rates (see Sections 6.3 and 8.1). 

• As described in Section 11.3, not all flaws that were detected were reported, and the 
detection rates calculated in the RRS analyses by both PNNL and EPRI do not account 
for these false negatives. To determine actual detection capabilities in CASS—the 
capabilities of the equipment and techniques used—human factors issues related to 
finding and reporting flaws should be isolated from flaw detection.  

• The presence of weld crowns on many specimens forced the use of higher detection 
angles to insonify flaws on the far side of the welds. This was described in Section 9.3. 
The generally poor focusing of PA probes at high angles and the increased path lengths 
through CASS challenged flaw detection, resulting in many undetected and unreported 
flaws.  

• POD curves generated by extrapolating from the destructive tests performed to date 
(see Section 12.0) suggest that reliable detection of thermal fatigue cracks of ≥20% TW 
depth in CASS is currently and readily achievable with available technology. 

Issues that affected false calls and FCP: 
• The high number of false calls might be interpreted as meaning CASS is difficult to 

inspect due to coherent signals that reflect from grain structures. In fact, very few false 
calls were attributed to parent material grain structures and not ID conditions. As shown 
in Section 8.2.3, one specimen (12C) contributed to a disproportionate share of false 
calls—about 57% and 28% of false calls reported by EPRI and PNNL, respectively—due 
to an unusual ID geometry that would not be found in a plant (see Section 4.3.3). Other 
ID geometries were also responsible for many false calls, as discussed in Section 7.5.  

• The choice of grading units played an important role in EPRI’s analysis. As shown in 
Section 8.2.2, the flawed grading units were on average twice as large as the unflawed 
grading units, and no spacing was created between grading units. The result was that 
false calls were more likely to span multiple unflawed grading units such that one 
reported flaw could be responsible for multiple false calls, thus artificially inflating the 
number of false calls (see Section 8.2.1). 

Other issues that affected participants’ performance: 
• Several participating teams used high frequency (≥ 1 MHz) UT probes that have been 

demonstrated by researchers to be less effective in thick-walled CASS. Results in 
Section 7.2 show that these teams did not perform as well as the teams that used lower-
frequency probes. POD curves in Section 10.0 show that teams that used higher-
frequency probes were less successful overall in identifying flaws and avoiding false 
calls. 
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• The inconsistent use of practice specimens by participating teams was a confounding 
factor in the analysis. Section 7.2 shows that teams that practiced had lower FCP and 
higher detection rates, whereas teams that did not practice had a higher propensity for 
calling geometry features as flaws. PNNL found the practice specimens to be valuable 
for learning to differentiate between the counterbore, weld root, and flaw signatures of 
the RRS specimens. 

• As discussed in Appendix D, protocol variations and changes to the EPRI test plan may 
have contributed to teams’ performance by altering their data acquisition and/or analysis 
approaches once they were already on site at EPRI for the RRS.  

Issues with the specimens: 
• A primary objective for the CASS RRS was to “evaluate the detection performance of 

modern NDE equipment and techniques” for the examination of flaws in CASS 
components to guide development of future Supplement 9 requirements. As described in 
Section 4.0, some of the RRS specimens were not representative of typical field 
configurations, and the placement of flaws was not representative of where flaws have 
been detected in the field (e.g., as reported from inspections of dissimilar metal welds). 
Furthermore, statistical analysis showed bias in flaw placement with respect to ID 
geometry conditions. Therefore, PNNL concludes that the overall specimen design was 
not ideal for a round-robin study for determining flaw detectability in CASS.  

• The post factum discovery, through destructive testing shown in Section 12.0, that some 
flaws did not have the intended true-state dimensions and that the extraneous cracks 
were deeper than believed brings into question the accuracy of some of the analyses 
and conclusions drawn from the RRS. For the specimen that was destructively tested, 
almost all of the reported flaw lengths were consistent with the portions of the intended 
flaws that were deeper than about 5% TW. Reported flaw lengths were generally more 
accurate than previously believed; hence, EPRI’s decision to ignore short-reported flaws 
was, in retrospect, ill advised. Additional destructive testing could provide the true-state 
data needed to improve the analyses and support length-sizing accuracy for Supplement 
9 development. 

EPRI’s performance thresholds were based on historical performance demonstration 
requirements in fine-grained materials, such as carbon steel or WSS, that are currently used in 
Section XI, Appendix VIII Piping Supplements 2, 3, and 10. Indeed, as described in their report, 
EPRI used the “typically desired performance of at least 80% detection rate with less than 20% 
false call rate”. However, thanks to decades of research, it is well known that the coarse-grain 
structures in CASS pose unique challenges and make this material more difficult to examine 
(Jacob et al. 2019a). The PNNL analyses in Section 7.0 showed that all teams had FCPs at or 
below 17%, and teams that used low-frequency probes had FCPs at or below 6%. One team 
had a detection rate of 90% and a second team above 75%—both of these teams used low-
frequency PA probes. Although PNNL’s analysis of the RRS shows that the 80/20 detection 
rate/FCP performance demonstration threshold in CASS is attainable with appropriate methods 
and technology, it is likely that these performance thresholds may not be appropriate for CASS 
(Chockie and Griesbach 2013). Therefore, PNNL proposes that the detection rate and FCP 
thresholds for flaws in CASS, as well as strategies for length and depth sizing, should be 
evidence-based and evaluated independently of the values (and their bases) in Supplements 2, 
3, and 10. Appendix F explores the issues of performance thresholds in the context of a 
Supplement 9 in more depth. 



PNNL-32218 

Conclusions 97 
 

Based on the results of this round robin and previous studies in CASS, PNNL concludes 
that flaw detection in CASS materials is presently possible with a high POD of 80% or 
better and low FCP when the most appropriate, currently available techniques are used 
(Anderson et al. 2007; Crawford et al. 2015; Diaz et al. 2017; Diaz et al. 2012; Jacob et al. 
2019b). In particular, this means using multiple inspection angles with encoded, low-frequency, 
PA probes for examining thick-walled (>1.6 in. [40 mm]) CASS piping welds and implementing 
proper inspector training to recognize flaw responses in CASS.  

Finally, PNNL concludes that the existing body of knowledge for CASS NDE research, 
including the research shown in this report, is more than sufficient for enabling the 
development of a justifiable technical basis to support a Supplement 9 to Appendix VIII. 
This body of knowledge outlined in Appendix F, in combination with the findings reported here 
from the CASS RRS, show that a set of effective qualification requirements can indeed be 
defined. 
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Appendix A – Specimen Descriptions 
A.1 36” Specimens 

A.1.1 Overview 

The ten 36” specimens were made from WSS pipe to CASS elbow (CF8A) sections from a 
cancelled plant and were likely statically cast because of their size and thickness. The upstream 
side of each specimen was WSS and the downstream side was CASS. The specimens were 
60° pipe segments with a nominal wall thickness of 2.7 in. (70 mm). These specimens were 
received by EPRI as “as-welded” and considered to be representative of field configurations as 
they were fabricated with the intention of being put in service. 

A.1.2 Weld Profile 

The nominal weld profile and dimensions for the 36” specimens were provided by EPRI and are 
shown in Figure A.1. In the figure, the downstream direction is to the left. 

 
Figure A.1. Drawing with nominal dimensions of the 36” specimens. Image courtesy of EPRI 

(used with permission). 

 

A.1.3 Grain Structure 

Figure A.2 shows the representative grain structures in one of the 36” specimens. The figure 
shows coarse-equiaxed grains with a large range of sizes. 
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Figure A.2. Grain structures in a 36” specimen. This specimen comprises equiaxed grains. 

Image courtesy of EPRI (used with permission). 

A.1.4 OD Surface 

Figures A.3 and A.4 show examples of typical OD surfaces with the weld centerline marked on 
the specimens with a black line. The weld crowns of the 36” specimens had been ground off, 
leaving only a slight contour. Note the taper on the CASS side of the specimens. Some 
specimens had small tapers, such as shown in Figure A.4, and others had large tapers, such as 
shown in Figure A.3. In all cases, the taper limited the probe range on the DS sides of the 
welds. 
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Figure A.3. OD surface of 36E with contour gauge. The weld centerline is indicated by the 

black line drawn on the specimen. The downstream side is to the left. 

 
Figure A.4. OD surface of 36H. The weld centerline is indicated by the black line drawn on 

the specimen. The downstream side is to the left. 
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A.1.5 ID Surface 

The 36” specimens also had a smooth weld root and, for the most part, the counterbore was 
gently tapered and continuous. However, the size of the region between the counterbores did 
vary from specimen to specimen. Figures A.5 and A.6 show the ID surfaces of representative 
specimens 36B and 36C. The flaw locations are encircled in red and the counterbore regions 
are outlined in blue. Note that the weld region (i.e., counterbore-to-counterbore area) of 36C is 
about twice as large as that of 36B. The 36” specimen figures in Appendix C (Figures D.1–D.22) 
show the ID surface of the weld regions as measured by laser profiling (Section 5.3 describes 
the 3D laser profiling). 

 
Figure A.5. ID surface of 36B. The approximate weld region (counterbore-to-counterbore) is 

outlined in blue and the flaws are encircled in red. The ruler is on the upstream 
side of the weld, and the flaws are on the downstream side. 
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Figure A.6. ID surface of 36C. The approximate weld region (counterbore-to-counterbore) is 

outlined in blue and the flaws are encircled in red. The ruler is on the upstream 
side of the weld, and the flaws are on the downstream side. 

A.1.6 Flaw Types and Descriptions 

There were 19 flaws in the 36” specimens. The placement, length, and reported TW depth of 
these flaws are illustrated in Figures A.7 and A.8 (TW depths were not based on DT results). In 
these plots, the downstream direction is upward (positive). The TW depths of each flaw shown 
are based on true-state information provided by the vendor that created the flaws. Flaw lengths 
and positions were confirmed by EPRI using penetrant testing prior to the RRS. 36E and 36J 
are not included in the figures because they did not have any cracks and were considered as 
unflawed specimens. Note that all flaws in the 36” specimens were on the downstream side of 
the weld centerline. Most of the flaws in the 36” specimens were IGTFCs, except for the three 
flaws in 36I. The 46% and 20% TW flaws in 36I were inserted and hot isostatically pressed into 
the base material; these flaws were not visible from the ID, since it appears that the ID surface 
of 36I had been ground or buffed afterward. The third flaw in 36I was an implanted thermal 
fatigue crack with an EDM tip. 
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Figure A.7. Flaw placements for Specimens 36A, 36B, 36C, and 36D. The presumed percent 

TW depths are given for each flaw. The axial position is measured from the weld 
centerline. Note that all flaws were placed on the downstream side of the weld. 

 
Figure A.8. Flaw placements for Specimens 36F, 36G, 36H, and 36I. The presumed percent 

TW depths are given for each flaw. The axial position is measured from the weld 
centerline. Note that all flaws were placed on the downstream side of the weld. 

An example of an IGTFC is in Figure A.9, which shows the 29% TW flaw of 36D. Typical of all 
the IGTFCs, the crack opening dimension (COD) varied along the crack, as the center region of 
the crack was easily visible with the naked eye, but the ends of the crack were tightly closed 
and were only visible using penetrant testing or upon close inspection. The crack has been 
highlighted in Figure A.9 to facilitate visibility and illustrate the branching that was common in 
the IGTFCs.  
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Figure A.9. An example of an in situ grown thermal fatigue crack in Specimen 36D. Top: The 

blue arrow indicates Flaw 2 of 36D, and the red arrows show the approximate 
flaw endpoints. The ruler (in inches) is on the upstream side of the weld. Bottom: 
The crack has been highlighted and enlarged to enhance visibility. 

A side effect of the induction thermal fatigue process for growing IGTFCs was extraneous 
cracking. All of the 36” specimens with IGTFCs (this does not include 36I) displayed some 
degree of extraneous cracking. Figure A.10 shows an example of extraneous cracking around 
the 47% TW flaw in 36F. The blue arrow indicates the intended crack, and the red arrows show 
the approximate endpoints of the crack. The green oval encircles very small cracks, similar to 
those observed in all 36” specimens (except 36I). The green arrows indicate significant 
extraneous cracking with an easily visible crack opening, similar to what was observed in 
several of the 36” specimens. Figure A.11 shows another example of such cracking in specimen 
36C. In this case, the extraneous crack is not as long as the intended crack but it has a larger 
COD. The actual depth of the extraneous crack is unknown. It was reported by EPRI that the 
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extraneous cracks should not interfere with the RRS, because they are much shallower and 
shorter than the intended flaws. However, EPRI stated that it was possible for “some” (an 
undetermined number) of these extraneous flaws to be detected. The DT results, however, 
reveal that at least some of the extraneous flaws had through-wall depths approximately as 
deep as the intended flaws. This finding is examined in more depth in Section 12.0.  

 

 
Figure A.10. Example of extraneous flaws in Specimen 36F. The blue arrow indicates the 

intended flaw with approximate endpoints indicated by the red arrows. The green 
oval encircles small extraneous cracks, and the green arrows indicate larger 
extraneous cracks. 
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Figure A.11. An example of an in situ grown thermal fatigue crack in Specimen 36C. The blue 

arrow points to the intended flaw and the red arrows indicate the approximate 
flaw endpoints. The green arrow points to a prominent extraneous crack. 

A.2 28” Specimens 

A.2.1 Overview 

The four 28” specimens were 90° pipe segments with a nominal wall thickness of 2.0 in. 
(51 mm). PNNL was told that the downstream sides were vintage CASS material from Manoir 
Industries (most likely centrifugally cast), and the upstream sides were new CFM8 CASS 
material. The welds were manufactured for the RRS, and these specimens had weld crowns 
intact. 

A.2.2 Weld Profile 

The nominal weld profile and dimensions for the 28” specimens is shown in Figure A.12. In the 
figure, the downstream direction is to the left. 
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Figure A.12. Drawing with nominal dimensions of the 28” specimens. Image courtesy of EPRI 

(used with permission). 

 

A.2.3 Grain Structure 

The grains in a 28” inch specimen, shown in Figure A.13, are banded columnar and grains do 
not necessarily extend through-wall. Another specimen, shown in Figure A.14, was labeled as a 
28” specimen but the scale appears to show it to be approximately 32” in OD with a wall 
thickness of about 4 in. (100 mm). It has columnar grains in a band at the ID and also at the OD, 
but the mid-section appears equiaxed. The equiaxed grains are generally smaller than those in 
the 36” specimen shown in Figure A.2. 

 
Figure A.13. Grain structures in a 28” specimen. This specimen comprises banded columnar 

grains. Image courtesy of EPRI (used with permission). 
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Figure A.14. Grain structures in another 28” specimen. This specimen comprises a mixture of 

equiaxed and banded columnar grains. Image courtesy of EPRI (used with 
permission). 

A.2.4 OD Surface 

The OD surfaces of the 28” specimens were smooth, except for the presence of weld crowns. 
Figure A.12 shows a representative weld crown on a 28” specimen. The weld crowns averaged 
1.3 in. (33 mm) wide and 0.2 in. (5.0 mm) high. 
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Figure A.15. An example of a weld crown on a 28” specimen 

A.2.5 ID Surface 

The ID surfaces of the 28” specimens had added weld root conditions: two specimens had a 
convex weld root and the other two had a concave root. Two specimens also had added 
counterbore. Figure A.16 shows the ID surface of 28B as an example to illustrate the typical 
characteristics of counterbore and concave weld root. Both the weld root and counterbore were 
present across portions of the ID surface, but not across the entire extent. The counterbore had 
a gradual start/stop taper circumferentially but, compared to counterbores in the 36” specimens, 
had abrupt or sharp edges axially. The 28” specimen figures in Appendix C (Figures C.5–C.8 
show the ID surface of the weld regions as measured by laser profiling (Section 5.3 describes 
the 3D laser profiling). 
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Figure A.16. The ID surface of Specimen 28B. The blue arrows indicate the endpoints of the 

counterbore. A concave root condition extends from the edge of the specimen 
(top of figure) to the red arrow. The ruler is on the downstream side. 

A.2.6 Flaw Types and Descriptions 

There were seven flaws in the 28” specimens. The five flaws on the fusion line were ITFC and 
the two flaws in the base material were made by EDM. The placement, length, and TW depth of 
the 28” flaws are illustrated in Figures A.17–A.20 as measured from the weld centerline (axial 
position = 0 mm). In these plots, the downstream direction is upward (positive). 28A and 28C 
each had two ITFCs. 28D had one EDM (24% TW) and one ITFC (28% TW). 28B had one EDM 
flaw, but it was ignored because it was defined as axial by EPRI (all axial flaws and reported 
flaws were ignored; see Section 6.2); thus, PNNL considered 2B to be unflawed. Therefore, with 
the flaw in 28B ignored, the 28” specimens contributed a total of six flaws to the RRS. 
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CV=convex 

Figure A.17. Flaw locations for specimen 28A 

 
CC=concave, CB=counterbore 

*This flaw was ignored because it was considered by EPRI to be axial. 
Figure A.18. Flaw locations for specimen 28B 
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CC=concave 

Figure A.19. Flaw locations for specimen 28C 

 
CV=convex, CB=counterbore. 

Figure A.20. Flaw locations for specimen 28D 

Figure A.21 shows example of an ITFC flaw in 28A. This flaw is adjacent to a convex weld root 
condition. Compared to the IGTFCs in the 36” specimens (such as shown in Figure A.10), the 
ITFCs were relatively straight with little to no branching and had a more consistent COD. Some 
ITFC openings were obscured by weld root or counterbore.  
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Figure A.21. An example of an implanted thermal fatigue crack in Specimen 28A. The blue 

arrow indicates the crack and the red arrows show the approximate endpoints. 
The crack is largely coincident with a convex weld root. The ruler (in inches) is on 
the downstream side of the weld. 

Figure A.22 shows an example of the EDM flaw in 28D. This flaw was essentially composed of 
five straight segments connected at obtuse angles. The crack has been highlighted in the 
bottom portion of Figure A.22 to facilitate visibility. 
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Figure A.22. An example of an EDM crack in Specimen 28D. Top: The blue arrow indicates 

Flaw 2 in 28D, and the red arrows show the approximate endpoints. The ruler (in 
inches) is on the downstream side of the weld. Bottom: The flaw has been 
highlighted and enlarged to enhance visibility. 

A.3 12” Specimens 

A.3.1 Overview 

The 12” specimens were 360° surge-line pipe segments were from vintage material, but the 
welds were manufactured for the RRS—except for 12C, which was received as-welded. For 
12A and 12B, the counterbore was machined before welding using a vertical mill. The root and 
crown conditions were welded in place and touched up/smoothed out once all welding was 
completed. 
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A.3.2 Weld Profile 

The nominal weld profile and dimensions of the 12” specimens are shown in Figure A.23. In the 
figure, the downstream direction is to the left. 

 

Figure A.23. Drawing with nominal dimensions of the 12” Specimens. Image courtesy of EPRI 
(used with permission). 

A.3.3 Grain Structure 

A representative grain structure for a 12” specimen is shown in Figure A.24. The material is 
columnar with many grains extending from the ID to the OD. The grains are generally large, with 
widths up to about 1 in. (25 mm), based on the scale in the photo. 

 

Figure A.24. Grain structures in a 12” Specimen. This specimen comprises columnar grains. 
Image courtesy of EPRI (used with permission). 

A.3.4 OD Surface 

The weld crowns on 12A (12D) and 12B (12E) averaged 1.45 in. (37 mm) wide and 0.26 in. 
(7 mm) high. The weld crown on 12C (12F) was slightly wider at 1.5 in. (39 mm) wide but was 
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only 0.12 in. (3 mm.) high. Figure A.25 shows the outer surface of 12A (12D) and 12B (12E), 
including the weld crowns. 

 
Figure A.25. OD surfaces of Specimens 12B (12E), left, and 12A (12D), right 

A.3.5 ID Surface 

ID features of the 12” specimens included convex and concave weld root in addition to 
counterbore. Figure A.26 shows an ID photograph of 12B (12E) as an example of the ID 
geometries in the 12” specimens. This picture includes a prominent convex root approximately 
0.4 in. (10 mm) wide and a counterbore that is circumferentially coincident with a portion of the 
root. As can be seen in the photograph, the root condition ends abruptly, similar to those in the 
28” specimens. The counterbore shown in Figure A.26 had a gradual circumferential taper, also 
similar to the 28” specimens, and did not extend around the entire circumference; rather, it was 
about 4–5 in. (100–125 mm) long. The 12” specimen figures in Appendix C (Figures D.6–D.8) 
show the ID surface of the weld regions as measured by laser profiling (Section 5.3 describes 
the 3D laser profiling). 
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Figure A.26. An example of the ID surface of Specimen 12B. This image features a convex 

root condition and counterbore. The ruler (in inches) is on the upstream side of 
the weld. 

A.3.6 Flaw Types and Descriptions 

Flaws in the 12” specimens were ITFC if on the fusion line and EDM if wholly contained within 
the base material. The placement, length, and TW depth of the flaws and geometrical conditions 
in the 12A, 12B, and 12C are shown in Figures A.27–A.29. When these specimens were 
brought out the second time (as 12D, 12E, and 12F), they had been rotated by 180° so that the 
circumferential scan origins were on the opposite sides of the pipes (this is indicated in 
Figures A.27–A.29 by the orange line and “0” circumferential position indicator). 12A (and 12D) 
each had five flaws, all of which were ITFC. Of these five flaws, Flaw 2 was embedded. It was 
ignored by PNNL, because, according to the true-state information provided by EPRI, the flaw 
was embedded too deeply by 0.16 in. (4.1 mm) and no portion of the flaw was within the defined 
examination region (see Figure A.1). 12B (and 12E) also had five flaws, three of which were 
ITFC and two were EDM flaws (the axial flaw and the 11% TW flaw). Of the five flaws in 12B 
(12E), Flaw 2 was ignored because it was axial (all axial flaws and reported flaws were ignored; 
see Section 6.2). Note that 12C (and 12F) had no implanted flaws. Therefore, the 
12” specimens contributed a total of 16 flaws to the RRS. 
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CV=convex, CC=concave, CB=counterbore 

*This flaw was ignored because it was not within the inspection volume. 
Figure A.27. Flaw locations for Specimens 12A and 12D. 12D was the same specimen as 12A 

but rotated by 180 degrees. The circumferential origin of 12D is shown in orange. 

 
CV=convex, CC=concave, CB=counterbore 
*This flaw was ignored because it was axial. 

Figure A.28. Flaw locations for Specimens 12B and 12E. 12E was the same specimen as 12B 
but rotated by 180 degrees. The circumferential origin of 12E is shown in orange. 
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Figure A.29. Specimens 12C and 12F. 12F was the same specimen as 12C but rotated by 

180 degrees. The circumferential origin of 12F is shown in orange. These 
specimens contained no flaws but did have unusual ID conditions. The 
approximate locations of those conditions are indicated as counterbore (CB). 

Figure A.30 shows an example of an implanted thermal fatigue crack in specimen 12B (12E). 
The red arrows indicate the approximate endpoints. Note that the crack opening has a reddish 
hue as it appears to have retained some residual material from a previous penetrant test. This 
was the only flaw in the 12” or 28” specimens that was not at least partially coincident with an ID 
geometrical condition.  
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Figure A.30. An example of an ITFC in Specimen 12B (12E). The blue arrow indicates Flaw 4 

in 28B, and the red arrows indicate the approximate endpoints. The ruler (in 
inches) is on the upstream side of the weld. 

Specimen 12C (and 12F) had a significant amount of material removed from the ID weld region. 
In the EPRI report, this specimen was described as having a “preexisting ID condition,” but it 
was “assumed to be ready for service” and was included in the RRS. Figure A.31 illustrates the 
3D ID profile of this specimen. Four cross-sectional profiles are shown, labeled A, B, C, and D, 
and each profile is labeled (in mm) with the percent TW depth of the material removed. Based 
on a nominal specimen thickness of 1.34 in. (34 mm), profile A shows the deepest region, with 
0.49 in. (12.5 mm) of material removed, equating to 37% TW depth. The typical width of the 
region of removed material was approximately 2 in. (50 mm). As described in Section 8.2, this 
one specimen (which was presented as Specimens 12C and 12F to RRS participants) was 
responsible for a disproportionate number of false calls in both the EPRI and PNNL analysis. 
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Figure A.31. Profiles of the weld region of Specimen 12C (12F). Four cross sections are 

shown along with the through-wall depths. Units are in mm. 
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Appendix B – Specimen Photos 
This appendix contains specimen photos taken by PNNL during the 2017 return trip to EPRI. 
Flaw positions and geometrical features are not indicated on the photos. 

B.1 12” Specimens 

B.1.1 Specimen 12A/12D 
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B.1.2 Specimen 12B/12E 
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B.1.3 Specimen 12C/12F 
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B.2 28” Specimens 

B.2.1 Specimen 28A 

 

Flaw 1 

 

Flaw 2 
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B.2.2 Specimen 28B 
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B.2.3 Specimen 28C 
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B.2.4 Specimen 28D 
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B.3 36” Specimens 

B.3.1 Specimen 36A 

 

Flaw 1 
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B.3.2 Specimen 36B 
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B.3.3 Specimen 36C 
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Flaw 2 
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B.3.4 Specimen 36D 
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B.3.5 Specimen 36E 

 

ID 

B.3.6 Specimen 36F 
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B.3.7 Specimen 36G 
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B.3.8 Specimen 36H 
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B.3.9 Specimen 36I 

 

Flaw 1 



PNNL-32218 

Appendix B B.39 
 

 

Flaw 2 

 

Flaw 3 



PNNL-32218 

Appendix B B.40 
 

 

ID 

 

OD 



PNNL-32218 

Appendix B B.41 
 

B.3.10 Specimen 36J 

 

ID 

 

OD 
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Appendix C – 3D Profiles 
This figure shows an example of a 3D ID-surface scan (left). 3D scans were acquired of the ID 
weld region of each specimen. Each scan is shown with a representative cross section showing 
the depth or height of ID features that includes measurements in millimeters from the nominal ID 
surface. In this example, a counterbore and convex root are visible. The illustration to the right 
shows how the cross section would be situated in a specimen with respect to a PA probe. 

 
Figure C.1. Interpretation of 3D scans 

C.1 12” Specimens 

 
Figure C.2. Specimen 12A 



PNNL-32218 

Appendix C C.2 
 

 
Figure C.3. Specimen 12B 

 
Figure C.4. Specimen 12C 
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C.2 28” Specimens 

 
Figure C.5. Specimen 28A 

 
Figure C.6. Specimen 28B 
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Figure C.7. Specimen 28C 

 
Figure C.8. Specimen 28D 
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C.3 36” Specimens 

 
Figure C.9. Specimen 36A 

 
Figure C.10. Specimen 36B 
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Figure C.11. Specimen 36C 

 
Figure C.12. Specimen 36D 
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Figure C.13. Specimen 36E 

 
Figure C.14. Specimen 36F 
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Figure C.15. Specimen 36G 

 
Figure C.16. Specimen 36H 
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Figure C.17. Specimen 36I 

 
Figure C.18. Specimen 36J 
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Appendix D – Test Administration and PNNL Preparation 
An EPRI test plana for conducting the RRS was completed in April 2015, and invitations were 
sent to prospective test participants that same month. Testing began in 2015 and was expected 
to be finished in late 2015, but it was difficult to convince organizations, especially inspection 
vendors, to participate due to time, cost, and other constraints. Discussions on PNNL 
involvement began in early 2015, and in 2016 it was agreed that PNNL would participate during 
the summer of 2016. PNNL assembled a team and developed a protocol for data acquisition 
and analysis. This section summarizes the preparations that PNNL undertook in order to 
provide insight into issues and challenges that a typical participating team was faced with, 
particularly with the implementation of the RRS.  

The following summary highlights this section’s salient points: 

• Axial flaws were included in the test specimens, but probe limitations (i.e., weld crowns 
on the 12” and 28” specimens and an invigilator-imposed limitation preventing probe 
movement across the weld centerline of the 36” specimens) impeded axial flaw 
detection. Indeed, many teams did not attempt to detect axial flaws, so EPRI (and 
PNNL) did not include such flaws in their analyses. 

• Some practice specimens were made available; however, the PNNL team was not 
informed of this until after they arrived at EPRI. PNNL also learned after the RRS was 
complete that one team had access to the practice specimens ahead of time (the 
specimens were shipped to the team’s facility) while other teams did not practice at all. 
As described in Section 7.2, inconsistent practice among teams had an important impact 
on the RRS results. 

• EPRI defined the inspection volume as the inner 1/3 thickness from counterbore to 
counterbore. Participants were provided the maximum axial counterbore extents of the 
12” and 28” specimens but not for the 36” specimens and therefore did not know the 
extent of the inspection volume in the 36” specimens. Participants were not allowed to 
change relevant acquisition parameters (including scan range and focal laws); therefore, 
there was no way for participants to assure that the full inspection volume was being 
covered. Furthermore, in some of the as-welded 36” specimens that had widely spaced 
counterbore (cf. Specimen 36C shown in Figure A.6), the downstream counterbore was 
not accessible in the downstream scans due to access limitations from the OD taper. 

• The EPRI RRS test plan stated that “the CASS-RRS is not designed to assess certain 
variables that may impact detection and sizing performance,” including “access 
restrictions.” However, the presence of weld crowns, OD taper, and imposed restrictions 
at the weld centerline were access restrictions. 

• EPRI required that participants submit a round robin protocol in advance for review. 
However, EPRI did not provide feedback on protocol issues that were incongruent with 
the EPRI test plan. Participants were only informed of actual testing procedures after 
arriving at EPRI. Some issues specific to PNNL’s protocol are listed below. 

 
a Latiolais C and D Kull. March 30, 2015. “Cast Austenitic Stainless Steel Non Destructive Evaluation 

Protocol for Conducting Blind Round-Robin Study.” EPRI, Charlotte, North Carolina. Non-public 
document. 
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o PNNL’s protocol specified that line scans and raster scans were to be used 
together for flaw detection and characterization. However, EPRI chose to keep 
the line and raster scans separate so that the scans could be considered as 
independent data sets. 

o PNNL was allowed simultaneous access to line scan data during analysis of the 
raster scan data. However, they were not allowed access to the raster scan data 
during analysis of the line scan data. This inconsistent access to data introduced 
a bias that did not allow for these data sets to be considered entirely 
independently during analysis. 

o PNNL was required to report the flaw depth (as remaining ligament) for all 
detected flaws. PNNL’s protocol only specified reporting flaw depths when a tip 
signal was detected. PNNL has had no experience with the accuracy of reporting 
flaw depth based only on a corner trap echo. 

o PNNL’s protocol stated that both upstream and downstream data were to be 
used for flaw detection and characterization, i.e., that exams were to be dual-
sided. Only after beginning to acquire data did PNNL learn that only single-sided 
exams were allowed. Upstream and downstream scans were treated as 
independent data sets. 

o The PNNL protocol was designed to allow for adjustments to be made during the 
test; however, the EPRI invigilator maintained copies of the setup files and did 
not allow changes (except to a few parameters, such as gain and wedge delay). 
This may be normal procedure for a performance demonstration test, but it is 
atypical for a round robin. 

D.1 PNNL Personnel 

PNNL assembled a four-person team consisting of three analysts and one data acquisition 
specialist. The PNNL team members were not PDI qualified; however, the senior analyst had 
over 30 years of experience acquiring and analyzing UT data, the second analyst had 6 years of 
experience analyzing UT images, and the third analyst had one year experience with UT data 
and 13 years with acquiring and analyzing medical images. Team members spent a total of two 
weeks at the EPRI NDE Center. The senior analyst and the acquisition specialist were at EPRI 
for the entire two weeks. The remaining two analysts split time at EPRI, each spending about a 
week (with one day of overlap for continuity). With respect to these two analysts, one conducted 
the examinations of the 28” practice specimens and 28” specimens, and the other was there for 
the 36” and 12” specimens. 

D.2 PNNL’s Round-Robin Protocol 

A requirement for RRS participation was that PNNL first develop and submit a testing protocol 
to EPRI for review and approval. PNNL developed a protocol under the constraints of the RRS 
test plan provided by EPRI; the approved PNNL protocol is provided in this appendix. It is 
important to note that the PNNL protocol was not intended for formal performance 
demonstration nor has it been applied to field examinations. Rather, as a research institution, 
PNNL relied on previous experience in the inspection of surge-line specimens and large-bore 
CASS DMWs to guide the protocol development.  
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The RRS was designed to include axial flaws in addition to circumferential flaws. PNNL has the 
ability to detect and characterize axially-oriented flaws with PA probes when scanning across 
the weld centerline is possible. However, the diagrams in the EPRI test plan indicated that all 
specimens would have weld crowns. During the protocol development, PNNL attempted 
circumferential scans for axial crack detection on a thick-wall CASS specimen (3.3 in., 84 mm) 
by using beam skew and simulating access limitations as though a weld crown was present. 
Because these attempts were unsuccessful, the PNNL protocol was limited to detection and 
characterization of circumferentially-oriented flaws only. It was after the team arrived at EPRI 
that PNNL learned that only the 12” and 28” specimens had weld crowns. Accordingly, it was 
too late to revise the protocol to allow scanning across the welds of the 36” specimens (this 
turned out to be of no consequence, because there were no axial flaws in the 36” specimens). 
Even so, the EPRI RRS test plan prevented scanning past the weld centerline on the 36” 
specimens, which would have significantly impeded the ability to detect axial flaws anyway. Due 
to similar issues, only three teams attempted to detect axial flaws (Teams C, F, and G). Thus, 
axial flaws and axial calls were ignored in both the EPRI and PNNL analyses. 

The PNNL protocol was designed to implement lower frequencies for flaw detection using line 
scans (with the scan direction parallel to the weld) and higher frequencies for flaw 
characterization using raster scans (with the scan direction perpendicular to the weld). In CASS, 
low frequencies provide better penetration for detection and higher frequencies can provide 
better resolution for length and depth characterization once the location of a suspected flaw is 
known. Additionally, since the CASS grains can have a large effect on sound field propagation, 
which is frequency-dependent (Prowant et al. 2017), the PNNL protocol allowed for multiple 
probe frequencies on a specimen. For example, if grain noise was unacceptable at one 
frequency, then a lower-frequency probe could be substituted. However, time constraints at 
EPRI prevented PNNL from acquiring data at multiple frequencies on individual specimen 
groups. Also, while the PNNL protocol called for the evaluation of both line and raster scans 
together, EPRI chose to keep the line scans and raster scans separate so the scans could be 
considered as independent data sets. EPRI compromised on this point by allowing PNNL 
access to the line-scan data when analyzing raster-scan data, but not vice versa. Nevertheless, 
because line and raster-scan data were treated independently by EPRI and time was too limited 
for multiple scans of the same specimen, PNNL opted to use lower frequencies for both line and 
raster scans to optimize detection. Other protocol deviations are described in Section D.11. 

The PNNL protocol listed ten criteria, or characteristics, to determine whether an indication 
should be considered a flaw. These are presented in Section D.18 of this appendix. An 
indication was not required to show all of the criteria to be classified as a flaw, but the list served 
as a guideline to be used with analyst discretion. The criteria are listed below. 
1. The indication has a good signal-to-noise ratio (SNR). SNR will be measured as the peak 

indication response as compared to a mean noise response at the same part path of the 
indication. SNR will be measured in the view representing depth and circumferential axes. A 
peak-response to mean-noise (P-M) SNR of 3:1 or 9.5 dB is desired but not absolutely 
necessary (subject to analyst discretion). 

2. A peak-response to peak-noise (P-P) SNR shall be calculated. A minimal P-P SNR of 
nominally 1.26:1 or 2.0 dB is desired but is subject to analyst discretion. 

3. The indication plots to the volume of interest. In the absence of specific weld profile 
information for each specimen, the generic 36”, 28”, and 12” specimen profiles will be used. 

4. The indication exhibits echo dynamic travel or walk as the probe is scanned past the flaw. 
As a result of this travel or walk, the shape of the response in the view representing depth 
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and axial axes is nominally elliptical with the major axis of the ellipse perpendicular to the 
insonifying beam. 

5. The indication is evident at multiple refracted angles. 
6. The indication is evident in multiple line scans. 
7. The indication may be observed from scanning in the opposite direction, but this depends on 

flaw location and orientation (tilt and skew). 
8. The indication may be inconsistent in amplitude along the length of the flaw (reasons: flaw 

morphology, coarse grains, probe frequency too high, etc.). 
9. The indication may show evidence of a flaw tip signal. 
10. The indication has a start and stop (length). 

Two additional items were added to the list during testing at EPRI. These are: 
4. The indication has evidence of mode-converted signals. 
5. Depending on weld root and flaw conditions, the indication may show as a gap in the weld 

root signal (ID corner response is absent) with mode-converted signals assisting flaw 
detection and providing signals for flaw characterization. 

A similar list to help PNNL analysts distinguish non-relevant indications and geometrical 
features was also included in the protocol. The protocol stated that non-relevant indications may 
be noted on the data sheets. However, due to time constraints, indications deemed by the 
analysts to be non-relevant were generally ignored. 

The PNNL protocol required that flaw information be fully documented in Excel and PowerPoint 
files. A PowerPoint file was used to save recorded screen captures that documented flaw start 
and stop positions, axial start and stop positions, and through-wall positions of corner and tip 
signals. In the Excel files, analysts recorded the focal style used to characterize the flaw (i.e., 
true depth or half path), refracted angle (for raster scans), line-scan position (for line scans), 
flaw start and stop positions, axial position, corner and tip locations, flaw height, remaining 
ligament (RL, added to the PNNL protocol at EPRI)a, peak corner response, mean noise, and 
corner response SNR (SNR information was not required by EPRI). In cases where a flaw was 
detected from mode-converted signals, the signal amplitude, noise, and SNR were not 
recorded. 

D.3 Communication with EPRI 

While the CASS RRS was in the development and planning stages, PNNL participated in phone 
calls with EPRI, the NRC, and industry representatives. However, PNNL was not included in the 
generation of the RRS testing plan or in specimen design. 

PNNL sent a final draft of their protocol to EPRI prior to participating in the RRS, as requested 
by EPRI. EPRI provided little feedback, corrections, or changes to the protocol, so PNNL 

 
a EPRI required that participants report a through-wall depth in terms of residual length for every reported 
flaw. Residual length is defined as the distance from the tip of the flaw to the ID surface, or the depth of 
the flaw tip and is used to calculate the flaw through-wall depth. Prior to this, PNNL had not reported RL 
in their research, so it was added to their protocol. In cases when a flaw tip was not visible, the location of 
the −6 dB drop on the ultrasound (depth) axis was used.  
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assumed that it was acceptable as written. EPRI had a helpful comment on PNNL’s use of 
raster scans. The PNNL approach used line scans for flaw detection and initial flaw 
characterization followed by limited raster scans for final flaw characterization. However, EPRI 
strongly suggested raster scanning of entire specimens. Because this would be prohibitively 
time-consuming with the typical PNNL raster-scan index step of 0.04 in. (1 mm), PNNL changed 
(and tested) their protocol to redefine a raster-scan index step to 0.08 in. (2 mm), which 
effectively halved the raster-scan acquisition time without significantly sacrificing data quality. 
This was a critical adjustment, as PNNL was just able to finish scanning on the last day.  

There were a few issues that came up during the round-robin testing that could have been 
avoided with improved communication during the planning stage. PNNL was told that there 
were 17 specimens when there were actually 20 and that there would be no practice 
specimens. Also, not until after PNNL arrived on site and began acquiring data were they 
informed that EPRI would limit the analysis to single-sided only, whereas the PNNL protocol 
specified that dual-sided analysis would be done using both line and raster scans 
(Section Error! Reference source not found. describes this issue in more depth). PNNL also 
learned after arrival that they would not have access to their acquisition setup files or be able to 
make adjustments on the fly (except for parameters like gain and wedge delay). It is unknown if 
other participating organizations were also affected by these issues.  

D.4 PNNL Equipment 

Encoded PA-UT data were acquired with a Zetec DYNARAY LITE interfaced via a Zetec Motor 
Control Drive Unit (MCDU-02) to an ATCO GPS-1000 scanner. This equipment was controlled 
by a computer running UltraVision software (version 3.6R5). Zetec UltraVision software was 
also used to analyze the data. 

PA-UT probes with removable Rexolite wedges were used as specified in Tables D.1 and D.2 of 
this appendix. The wedge angles are listed with calculated natural refracted angles (i.e., with no 
beam steering), assuming longitudinal velocity values of 2.330 mm/µsec (0.0917 in./µsec) in the 
wedge and 5.650 mm/µsec (0.2224 in./µsec) in the SS. The nominal wedge angle was chosen 
to produce a natural refracted angle at about half of the steered refracted angle range or higher, 
because PA beams are typically steered to lower angles more effectively than to higher angles. 
Additionally, the desired nominal steering angle range is about ±20° from the natural angle to 
avoid the introduction of grating lobes. The probes all operated in transmit-receive-longitudinal 
(TRL), pitch-catch mode with each side of the probe (transmitter and receiver) containing ten 
elements in the primary direction and five elements in the secondary direction.  

A 36 in. (910 mm) OD WSS rolled pipe section (304/304L SS) 2.5 in. (64 mm) thick and a 12.8 
in. (325 mm) OD half-pipe section 1.0 in. (25 mm) thick were used as reference specimens for 
wedge delay and scanner offset characterization at PNNL. These specimens contained the 
following reflectors: 10% and 20% TW, ID-connected EDM notches in the 36 in. (910 mm) 
section, and 10% and 30% TW, ID-connected EDM notches in the 12.8 in. (325 mm) section. 
These specimens were also transported to EPRI for use as calibration standards to validate 
consistent probe and system operation during testing. 

D.5 Protocol Vetting and Practice Scanning 

Half path (HP) and true depth (TD) focal laws for each of the probes and corresponding wedges 
were used; UltraVision models of these focal laws for line scans and raster scans are shown in 
Appendix D-A and Appendix D-B. These models also show the expected coverage in the 
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inspection volumes of interest. Note that insonification of the far side of the weld, especially in 
the 12” and 28” specimens, was limited by the weld crown and thus required higher refracted 
angles.  

Practice scans at PNNL were performed according to the PNNL protocol, with adjustments to 
focusing depths to accommodate the specimen thickness. PNNL used their own mockup, a 36 
in. (910 mm) diameter, 3.3 in. (84 mm) thick CASS-to-carbon steel DMW mockup, with scanning 
from the CASS side. This specimen had three implanted thermal fatigue cracks at the weld 
centerline. One of these cracks, 10% TW, was scanned during the practice runs. The PNNL 
team also practiced merging individual lines of line scans and recording measurements in the 
Excel spreadsheet. 

Calibration signals from the reference reflectors (10% notch in the 36 in. [910 mm] reference 
specimen and 30% notch in the 12.8 in. [325 mm] reference specimen) were measured multiple 
times over several days to ensure consistency. A ±2 dB tolerance was allowed and was 
consistently met. Jigs were designed for the reference specimens to ensure consistent probe 
placement. 

PNNL also examined the effect of air bubbles that may persist during coupling the wedge to the 
probe. PNNL found that a few visible bubbles (up to ~2 mm [0.08 in.]) were of little 
consequence, but larger bubbles or bubble clusters could result in a >2 dB drop in signal 
intensity. Probe coupling was therefore noted as something to check in case the calibration 
signal was out of the allowed tolerance range. 

D.6 Practice Specimens at EPRI 

A total of four practice specimens were made available to PNNL during the round robin. Prior to 
starting the 28” specimens, EPRI provided three representative 28” practice specimens along 
with the true-state flaw information for each. PNNL was allowed to practice scanning the 28” 
specimens as if it was a dual-sided examination, according to the protocol they developed. 
PNNL was told only after practice that the examination was to be strictly single-sided, so the 
practice exposed PNNL to the types of specimens in the RRS but was not representative of the 
RRS execution. Also, prior to starting the 12” specimens, EPRI provided one 12” practice 
specimen along with true-state information. No 36” practice specimens were provided.  

Overall, PNNL found that practice provided valuable insight into the UT signatures of the weld 
root and counterbore conditions of the specimens. Practice also helped PNNL determine the 
frequency of probes to use. For example, PNNL scanned the 12” practice specimen with 1 MHz 
and 0.8 MHz probes. PNNL chose to use the 1 MHz probe on the 12” specimens because a 
flaw in the 12” practice specimen was detected with the 1 MHz probe that was missed with the 
0.8 MHz probe. Had time permitted, PNNL intended to scan the specimens with both probes. 

D.7 Testing Methodology 

Specimens were grouped by EPRI according to size. The 28” specimens were presented first, 
followed by the 36” specimens, and then the 12” specimens. The MCDU was calibrated once 
per specimen set on the first specimen of each group. Probe calibration was checked before 
starting on the first specimen of each group, at the onset of scanning each day, before and after 
breaking for lunch, and before finishing for the day.  
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Testing proceeded as follows: EPRI provided the specimens, one at a time. PNNL scanned the 
specimen from both sides of the weld using line and raster scans. Four data sets (each data set 
comprised HP and TD focusing channels) were acquired from each specimen (i.e., skew 90° 
line scan and skew 0° raster scan from the upstream side, skew 270° line scan and skew 180° 
raster scan from the downstream side). Thus, a total of 80 data sets were acquired from the 
20 specimens. Line scans took about 15–20 minutes, and raster scans took about 1 hour for the 
28” and 36” specimens and about 2 hours for the 12” specimens. The time difference was due 
to the fact that the 28” and 36” specimens were pipe sections while the 12” specimens were full 
rounds and therefore had a longer weld region. All data were encoded and saved to the 
acquisition computer. The data files were examined for quality issues, such as poor coupling or 
signal saturation, and unsatisfactory scans were repeated as necessary. Following the scans, 
the EPRI invigilator transferred the data to a portable storage device then provided a new 
specimen. 

The EPRI RRS test plan stated, “All tests will be conducted with the specimens oriented in the 
horizontal or vertical direction as requested by the examination team.” However, PNNL (and 
presumably the other participants) was not given the option. The 28” and 36” specimens were 
oriented horizontally and the 12” specimens oriented vertically. The 12” specimens were a full 
360° section of pipe, so the vertical orientation allowed PNNL to acquire a full data set in a 
single scan. However, due to the vertical motion of the probe during raster scans, this 
orientation caused additional stress on the motor arm (at one point requiring replacement of the 
drive belt) and resulted in poor coupling on multiple occasions. 

The examination volume was defined in terms of the counterbore and the specimen thickness. 
As shown in Figure D.1, the examination volume was defined by EPRI as the inner third of the 
specimen volume extending to 0.25 in. (6.4 mm) past each counterbore. Participants were 
informed of the counterbore maximum extent of the 12” and 24” specimens but not the 36” 
specimens; see Figure D.2. Because participants did not know the location of the 36” 
specimens’ counterbore, participants did not know the extent of the inspection volume. 
Participants were not allowed to change relevant acquisition parameters (including scan range), 
therefore there was no way to assure that the full inspection volume was being covered. 
Furthermore, in the as-welded 36” specimens with widely spaced counterbore (cf. Specimen 
36C in Figure A.6), the downstream counterbore was not accessible in the downstream scans 
due to access limitations from the OD taper (cf. Figure A.3). In other 36” specimens with more 
narrowly spaced counterbore (cf. Specimen 36B in Figure A.5), the downstream counterbore 
was partially visible in the downstream scans. In neither circumstance did PNNL find it possible 
to fully cover the examination volume with their 500 kHz PA probe. It should be noted that 
ASME Code, Section XI, Figure IWB-2500-8 (c) and (d) (Similar and Dissimilar Metal Welds in 
Components, Nozzles, and Piping) shows that the examination volume is defined by the 
distance from the weld toe, and many counterbores lie outside of the examination volume. 
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Figure D.1. Examination volume (shaded area) as defined for all specimens. Image courtesy of 

EPRI (used with permission). 

 
Figure D.2. Generic weld profiles of Specimens in the CASS RRS 

D.8 Analysis Methods at EPRI 

EPRI desired to treat the upstream and downstream data from each specimen separately and 
independently, so they distributed the data in such a way that the upstream scans from a given 
specimen were never followed by the downstream scans from the same specimen (this pattern 
was broken out of necessity on the last day for the last three specimens). This was done so that 
the analysts would forget the flaws found in the upstream data sets by the time the downstream 
data sets were made available, thereby minimizing bias and preserving the integrity of the 
single-sided analysis. An example of the manner in which data were provided is as follows: 
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1. Upstream line-scan data from specimens A, B, and C were provided to the PNNL analysts. 
Following analysis, EPRI copied results from the PNNL computers (i.e., the Excel 
spreadsheet, PowerPoint slides, and the EPRI data sheet). 

2. Upstream raster-scan data from specimens A, B, and C were provided. Following analysis, 
EPRI copied results from the PNNL computers. 

3. Upstream line-scan data from different specimens, D, E, and F, were provided. Following 
analysis, EPRI copied results from the PNNL computers. 

4. Upstream raster-scan data from specimens D, E, and F were provided. Following analysis, 
EPRI copied results from the PNNL computers. 

5. EPRI collected any PNNL analysts’ handwritten notes, allowed PNNL to back up results to 
an external hard drive, and deleted results and data files from the PNNL computers. 

6. Steps 1–5 were repeated with downstream line and raster-scan data. 

EPRI instituted the above pattern to prevent the simultaneous viewing of scans from opposite 
sides of a weld. However, for a given side of a weld, raster-scan data could be viewed and 
analyzed in light of line-scan data (but not vice versa), since the line-scan data were always 
presented first but were not removed before the raster data were given. PNNL occasionally 
used the line-scan data to aid in interpretation of the raster-scan data. The result of this was line 
and raster data sets that were not independent, which would complicate later analysis (see 
Section 6.4). 

Data analysis was done on separate computers running UltraVision software (versions 3.5R10 
for standard operations and 3.7R21 for sectorial interpolation of merged line-scan data). To 
prepare the line scans for analysis, PNNL first applied a volumetric merge of the data for each 
line acquired (details of this method are in this appendix). This merge had the effect of 
combining all the angles scanned for each line while interpolating any data gaps for improved 
viewing. By treating each line separately, PNNL was able to effectively implement the detection 
criterion that a flaw be visible in multiple lines. PNNL did not implement merging or conditioning 
of raster scans prior to analysis. PNNL created modified weld profiles by adding nominal 
counterbores to each of the specimens. These weld profiles were then overlaid on the ultrasonic 
data to aid in flaw discrimination during testing. The overlays were created a priori at PNNL 
using SolidWorks and were based on the specimen drawings provided by EPRI (see Figure 
D.2). 

The PNNL team found the following data analysis method to be effective. Both analysts would 
fully survey a data set, typically with one viewing the HP channel and the other viewing the TD 
channel. It was found that the differences between the channels were minor, but the HP channel 
had a longer time base and therefore revealed more mode-converted signals that could 
sometimes be helpful in identifying flaw locations. In examining the data sets, analysts looked 
for any relevant indications that met the criteria of a flaw (see Section Error! Reference source 
not found.); for example, analysts looked for indications that had clear start/stop positions, had 
sufficiently high SNR (≥9.5 dB), and appeared on multiple lines in line scans or multiple angles 
in raster scans. In addition, the analysts also used mode conversions to help identify and 
distinguish flaws from the weld root and other signals. The SNR threshold criterion of 9.5 dB 
was violated in some instances when signal contiguity strongly suggested the presence of a 
flaw or when it was felt a flaw was masked by root or other confounding signals. For example, a 
mode-converted signal may indicate a flaw, but the primary flaw echo may be hidden. 
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Next, after potential flaws were identified, the analysts would share thoughts on what they were 
seeing. They would then reexamine the data, often collaboratively, to verify their findings. This 
back-and-forth continued until they felt that the flaws were correctly identified. Then the analysts 
divvied up the task of flaw characterization such that each measured and recorded different 
flaws (there was usually insufficient time for each analyst to independently measure and record 
all the flaws). Typically, the angle or line with the best flaw visibility was chosen for analysis. 
Details of PNNL measurement criteria are contained in this appendix. In particular, length sizing 
was measured from the primary echo at the −6 dB level (or to where the signal dropped by a 
factor of two), although mode-converted signals were occasionally used to aid in flaw sizing. An 
example of the −6 dB endpoints of Flaw 2 in 36D is shown in Figure D.3. The red and blue 
vertical lines in the D-scan (end view) mark the flaw endpoints that were recorded (red and blue 
arrows). The peak-to-mean SNR was calculated by measuring the peak signal of the flaw and 
the average signal intensity on both sides of a flaw at the same metal path. In this example, the 
SNR was measured to be 9.7 dB, or 3.1:1. If a tip signal was observed in the D-scan or B-scan, 
the flaw depth was measured from the center of the tip signal. Tip signals were rarely observed 
(and were not observed in this example), so the RL was usually measured at the −6 dB level of 
the ID corner response as shown by the red horizontal line in the D-scan of Figure D.3 (green 
arrow). Flaw axial positions were measured from the center of the flaw response, as shown in 
the C-scan (yellow arrow). 

 
Figure D.3. An example of PA-UT raster-scan data showing the sizing of Flaw 2 in Specimen 

36D. The red and blue arrows point to the vertical lines marking the −6 dB flaw 
endpoints. The green arrow indicates the −6 dB line from which the RL was 
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measured. The yellow arrow indicates line measuring the flaw’s axial position. The 
black lines are the gate positions. 

EPRI required that all final flaw calls be recorded in an Excel-based Indication Report Form that 
they provided. Figure D.4 is an example of a completed form. Participants were asked to record 
the axial (Y) start and stop positions, circumferential start and stop positions, and the RL. 

 
Figure D.4. Example of a completed indication report form. On such forms, PNNL reported the 

probe frequency and angle used for detection, the flaws’ axial (Y) and 
circumferential (start and stop) positions, and the remaining ligament (RL). 

D.9 Issues PNNL Encountered During Testing 

During the RRS, several unanticipated issues were encountered by the PNNL team. 



PNNL-32218 

Appendix D D.12 
 

• Early in the testing, the scanner arm motor was driven past its limits, which caused the 
motor to burn out. This only resulted in slight delays as EPRI offered the use of an 
ATCO scanning arm until a second motor was shipped overnight from PNNL. Note that 
this issue was independent of the stress to the motor arm due to vertical orientation of 
the 12” specimens. 

• A probe calibration failed in one instance (i.e., the calibration signal varied by >2 dB). 
The calibration block was positioned in a catch basin with no drain, and PNNL 
discovered that accumulated water had filled the notch and appeared to have dampened 
the signal. To mitigate this, EPRI removed the block and thoroughly dried out the notch. 
PNNL placed waterproof tape over the notch opening and verified the calibration signals. 
After this, the catch basin was drained more frequently. 

• Unintentional decoupling of the 1 MHz probe from the wedge was discovered when the 
calibration measurements were not consistent. It was found that significant air bubbles 
had formed between the probe and wedge. This was mitigated by heightened vigilance 
and recoupling the wedge as necessary. 

• The 12” specimens were scanned vertically, which put additional strain on the motor arm 
belt. Some slipping of the motor arm occurred, resulting in a few scans that had to be 
aborted and restarted. This was fixed by replacing the belt. 

D.10 Data Security 

Prior to leaving the EPRI NDE Center, all PNNL participants were asked to read and sign a data 
security document. PNNL team members agreed not to reveal or share any specimen-specific 
information, including the number, location, size, orientation, and distribution of flaws. PNNL 
team members agreed not to release any UT characteristics, including response amplitudes, 
and to maintain the security of any electronic and paper documents. After returning to PNNL, 
other relevant PNNL team members and NRC staff also signed the agreement. The security 
plan stated that it was intended to “end upon termination of the CASS RRS project.” PNNL was 
informed in January 2021 that the specimen information is no longer being considered as 
secure, and that action allowed the release of this report. 

D.11 Protocol Deviations 

During RRS data acquisition, PNNL found it necessary to deviate somewhat from their protocol 
in multiple ways. 

1. The EPRI RRS test plan stated that “the CASS-RRS is not designed to assess certain 
variables that may impact detection and sizing performance. Examples of these variables 
are: Surface Condition, Elbow Geometry, Access Restrictions, Grain Structure.”a The EPRI 
test plan further defined the examination region as extending on both sides of the welds to 
beyond the counterbore (see Figure D.1), but it did not state or imply that examinations 
would be strictly single-sided. Therefore, the PNNL team assumed no access restrictions 
and, their protocol was written to specify dual-sided examination with line and raster scans 
from upstream and downstream scans used together for detection and characterization. 
Because EPRI did not comment on this aspect of the PNNL protocol, PNNL proceeded with, 

 
a Latiolais C and D Kull. March 30, 2015. “Cast Austenitic Stainless Steel Non Destructive Evaluation 

Protocol for Conducting Blind Round-Robin Study.” EPRI, Charlotte, North Carolina. Non-public 
document. Emphasis added. 
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and practiced with, these procedures prior to traveling to EPRI. It was not until initiating the 
data acquisition at EPRI—after examining the 28” practice specimens—that the PNNL team 
was informed the RRS was to be a strictly single-sided test. That is, upstream and 
downstream data could not be considered simultaneously when making flaw calls. This 
required immediate and significant changes to the PNNL approach. 

2. PNNL intentionally integrated scan parameter flexibility into their protocol. However, prior to 
testing at EPRI, PNNL was required to provide the UltraVision setup files to the EPRI 
invigilator. No changes were allowed except for the gain, wedge delay, and scan offset.  

3. EPRI required reporting of the remaining ligament (RL = specimen thickness minus flaw 
height) regardless of whether a tip signal was detected. The PNNL protocol was designed to 
measure flaw height based only on tip or specular responses, if present. PNNL adjusted the 
protocol to measure the RL from the −6 dB extent of the flaw when no tip was detected, 
although PNNL has no experience of measuring flaw height based on the −6 dB and does 
not know if the method is accurate. 

4. The PNNL protocol stated that “examination consists of line scans for flaw detection, 
followed by raster scans … for flaw characterization.” However, EPRI required flaw 
characterization from all scans and treated them as independent data sets. 

It is unknown if other participating organizations were also affected by unanticipated protocol 
changes. 
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This is the procedure devised and utilized by PNNL for the RRS. It is presented 
here without revision (section, table, and figure numbers have been updated for 

this appendix). 
 

PNNL Ultrasonic Phased Array Examination 
Procedure for Cast Austenitic Stainless Steel 

Specimens in the EPRI CASS-RRS 
August 10, 2016, revision 0 

Susan L Crawford 
Matthew S Prowant 

Traci L Moran 
Richard E Jacob 
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D.12 Scope and Materials 

Pacific Northwest National Laboratory (PNNL) is participating in the Electric Power Research 
Institute (EPRI) blind round-robin study (RRS) on cast austenitic stainless steel (CASS) full 
penetration butt welded piping components. The study will assess crack detection, indication 
discrimination or classification and flaw sizing capabilities in the examination volume of interest. 
This examination volume includes the inner 1/3rd region in the weld heat-affected zone and base 
material to some extent (counterbore-to-counterbore). Refer to Section 1.6.1 in the Cast 
Austenitic Stainless Steel Non Destructive Evaluation Protocol for Conducting Blind Round-
Robin Study document.a  

The specimens include three categories of specimens with outer diameter (OD) and through-
wall thick (T) dimensions as follows: 
1. 12 in. (304.8 mm) (OD) with 1.35 in. (34.3 mm) T 
2. 28 in. (711.2 mm) OD with 2.00 in. (50.8 mm) T 
3. 36 in. (914.4 mm) OD with 2.7 in. (68.6 mm) T. 

Note that measurements in this document are typically given in both Imperial and Metric units 
with the significant value given first so order will change. These specimens are also 
documented in Section 1.6 of the protocol document for conducting the CASS RRS(a) and in 
Figure D.5 below. Due to the presence of weld crowns in the specimens, PNNL will conduct an 
examination for only circumferentially-oriented flaws. Dual-sided access is assumed therefore 
examinations shall be performed from both sides of the weld where meaningful data can be 
obtained. Where dual side access is not possible (ex. side masked off or geometrical limitations 
for a wedge), the examination shall be performed from a single side of the weld. 
  

 
a Latiolais C and D Kull. March 30, 2015. “Cast Austenitic Stainless Steel Non Destructive Evaluation 

Protocol for Conducting Blind Round-Robin Study.” EPRI, Charlotte, North Carolina. Non-public 
document. 
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Figure D.5. Generic weld profiles of Specimens in the CASS RRS 

This procedure will address the ultrasonic testing (UT) with contact PA probes of these three 
categories of specimens. Only longitudinal wave modality at a ½-V path will be considered. The 
probes operate in a transmit-receive longitudinal (TRL) mode (pitch-catch). The procedure 
includes the required equipment, a setup and examination protocol and a procedure for data 
analyses. The examination will be an encoded examination for circumferentially- oriented flaws, 
conducted from the OD surface.  

Note: In specimens consisting of pipe sections (i.e., not a full 360 degree round), the edge 
material will not be examined. The extent of this unexamined region is dictated by the width of 
the probe wedge. A margin equal to one-half of the wedge width will not be examined at the 
edges. This distance is approximately 51, 32, 33, and 24 mm (2.0, 1.3, 1.3, and 0.9 in.) for the 
500 kHz, 800 kHz, 1.0 MHz, and 2.0 MHz probes, respectively. 

D.13 Equipment 

D.13.1 Electronics 

Encoded PA data will be acquired with a Zetec DYNARAY or DYNARAY LITE interfaced via a 
Zetec Motor Control Drive Unit, MCDU-02 (or ZMC2), to an ATCO GPS-1000 scanner. This 
equipment will be controlled by a computer running UltraVision software (version 3.6R5 or 
other as needed). Data will be analyzed on a separate analysis computers running UltraVision 
software (versions 3.4R5 for standard operations, 3.7R21 for sectorial interpolation of merged 
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line-scan data and other versions as needed). All computers, both for data analysis and data 
acquisition, shall have a 3D key for proper operation as custom specimen definitions are 
employed. Data transfer between acquisition computer and analysis computer will occur via an 
external hard drive (LaCie drive). The external drive will also serve as a data backup unit. 

D.13.2 Probes 

PA-UT probes with removable Rexolite wedges will be used for the inspections. A nominal 
selection of probes and wedges are listed in Tables D.1 and D.2 but different probes and 
wedges can be used at the operator’s discretion as needed. For example, if material grain noise 
is small, then a higher frequency probe could be used for better resolution in flaw 
characterization. On the other hand, if the material grain noise is large, then a lower-frequency 
probe could be used for better penetration and improved flaw detection and characterization. 
Table D.1 lists the choice of probes and wedges for flaw detection (via line scans) and Table 
D.2 for flaw characterization (via raster scans). The PA probes have integral (non-detachable) 
cables with hypertronix connectors to attach to a DYNARAY system. The probes all operate in 
TRL mode, pitch-catch, with each side of the probe (transmitter and receiver) containing 10 
elements in the primary direction and 5 elements in the secondary direction. Two parts of each 
probe are noted by serial number A101 and A102 as listed in Table D.3. The -6 dB bandwidths 
(BW) are listed as well as the configuration of each probe with T in the right column for 
transmitter and R for receiver. The transmitter is always on the right side of the configuration 
when looking in the probe’s primary direction. Figures D.6 and D.7 show the characteristics of 
the four TRL PA probes as specified in the probe section of the PA Calculator in UltraVision 
(software that is used for data collection and analysis). Appendix D-A [omitted] contains portions 
of the probe data sheets as supplied from the vendor (Imasonic) and further documents the PA 
probes. 

Table D.1. Probes and wedges for circumferential flaw detection in CASS (Line Scan) 

T 
(in.) T (mm) 

OD 
(in.) 

OD 
(mm) Freq. 

Wedge 
OD (in./mm) 

Wedge 
Angle (°) 

Refracted 
Angle (°) 

1.35 34.3 12.0 304.8 800 kHz 12.0 / 355.6 17.5 46.8 
1.35 34.3 12.0 304.8 1.0 MHz 12.0 / 355.6 19.5 54.0 
2.00 50.8 28.0 711.2 500 kHz 28.0 / 711.2 16.5 43.5 
2.7 68.6 36.0 914.4 500 kHz 36.0 / 914.4 16.5 43.5 

 
Table D.2. Probes and wedges for circumferential flaw characterization in CASS (Raster 

Scan) 

T (in.) 
T 

(mm) 
OD 
(in.) 

OD 
(mm) Freq. 

Wedge 
OD (in./mm) 

Wedge 
Angle (°) 

Refracted 
Angle (°) 

1.35 34.3 12.0 304.8 1.0 MHz 12.0 / 355.6 19.5 54.0 
    2.0 MHz 12.0 / 355.6 18.0 48.5 

2.00 50.8 28.0 711.2 800 kHz 28.0 / 711.2 17.5 46.8 
    1.0 MHz 28.0 / 711.2 19.5 54.0 

2.7 68.6 36.0 914.4 800 kHz 36.0 / 914.4 17.5 46.8 
    1.0 MHz 36.0 / 914.4 19.5 54.0 



PNNL-32218 

Appendix D D.19 
 

Table D.3. Probe bandwidth and configuration 

Probe Freq. (MHz) Serial No. BW (%) T/R 
0.5 A101 46 R 
0.5 A102 51 T 
0.8 A101 53 T 
0.8 A102 54 R 
1.0 A101 58 R 
1.0 A102 57 T 
2.0 A101 62 T 
2.0 A102 62 R 

 

 

Figure D.6. 500 and 800 kHz PA probe characteristics 
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Figure D.7. 1.0 and 2.0 MHz PA probe characteristics 

Wedge angles are also critical. The nominal wedge angle is ideally set to produce a refracted 
angle at half of the steered refracted angle range or higher since the software is able to steer to 
lower angles more effectively than to higher angles. Additionally, the desired nominal steering 
angle range is within +/- 20 degrees to avoid the introduction of grating lobes. The available 
wedge angles are listed in Tables D.1 and D.2 with calculated natural refracted angle (no beam 
steering), assuming velocity values of 2330 m/sec in the wedge and 5650 m/sec in the 
specimen. Wedge parameters as viewed in the UltraVision PA Calculator are depicted in 
Figures D.4–D.7. 
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Figure D.8. 500 kHz wedges, 28-inch OD on the left and 36-inch OD on the right, both at 

a16.5-degree angle 
 

 
Figure D.9. 800 kHz wedges, left to right, 12-inch, 28-inch, and 36-inch OD, all at a 17.5-degree 

angle 
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Figure D.10. 1.0 MHz wedges, left to right, 12-inch, 28-inch, and 36-inch OD, all at a 

19.5-degree angle 

 
Figure D.11. 2.0 MHz wedge, 12-inch OD, and 18.0-degree angle 
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D.13.3 Validation Specimens 

A 36-in. OD rolled plate section (SN 31993, 304/304L SS, PHTOOL.COM) with 2.5-in T and a 
12.75-in OD half-pipe section (B02868) with a 1.0-in T will be used for probe and system 
validation during the exercise and to establish WD and scanner axial offset. The 36-in. 
specimen contains 10 and 20% through-wall deep ID-connected EDM notches. The 12.75-in. 
OD specimen contains 10 and 30% through-wall deep ID-connected EDM notches. Responses 
shall be acquired on the notches to validate consistent probe and system operation. 

D.13.4 Other 

An EPRI supplied scanner track ring will be used and will match the OD of the specimen. Water 
coupling is needed, possibly requiring a water basin, pump and tubing to channel water directly 
to the probes and also to the specimen (when necessary due to rough surfaces, etc.). Gel 
couplant can be used for simple manual checks when necessary. 

D.14 Baseline Setup at PNNL 

Specimen velocity shall be set to 5650 m/sec (0.222 in/µsec). This nominal value is based on 
measurements made by Kupperman et al. (1987) in CASS specimens with columnar, equiaxed 
and mixed microstructures. A reference reflector shall be raster scanned with water couplant at 
PNNL with each probe/wedge combination to establish wedge delay (WD), scanner axial offset 
and system gain based on an amplitude response level. WD and scanner axial offset are 
adjusted to place the reference response at the correct depth and axial position. The system 
hard gain shall be set to place the peak response at approximately 80% of full screen height 
(FSH). Table D.4 identifies the required notch or reference reflector for each probe and wedge 
combination. 

Table D.4. Reference reflector for probe/wedge setup 
Freq. (MHz) Wedge OD (in.) Wedge Angle Specimen OD (in.) Notch (%) 

0.5 36  16.5 36 20 
0.8 36 17.5 36 20 
1.0 36 19.5 36 20 
0.5 28 16.5 28 20 
0.8 28 17.5 28 20 
1.0 28 19.5 28 20 
0.8 12.75 17.5 12.75 30 
1.0 12.75 19.5 12.75 30 
2.0 12.75 18.0 12.75 30 

D.15 Probe and System Validation 

A reference signal for validation of proper system function will be recorded with each probe and 
wedge combination at PNNL and on first time use at EPRI. On first time use of a specific 
probe/wedge, at EPRI, the response from the reference reflector will be compared to the pre-
recorded signal acquired at PNNL. A validation check will also take place prior to and following 
a specimen scan and at the start, middle and end of a workday. This is a manual operation with 
water couplant, i.e. scanner and motor controller are not used. The details follow: 
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11. At PNNL, open appropriate probe/wedge validation setup file (see Section D.16) and 
establish a reference response, radial position (depth) and amplitude, for each probe and 
wedge on the appropriate reference reflector (see Table D.4 in previous section). Specify 
the refracted angle for this measurement as well as other parameters and measurement 
values. This information is recorded in file Probe_System_Validation.xlsx. The recorded 
value shall be an average of 5 successive measurements for radial position and amplitude. 
Positions for the probes will be marked on the specimen OD or guides fixed to the OD for 
consistent probe placement. 

12. First use of a probe/wedge at EPRI: 
a. Check probe to wedge coupling, if significant air bubbles are present, re-couple 
b. Check and record validation notch response (depth and amplitude) in Excel file 
c. If response is not within +/- 2 dB in amplitude and 10% in depth, establish a new 

validation signal response. Additionally, check and if needed adjust WD and axial scan 
offset (using water couplant). Save new setup file with date and time appended to file 
name. 

13. Acquiring data from a specimen 
a. Check and record validation notch response at the beginning of a day and at the 

beginning of an afternoon data acquisition session. 
b. Acquire data 
c. Check and record validation notch response at the end of a morning and afternoon data 

acquisition sessions (sooner if cause for concern in equipment function) 
d. Is post response within allowable tolerance as compared to the prior response? 

Allowable tolerance: +/- 2 dB in amplitude and +/-10% in depth. 
i. Yes, done 
ii. No, establish a new validation response (including a check and adjustment to WD 

and axial scan offset as needed, see 2c), save new setup file with date and time 
appended to file name and go to Step 3b. 

14. Document validation results in file Probe_System_Validation.xlsx, Figure D.12. 

 

 

 
Figure D.12. Data required for probe and system validation 

Focus Reflector
Probe Wedge Wedge Refracted (HP/TD) Specimen (notch/corner)
Freq. (MHz) OD (in.) Angle (°) Angle (°)

Avg. Depth
Date Time Gain (dB) Position - Avg. Wedge Pre or Post

Radial (mm) Amp (%) Delay

1 2 3 4 5
Depth Depth Depth Depth Depth
Position - Position - Position - Position - Position -
Radial (mmAmp (%) Radial (mmAmp (%) Radial (mmAmp (%) Radial (mmAmp (%) Radial (mmAmp (%)
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D.16 Setup 
1. Align scanner ring-track with specimen so that both are centered with respect to each other 

(concentric) 
2. Open Setup file (*.UVSetup) for the specific probe/wedge, type of scan (line or raster) and 

probe skew: 
a. 12OD_Line_0.8MHz_17.5degwedge_HP_TD_skew90 (or _skew270) 
b. 28OD_Line_0.5MHz_16.5degwedge_HP_TD_skew90 (or _skew270) 
c. 36OD_Line_0.5MHz_16.5degwedge_HP_TD_skew90 (or _skew270) 
d. 12OD_Raster_1.0MHz_19.5degwedge_HP_TD_skew0 (or _skew180) 
e. 12OD_Raster_2.0MHz_18.0degwedge_HP_TD_skew0 (or _skew180) 
f. 28OD_Raster_0.8MHz_17.5degwedge_HP_TD_skew0 (or _skew180) 
g. 28OD_Raster_1.0MHz_19.5degwedge_HP_TD_skew0 (or _skew180) 
h. 36OD_Raster_0.8MHz_17.5degwedge_HP_TD_skew0 (or _skew180) 
i. 36OD_Raster_1.0MHz_19.5degwedge_HP_TD_skew0 (or _skew180) 

3. Verify that specimen velocity is set to 5650 m/sec (0.222 in/µsec) 
4. Verify: 

a. Digitizer set to record full waveforms with 25 MHz sampling (digitizing) rate, 16-bits and 
no averaging (unless operator chooses to average to decrease grain noise). 

b. 200 volt pulse voltage with pulse width as listed in Table D.5. 
c. A-scan length (number of samples) set large enough to full capture the travel associated 

with an ID-connected flaw response for all angles and focal styles. For example at a 60° 
refracted angle the A-scan length needs to be greater than 2 x T since [1/cos(60°)] = 2 

d. Scan increment set to 0.5 mm (0.020 in.) except for 500 kHz line scans set default scan 
increment to 1.0 mm (0.039 in.). Index increment set to 10 mm (0.39 in.) for line scans. 
Index increment on raster scans set to 2 mm (0.079 in.) for 500 and 800 kHz and 1 mm 
(0.039 in.) for 1.0 and 2.0 MHz probes. These parameters are subject to change at 
operator discretion. 

Table D.5. Pulse width values for PA probes 

Frequency Voltage (V) 
Pulse Width 

(ns) 
Sampling 

Rate (MHz) 
500 kHz 200 1000 25 
800 kHz 200 625 25 
1.0 MHz 200 500 25 
2.0 MHz 200 250 25 

5. Calibrate circumferential and linear (pipe axis) scanner motors 
6. If the ends of the specimen are available to capture corner responses with the scanner: 

a. Check WD and axial scanner offset and adjust as needed 
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b. Set peak amplitude to ~80% of FSH. 
7. Establish coordinate zero positions for both scan and index axes. Weld centerline is the 

origin in the axial direction and the circumferential origin is the left edge of block, when 
looking downstream. See Figures D.13 and D.14 for raster- and line-scan axes, probe 
orientation, and skew. 

8. Add 6 dB of gain from end of specimen corner scan (if one was acquired) or reference 
reflector level for scanning gain level. It’s is acceptable to saturate a counterbore or 
geometrical signal but not a relevant indication. 

9. Save new setup with specimen name added to the beginning of the file name. 

 
Figure D.13. Setup for raster scans 

Flow

Skew 0°

- Scan

+ Index

WCL, 0 Axial

Edge, 0 Circ.

+ Scan

Skew 180°
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Figure D.14. Setup for line scans 

D.17 Examination 

The examination consists of line scans for flaw detection, followed by raster scans in the regions 
with relevant indications for flaw characterization. One specimen shall be fully dispositioned 
before moving to another specimen. Line and raster scans are further described in the following 
sections. 

D.17.1 Line Scan in Weld Region 

D.17.1.1 Line Scanning Sequence for Detection of Circumferential Flaws: 
1. For examinations to detect reflectors oriented parallel with the weld, the sound beam shall 

be directed perpendicular to the weld axis from two directions (probe skews of 90 and 270 
degrees). If access is limited to a single side of the weld, the sound beam shall be directed 
perpendicular to the weld axis from one direction. 

2. Scanning movement of the search unit shall be along the weld, while the increment shall be 
away from the weld. See Figure D.14 for reference. 

3. The scanning sequence shall be sufficient to ensure that the entire weld length is examined. 
If several scanning sequences are required to cover the complete circumference of the 
weld, consecutive scanning sequences should overlap by at least 25 mm (1 inch) in the 
circumferential direction. 

4. The scan speed shall not exceed 0.6 inch per second (15 mm/sec) and may need to be 
adjusted and a scan retaken if missing 5% of total inspection area or missing lines in critical 
regions. Additional couplant (water) may also be needed. Both scan speed and water flow 
are set at the inspector’s discretion. 

5. Index Positions shall be determined as follows: 

Flow

+ Index

- Index

+ Scan

WCL, 0 Axial

Edge, 0 Circ.

Skew 90°

Skew 270°



PNNL-32218 

Appendix D D.28 
 

a. Line 1 scan position shall be at the point where the front of the wedge is located at the 
toe of the weld. Index resolution shall be 10 mm (0.39 in.) with increments away from the 
weld. 

b. Five scan lines shall be acquired on the 12-inch specimens and 4 lines on the 28- and 
36-inch specimens, if specimen geometry allows. 

c. Additional scan lines may be requested by the data analyst to further interrogate suspect 
indications or to compensate for geometrical uncertainties (offset weld center, tapers, 
etc.). 
i. These scan lines may include beam skew as requested by the analyst 

6. The resolution along the Scan axis shall be 0.5 mm (0.02 in.) for all frequencies except the 
500 kHz probe should have a resolution of 1 mm (0.04 in.) These parameters are subject to 
change due to specimen surface roughness and operator discretion. 

7. Two data channels are established with nominal values listed below in (a) and (b) and Table 
D.6. Focal laws are displayed in Appendix D-A. Additional channels can be added at 
operator discretion. 
a. HP focus 

i. at ID/cos(45) for 12-inch and at ID/cos(30) for 28- and 36-inch specimens 
ii. 30-70 degrees at 1 degree increments, 
iii. beam skew of 0 degrees 

b. TD focus 
i. at ID, 
ii. 20-65 degrees at 1 degree increments, 
iii. beam skew of 0 degrees 

8. Collect data 
9. Transfer and review data for quality and completeness. Was the full region covered, were 

data saturated, were there significant regions of loss of couplant or skipped lines? If data 
quality is poor, adjust scanner speed, couplant, etc. and rescan. 

Table D.6. Achievable refracted angle range for given focus in line scanning 

T (mm) 
OD 
(in.) 

OD 
(mm) Freq. 

Wedge 
OD (in./mm) 

Wedge 
Angle (°) 

Focus 
Refracted Angles 

34.3 12.0 304.8 800 kHz 14.0 / 355.6 17.5 HP49 
30–70° 

TD34 
20–65° 

50.8 28.0 711.2 500 kHz 28.0 / 711.2 16.5 HP58 
30–70° 

TD50 
20–65° 

68.6 36.0 914.4 500 kHz 36.0 / 914.4 16.5 HP79 
30–70° 

TD68 
20–65° 
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D.17.2 Raster Scan in Weld Region 

D.17.2.1 Raster Scanning Sequence for Characterization of Circumferential Flaws: 
1. For examinations to detect reflectors oriented parallel with the weld, the sound beam shall 

be directed perpendicular to the weld axis from two directions (probe skews of 0 and 180 
degrees). If access is limited to a single side of the weld, the sound beam shall be directed 
perpendicular to the weld axis from one direction. 

2. Scanning movement of the search unit shall be perpendicular to the weld, with motion 
toward or away from the weld in 0.5-mm (0.02-inch) increments. Data are acquired when 
approaching the weld only (unidirectional). Larger scan increments are allowed when 
surface and coupling conditions prevent good data collection with a 0.5-mm (0.02-inch) 
increment. 

3. The scan speed shall not exceed 0.6 in/sec (15 mm/sec) and may need to be adjusted and 
a scan retaken if missing 5% of total inspection area or missing lines in critical regions. 
Additional couplant (water) may also be needed. Both scan speed and water flow are set at 
the inspector’s discretion 

4. Scan start and stop are initially determined from line-scan data but can be adjusted to fully 
capture the region of interest. Scan stop shall be at the toe of the weld. 

5. Index start and stop positions shall be set to include at a minimum a 25 mm or 1 inch (prefer 
50 mm or 2 inches) margin of base material from the flaw start and stop positions 
determined in line-scan data analyses. Index increment is nominally set to 2 mm (0.079 in.) 
but could be smaller (at operator discretion). 

6. Established data channels are listed below and displayed in Table D.7 (subject to change at 
operator discretion). Focal laws are displayed in Appendix D-B: 
a. HP focus at ID/cos(30), 30-80 degrees at 3-degree increments, beam skew of 0 degrees 

(1 channel). Note than with a 3-degree increment the highest angle generated is 
78 degrees. 

b. TD focus at ID, 20-65 degrees at 3 degree increments, beam skew of 0 degrees 
(1 channel) 

7. Collect data 
8. Transfer and review data for quality and completeness. Was the full region covered, were 

data saturated, were there significant regions of loss of couplant or skipped lines? If data 
quality is poor, adjust scanner speed, couplant, etc. and rescan. 

Table D.7. Achievable refracted angle range for given focus in raster scanning 

T (in.) T (mm) 
OD 
(in.) 

OD 
(mm) Freq. 

Wedge 
OD (in./mm) 

Wedge 
Angle (°) 

Focus 
Refracted Angle (°) 

1.35 34.3 12.0 304.8 1.0 MHz 14.0 / 355.6 19.5 HP40 
30–78 

TD34 
20–65 

    2.0 MHz 14.0 / 355.6 18.0 HP40 
30–78 

TD34 
20–65 

2.00 50.8 28.0 711.2 500 kHz 28.0 / 711.2 16.5 HP58 
30–78 

TD 50 
20–65 

    800 kHz 28.0 / 711.2 17.5 HP58 TD 50 
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30–78 20–65 
    1.0 MHz 28.0 / 711.2 19.5 HP58 

30–78 
TD 50 
20–65 

2.7 68.6 36.0 914.4 500 kHz 36.0 / 914.4 16.5 HP79 
30–78 

TD 68 
20–65 

    800 kHz 36.0 / 914.4 17.5 HP79 
30–78 

TD 68 
20–65 

    1.0 MHz 36.0 / 914.4 19.5 HP79 
30–78 

TD 68 
20–65 

 

D.17.3 File Naming Convention 

File names shall be used to include all pertinent information such as specimen, probe, wedge 
angle, probe skew angle, upstream or downstream side of weld, focal style and focal depth, 
scan start and stop positions, index start and stop positions and type of scan – line or raster. In 
raster data a flaw number shall also be included. 

D.17.3.1 Line Scan Data Files 

Name: 

• Specimen_probe_wedge_Pskew#_upS_TD#_HP#_#-#Scan_#-
#Index_multiLine.UVData 

• Specimen_probe_wedge_Pskew#_downS_TD#_HP#_#-#Scan_#-
#Index_multiLine.UVData 

Example: 

• 10C-011_0.5MHz_10x5_wedge15_Pskew90_upS_TD85_HP110_80-950Scan_0--
50Index_multiLine.UVData 

Assumes: 

• Probe frequency given in MHz and include number of elements (primary x secondary) 

• Wedge angle is in degrees 

• Beam skew of 0 degrees 

• upS = data acquired from upstream side of weld 

• downS = data acquired from downstream side of weld 

• Scan and Index coordinates (start and stop) are given in mm 

• TD and HP focal depths are specified in mm 

D.17.3.2 Raster Scan Data Files 

Name: 

• Specimen_probe_wedge_Pskew#_upS_TD#_HP#_#-#Scan_#-
#Index_Raster_Flaw#.UVData 
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Example: 

• 10C-011_0.5MHz_10x5_wedge15_Pskew0_upS_TD85_HP110_-110-20Scan_300-
550Index_Raster_Flaw1.UVData 

Assumes: 

• Same as listed for line-scan files 

D.18 Indication Classification 

Indications or signal responses shall be classified either as relevant or non-relevant. The 
following are general guidelines to assist in signal classification. 

D.18.1 Relevant Indications 

Relevant or flaw indications shall be first assessed in the line-scan data and further analyzed in 
raster data. The following are possible characteristics of a flaw. A flaw may not contain all of the 
characteristics listed to be classified as a flaw. 
9. The indication has a good signal-to-noise ratio (SNR). SNR will be measured as the peak 

indication response as compared to a mean noise response at the same part path of the 
indication. SNR will be measured in the view representing depth and circumferential axes. A 
peak response to mean noise (P-M) SNR of 3:1 or 9.5 dB is desirable but not absolutely 
necessary (subject to analyst discretion) 

10. Additionally, a peak response to peak noise (P-P) SNR shall be calculated. A minimal P-P 
SNR of nominally 2.0 dB (a 26% greater peak signal than peak noise amplitude) is desired 
but is subject to operator discretion. 

11. The indication plots to the volume of interest. In the absence of specific weld profile 
information for each specimen, the generic 36, 28, and 12 inch specimen profiles will be 
used. 

12. The indication exhibits echo dynamic travel or walk as the probe is scanned past the flaw. 
As a result of this travel or walk, the shape of the response in the view representing depth 
and axial axes is nominally elliptical with the major axis of the ellipse perpendicular to the 
insonifying beam. 

13. The indication is evident at multiple refracted angles. 
14. The indication is evident in multiple line scans. 
15. The indication may be observed from scanning in the opposite direction, but this depends on 

flaw location and orientation (tilt and skew). 
16. The indication may be inconsistent in amplitude along the length of the flaw (reasons: flaw 

morphology, coarse grains, probe frequency too high, etc.) 
17. The indication may show evidence of a flaw tip signal. 
18. The indication has a start and stop (length) 

D.18.2 Non-relevant Indications 

Non-relevant indications are also assessed in the line-scan data. The following are possible 
characteristics of a non-relevant indication such as a geometrical reflector from the counterbore 
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or weld root. A geometrical reflector may not contain all of the characteristics listed to be 
classified as a non-relevant indication. 
1. The indication is nominally seen across the entire length of the scan. 
2. The indication, if from a counterbore and obtained from the near side, has large amplitude 

and may be saturated when gain levels are set for flaw detection. 
3. Amplitude variations along the length of the indication may be observed but are generally 

less than from a flaw. 
4. Far-side counterbore may be smaller in amplitude or not observed 

Non-relevant indications also include weld fabrication flaws. These indications may be detected 
in the weld region and are not ID connected. Weld fabrication flaws are typically observed at 
higher probe frequencies (2 MHz and perhaps at 1 MH). 

Non-relevant indications may be noted in the data sheet but will not be further investigated with 
raster scans. 

D.19 Line Scan Data Analyses 

Line-scan data are acquired and analyzed for flaw detection and initial flaw characterization. 
Line-scan data whether acquired as a single line in a data file or as multiple lines in a data file 
are merged and then analyzed in a line by line manner. HP and TD focused data are acquired 
with a 0-degree beam skew, each in a separate channel. At operator discretion +/- 10-degree 
beam skew data may be used as a supplement. This approach is applied to both upstream and 
downstream data. The following sections describe the processes for merging data, guidelines 
for indication classification (relevant or non-relevant indication) and finally the analyses of 
relevant indications for initial flaw characterization. One data analyst shall work with the HP data 
and a second analyst will work with the TD data. They shall compare results and resolve any 
discrepancies if possible. 

D.19.1 Merge Individual Lines of a Multi-line Scan File 
1. Run UltraVision version 3.7R21(only this version and likely later versions have the option of 

sectorial interpolation -- required) 
2. Open the data file (File – Open Data File) 
3. Processing – Volumetric Merge 

a. Data tab (Figure D.15): select a data channel, i.e. TD 
b. Processing tab (Figure D.16): 

i. Select “Use sectorial interpolation” box at bottom 
ii. Name the merged channel, i.e. “Merge_TD_line-20” for a line at -20 mm index 

c. Ranges tab (Figures D.17–D.19): 
i. Select Scanner Region in Source data selection (Figure D.17). 
ii. Set Index in Source data selection to the line number +/- 1 mm, i.e., -21 and -19 mm 

for line at – 20 mm (Figure D.18). Note, enter numbers but do not hit enter/return. 
iii. Reset Scan Start and Stop in the Destination volume to match Source data selection, 

i.e. -73 and 957 (Figure D.19). Note, enter numbers but do not hit enter/return. 
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iv. Click on Finish at the bottom 

 
Figure D.15. Select a data channel from the data tab 

 
Figure D.16. Select selectorial interpolation and provide a name for the merged data 



PNNL-32218 

Appendix D D.34 
 

 
Figure D.17. Select scanner region from the source data selection 

 
Figure D.18. Select source data index start and stop for line at – 20 mm (-21 to -19 mm) 



PNNL-32218 

Appendix D D.35 
 

 
Figure D.19. Reset destination scan start and stop to match source scan start and stop 

D.19.2 Merge All Lines in a File (One or Multiple Lines) 
1. Run UltraVision version 3.7R21(only this version and likely later versions have the option of 

sectorial interpolation) 
2. Open the data file (File – Open Data File) 
3. Processing – Volumetric Merge 

a. Data tab (Figure D.15): select a data channel, i.e. TD 
b. Processing tab (Figure D.16): 

i. Select “Use sectorial interpolation” box at bottom 
ii. Name the merged channel, i.e. “Merge_TD” 

c. Ranges tab – 
i. Reset Scan Start and Stop in the Destination volume to match Source data selection 
ii. Click Finish 

D.19.3 Batch Volumetric Merges 

A batch volumetric shall be established for assisting in merging the individual lines in a multi-line 
data file. This is accomplished by: 1) setting up merges but not executing the merges for all 
lines of interest and for TD and HP focuses and 2) executing the merges via a batch process as 
follows: 
1. Run UltraVision version 3.7R21(only this version and likely later versions have the option of 

sectorial interpolation) 
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2. Open the data file (File – Open Data File) 
3. Create the volumetric merge parameters for all data channels of interest: Processing – 

Volumetric Merge 
a. Data tab (Figure D.15): select a data channel, i.e. TD 
b. Processing tab (Figure D.16): 

i. Select “Use sectorial interpolation” box at bottom 
ii. Name the merged channel, i.e. “M_TD_line-20” for a line at -20 mm index 

c. Ranges tab (Figures D.17–D.19): 
i. Select Scanner Region in Source data selection (Figure D.17). 
ii. Set Index in Source data selection to the line number +/- 1 mm, i.e. -21 and -19 mm 

for line at – 20 mm (Figure D.18). Note, enter numbers but do not hit enter/return. 
iii. Reset Scan Start and Stop in the Destination volume to match Source data selection, 

i.e. -73 and 957 (Figure D.19). Note, enter numbers but do not hit enter/return. 
iv. Click on Export at the bottom 
v. Save file as *.vmx, ex. TDLine-20 in the same folder as the data file 

d. Repeat steps a) – c) for each line of interest at TD focus and each line of interest at HP 
focus. For example, create *.vmx files for 
1. TDLine-20 
2. TDLine-30 
3. TDLine-40 
4. HPLine-20 
5. HPLine-30 
6. HPLine-40 

4. Setup the batch volumetric merge: Processing – Batch Volumetric Merge – Create 
a. Shift-click to select the *.vmx files of interest, see Figure D.20 
b. Click Open 
c. Name the batch processing file, *.bvm, see Figure D.21 

5. Run the batch volumetric merge: Processing – Batch Volumetric Merge – Execute 
a. Select the *.bvm file of interest 
b. This will create all the merged data channels that were requested, for example 

i. M_TD_line-20 
ii. M_TD_line-30 
iii. M_TD_line-40 
iv. M_HP_line-20 
v. M_HP_line-30 
vi. M_HP_line-40 
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Figure D.20. Select *.vmx files of interest for a batch merge (ex. Lines -20, -30 and -40) 

 
Figure D.21. Name the processing file for the batch merge operation (a *.bvm File) 

D.19.4 Viewing Merged Line Scan Data 
1. Display the new merged data by selecting it by name in the UltraVision Manager on the left 

of the screen display, Channel in View tab 
2. Load display Setup File “Line_multi.UVDisplay” (File – Load Setup), if not already loaded 
3. Add weld overlay (if not already present) to the Linked End view, i.e. depth in vertical axis 

and axis of pipe or beam projection in horizontal axis (upper left image in Figure D.22) 
a. Overlay – Load (*.rsp file) or 
b. Overlay – New Weld Overlay (*.DXF file) 

i. CASS RR 12OD.DXF 
ii. CASS RR 28OD.DXF 
iii. CASS RR 36OD.DXF 
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4. Ensure that the Weld overlay box is checked in View Properties – Overlay tab for the 
window (see bottom of Figure D.24) 

5. Adjust weld overlay position as needed: Overlay – Relocate 
6. Save weld overlay if it was newly added: Overlay – Save as [this creates a *.rsp file] 

 
Figure D.22. Display weld overlay 

D.19.5 Analysis of Merged Line Scan Data 

All suspected flaw or relevant indications shall be investigated to provide accurate indication 
location, classification, and characterization. This initial classification, localization, and 
characterization shall be performed on line-scan data acquired from both sides of the weld (if 
available). Suspected flaws will then be raster-scan examined with one or more PA probes from 
both sides of the weld (if possible) for confirmation of the flaw classification and for flaw 
characterization. 

All indications from the volume of interest shall be considered. The volume of interest includes 
the inner 1/3rd and the region on either side of the weld root between counterbores. For the 36 
and 28 inch specimens the counterbore region is assumed to extend from the weld root to 
+/- 1.0 inch or less and for the 12 inch specimen +/- 1.4 inch or less, based on generic weld 
profile drawings from EPRI (see Figure D.5). 

Analyses include: 
1. Review images of the nominally 4 or 5 merged line scans from the upstream and from the 

downstream sides of the weld and for both TD and HP focus 
2. Identify non-relevant indications 
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3. Identify potential relevant indications 
4. Verify that the relevant indications occurs in more than one scan line with acceptable SNR 

(P-P SNR > 2.0 and P-M SNR > 9.5 dB). Variances in acceptable SNR values are allowed 
at operator discretion. 

5. For each relevant indication select the merged line-scan image that provides the “best” view 
of the indication, i.e. one with the following characteristics: 
a. isolated from other signals 
b. most complete representation of the indication (i.e. connected or contiguous) 
c. good SNR 

6. Characterize the relevant indication or flaw response from the optimum or best merged line-
scan data and document by filling in the cells in file LineScanAnalysis_CASS_RRS_v0.xlsx 
(Figure D.30) with measured values. The required information includes: 
a. Assigned flaw number 
b. Flaw start, stop and length in the circumferential axis at the -6 dB (half amplitude) level 
c. Axial flaw position 
d. Radial position or depth of corner and tip responses and flaw height or through-wall 
depth. Note tip responses are unlikely to be detected in merged line-scan data. 
e. P-P and P-M SNR 

7. Acquire screen captures of data images and save in a PowerPoint file with one file for 
line-scan data from a specimen and one file for raster-scan data from a file. Titles to pages 
shall include probe and wedge information, side of weld and focal style at a minimum.  

8. Record the information on the EPRI data sheet (Figure D.32) (after confirming with raster 
data) 

D.19.6 Example of Line Scan Analyses 
1. From a merged line-scan data image: 

a. Gate circumferential region of interest – red (reference cursor) and blue (measurement 
cursor) vertical lines in side view, bottom right in Figure D.23 

b. Gate axial region of interest – set vertical red and blue lines to include a major portion of 
the indication response in the end view (upper left in Figure D.23) but to also exclude 
other signals 

c. Gate Usound or depth region of interest – set horizontal red and blue lines to include ID 
region, end and side view images 

d. Select possible relevant indications, marked with red arrows in bottom right figure 
e. Select noise region, green highlight in bottom right figure 
f. Calculate SNRs for the 4 responses 

2. Assess other merged line-scan data images (other lines, both focal styles and other side of 
weld data) 

3. Determine which indications meet the criteria for a relevant indication and which data set 
(“best”) to use for reported measurements 
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4. Measure flaw length, position and, if possible, the depth 
5. Record SNR and other measurements for relevant indications such as length, depth and 

position 
6. Report measurements on EPRI data sheet (after confirming with raster data) 

 
Figure D.23. Merged line-scan data with noise region highlighted in green and potential flaws 

marked by red arrows 

D.20 Raster Scan Data Analyses 

One data analyst shall work with the HP data and a second analyst will work with the TD data. 
They shall compare results and resolve any discrepancies if possible. A format for display of 
raster-scan data images is depicted in Figure D.24, obtained by loading the setup file 
Raster_Gates_NoAscan.UVDisplay. The sector view is in the upper left and the C-scan or top 
view in the upper right. The D-scan end view is in the lower left and the B-scan side view in the 
lower right. Signals of interest are electronically gated with the gates shown as black horizontal 
and vertical lines in the images. Horizontal gates in the D- and B-scan images are set to include 
the through-wall extent of interest, typically just beyond the specimen ID and including any 
signals of interest near the OD. The vertical gates in the D-scan view are initially set to include 
the entire index range but if the data are noisy gates are set to include the flaw region only. 
Finally, the vertical gates in the B-scan view are positioned to include the flaw signal of interest. 
In Figure D.24 these gates are set at approximately -8 to 12 mm (0.32 to 0.47 in.) to capture the 
flaw response near the weld centerline (zero axial position).  
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Figure D.24. Display format for raster data analyses 

The flaw response is observed over a range of refracted angles. The angle of peak response 
can sometimes be determined by: 1) placing the measurement cursor (red in image displays) on 
the flaw in the index axis, 2) moving the measurement cursor across the flaw response in the 
scan axis on the B-scan view, and 3) viewing the response in the sector view. Numbers in 
Figure D.24 correspond to these three steps. The sector view will show the sweep of angles 
over which the flaw is observed and the peak response may be discernable. Another option is to 
manually scroll through the refracted angles of interest.  

For large-bore specimens the peak response from the ID-connected flaw often occurs at the 
lowest refracted angle however if the angle is very low then many reflections from the ID surface 
itself are also detected. For example, with a TD focus and a sweep of angles from 20 to 45 
degrees, the 20 degree response typically produces a large response from the flaw but also 
many ID signals, making it difficult or impossible to properly gate the flaw signal. A nominal 
30-degree refracted angle is typically the lowest angle suggested for a good corner response. 
Higher angles may be needed to optimize a flaw tip signal, particularly if the flaw tip signal is 
mid-wall or deeper. 
1. Length sizing is performed at the -6 dB or half amplitude level. This is generally calculated in 

the D-scan view where a SNR is also determined. In addition to the P-M SNR a peak signal 
to peak noise SNR or P-P SNR may also be calculated. For all SNR values the noise level is 
determined at the same part path as the flaw response. SNR values are nominally only 
calculated for the ID corner response but could be calculate for a tip or upper specular 
response as well. Acquire screen captures of data images and save in a PowerPoint file 
with one file for line-scan data from a specimen and one file for raster-scan data from a file. 
Titles to pages shall include probe and wedge information, side of weld and focal style at a 
minimum.  

Details on flaw characterization follow. 

1

2

3

Sector
C-scan

D-scan

B-scan
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D.20.1 SNR Calculations (from D-scan): 
1. From the Information Group Settings – Statistics, display the maximum and mean 

amplitudes of the visible image. Also, from the Information Group Settings – Data Cursors, 
display the absolute value of the reference cursor – measurement cursor position in both the 
ultrasound and index axes. These values are already specified or established in the setup 
file listed earlier. 

2. Note flaw maximum amplitude (%) in the D-scan  
3. Gate noise region to the right of the flaw as shown in Figure D.25, top 
4. From the gated image (Figure D.25, bottom) note maximum and mean noise  
5. Place reference cursor in upper left corner of the image and measurement cursor in lower 

right corner of image. Record image area (reference – measurement positions). 
6. Gate noise region to the left of the flaw as shown in Figure D.26, top. 
7. Repeat steps 4 and 5 
8. Determine P-P SNR as 20 x log (Peak signal / Peak noise). Peak noise is determined from 

the peak response from right and left side noise regions. 
9. Determine P-M SNR as 20 x log (Peak signal / Mean noise). Mean noise is determined from 

a weighted average of right (R) and left (L) side noise regions: 

 Mean noise = [Mean NoiseR x AreaR + Mean NoiseL x AreaL] / [AreaR + AreaL] 

 
Figure D.25. Right side gated region for noise measurement 
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Figure D.26. Left side gated region for noise measurement 

D.20.2 Length Calculation from D-scan 

Length sizing is performed at the -6 dB or half amplitude level. Gate the flaw signal of interest 
and set the soft or analysis gain to keep the flaw response out of saturation and also to not over 
emphasize the noise. Clip the flaw response to – 6 dB. Place the reference and measurement 
cursors on the right and left ends of the clipped flaw response, top of Figure D.27. These values 
represent the extent of the flaw; subtract the two for a length measurement. The unclipped data 
image is depicted in the bottom of Figure D.27.  
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Figure D.27. Half amplitude (-6 dB) clipped data for length measurement, Top, and unclipped 

image, bottom 

Length sizing can and should be performed at multiple angles (nominal 30 and 40 degrees), TD 
and HP focusing and in far side and near-side data. Near-side data is assumed to be more 
accurate than far side data unless the flaw is tilted toward the near-side probe. TD focusing at a 
nominal 30-degree refracted angle should also provide more accurate results on the ID corner 
response from a flaw however each flaw should be evaluated over these multiple settings. 
Additional inputs can come from C-scan images. If major discrepancies exist between length 
measurements then attempts to reconcile the discrepancies should be made. The maximum 
flaw length should be reported as flaw endpoints L1 and L2.  

D.20.3 Positional Information 

The indication positional information shall be obtained from the data images. Generally, depth or 
radial position is determined first from the center of the response in the B-scan and secondarily 
from the D-scan view in raster data for a circumferential flaw. Axial position is determined 
primarily from the center of the flaw response in the B-scan with assistance from the C-scan 
view while flaw length is measured in the D-scan view with possible help from the C-scan. Near-
side positional data are typically more accurate than far-side data but vary with flaw tilt. Axial 
flaw position error could be introduced due to material velocity variations. When possible a 
reference reflector such as a counterbore signal can be used to validate axial position. An axial 
offset would be determined from the measured reference reflector location and the specimen 
drawing true-state (Figure D.5) and applied to axial measurements.  
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D.20.4 Flaw Depth Sizing 

Flaw responses from several refracted angles and both TD and HP focusing shall be reviewed 
for the detection of a flaw tip or upper specular reflection response. True tip diffracted signals 
are typically significantly lower in amplitude {Silk, 1979 #2606}{Gruber, 1980 #2607} than the ID 
corner response. Upper specular signals, on the other hand, can be brighter than the corner 
response. Either tip or upper specular responses should lie in approximately the same axial 
plane as the corner response. Variations are possible with flaw tilt. Additionally, the tip response 
should be most evident when viewed from the near side rather than through the weld unless the 
flaw is tilted away from the insonification direction. With such a flaw tilt the far-side examination 
might provide the better view of a flaw tip or upper specular signal.  

The through-wall flaw depth or height is measured by positioning a cursor through: 1) the middle 
of the ID corner response and 2) the middle of the tip or upper specular response and then 
subtracting the values. Figure D.28 provides an example with the ID corner response marked by 
the blue horizontal line in the bottom two images and the tip/upper specular signal marked by 
the red horizontal line. It may be helpful to first mark the two positions in the side view (bottom 
right) as the centers of the flaw’s ID corner and tip responses. The positions could be adjusted 
slightly as needed based on the end view (bottom left). Additionally, a vertical echo dynamic 
curve in the end view, Figure D.29, could be used to further guide the measurements.  

 
Figure D.28. Example of flaw depth measurement with horizontal blue and red lines 

intersecting the ID corner and tip signals, respectively 
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Figure D.29. Echo dynamic curve on the right to assist in locating through-wall position of Flaw 

ID corner and tip responses 

D.21 Data Reporting 

Line-scan data analyses results shall be recorded in file, 
LineScanAnalysis_CASS_RRS_v0.xlsx, and raster-scan data analyses results in file 
RasterScanAnalysis_CASS_RRS_v0.xlsx.  

The line-scan data file includes the entries listed below in Figure D.30. A column could be 
added for the axial position of a geometrical reflector or this could be added as a separate 
indication number with a non-relevant disposition. The axial position of a known geometrical 
indication could be useful for fixing or minimizing axial position errors in a flaw indication. Raster 
data analysis measurements are listed in Figure D.31.  

 

 

 
Figure D.30. Measurements from line-scan data 

Raster-scan data entries are similar to the line-scan data entries except there is a refracted 
angle entry instead of a line number. The information is presented in Figure D.31. 

Up/Down (at -6 dB level)
OD OD Stream Probe Wedge Focal Line # Indication L1 L2 Length

Specimen (in.) (mm) Side Freq. (MHz) Angle (°) Style Number (mm) (mm) (mm)
0
0

Radial Position Axial
ID Tip Depth Position Peak
(mm) (mm) (mm) (mm) Gain dB)Response (%)

0 50.1
0 50.1

Area 1 Area 2 Weighted SNR (dB) SNR (dB) (Note: sho                
Peak Noise Mean Noise Area Peak Noise Mean Noise Area Mean P-P P-M
(%) (%) (mm^2) (%) (%) (mm^2) Noise calc Relevant

35 7.3 4620 26.5 10.7 16750 10.0 3.1 14.0 1
35 7.3 7.3 3.1 16.7 1
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Figure D.31. Measurements from raster-scan data 

Data will also be reported on the EPRI data sheet that is provided in Appendix 1 of the Cast 
Austenitic Stainless Steel Non Destructive Evaluation Protocol for Conducting Blind Round-
Robin Study document.a The data sheet is reproduced below in Figure D.32.  

 
a Latiolais C and D Kull. March 30, 2015. “Cast Austenitic Stainless Steel Non Destructive Evaluation 

Protocol for Conducting Blind Round-Robin Study.” EPRI, Charlotte, North Carolina. Non-public 
document. 

Up/Down (at -6 dB level)
OD OD Stream Probe Wedge Focal Refracted Indication L1 L2 Length

Specimen (in.) (mm) Side Freq. (MHz) Angle (°) Style Angle (°) Number (mm) (mm) (mm)
0
0

Radial Position Axial
ID Tip Depth Position Peak
(mm) (mm) (mm) (mm) Gain dB)Response (%)

0 50.1
0 50.1

Area 1 Area 2 Weighted SNR (dB) SNR (dB) (Note: sho                
Peak Noise Mean Noise Area Peak Noise Mean Noise Area Mean P-P P-M
(%) (%) (mm^2) (%) (%) (mm^2) Noise calc Relevant

35 7.3 4620 26.5 10.7 16750 10.0 3.1 14.0 1
35 7.3 7.3 3.1 16.7 1
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Figure D.32. EPRI data sheet for indication documentation 

D.22 Personnel 

Personnel performing examinations according to this procedure shall be trained on the 
procedure and include but is not limited to the list of authors. 
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Appendix D-A 
– 

Focal Laws for Line Scan Detection Data 

 
Figure D.33. 12 in. specimen, 800 kHz probe, 17.5° wedge HP49, 30–70°. 
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Figure D.34. 12 in. specimen, 800 kHz probe, 17.5° wedge TD34, 20–65°. 
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Figure D.35. 28 in. specimen, 500 kHz probe, 16.5° wedge HP58, 30–70°. 
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Figure D.36. 28 in. specimen, 500 kHz probe, 16.5° wedge TD50, 20–65°. 
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Figure D.37. 36 in. specimen, 500 kHz probe, 16.5° wedge HP79, 30–70°. 
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Figure D.38. 36 in. specimen, 500 kHz probe, 16.5° wedge TD68, 20–70°. 
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Appendix D-B 
– 

Focal Laws for Raster Scans, Flaw Characterization 

 
Figure D.39. 12 in. specimen, 1.0 MHz probe, 19.5° wedge HP40, 30–72°. Unable to make a 

focal law at 75°. 
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Figure D.40. 12 in. specimen, 1.0 MHz probe, 19.5° wedge TD34, 20–65°. 
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Figure D.41. 12 in. specimen, 1.0 MHz probe, 19.5° wedge TD17, 20–65°. 
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Figure D.42. 12 in. specimen, 2.0 MHz probe, 18.0° wedge HP40, 30–75°. 
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Figure D.43. 12 in. specimen, 2.0 MHz probe, 18.0° wedge TD34, 20–65°. 
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Figure D.44. 12 in. specimen, 2.0 MHz probe, 18.0° wedge TD17, 20–65°. 
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Figure D.45. 28 in. specimen, 800 kHz probe, 17.5° wedge HP58, 30–75°. 
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Figure D.46. 28 in. specimen, 800 kHz probe, 17.5° wedge TD50, 20–65°. 
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Figure D.47. 28 in. specimen, 800 kHz probe, 17.5° wedge TD25, 20–65°. 
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Figure D.48. 28 in. specimen, 1.0 MHz probe, 19.5° wedge HP58, 30–75°. 
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Figure D.49. 28 in. specimen, 1.0 MHz probe, 19.5° wedge TD50, 20–65°. 
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Figure D.50. 28 in. specimen, 1.0 MHz probe, 19.5° wedge TD25, 20–65°. 
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Figure D.51. 36 in. specimen, 800 kHz probe, 17.5° wedge HP79, 30–75°. 
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Figure D.52. 36 in. specimen, 800 kHz probe, 17.5° wedge TD68, 20–65°. 

20

6559

41 50

29



PNNL-32218 

Appendix D D.69 
 

 
Figure D.53. 36 in. specimen, 800 kHz probe, 17.5° wedge TD34, 20–65°. 
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Figure D.54. 36 in. specimen, 1.0 MHz probe, 19.5° wedge HP79, 30–75°. 
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Figure D.55. 36 in. specimen, 1.0 MHz probe, 19.5° wedge TD68, 20–65°. 
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Figure D.56. 36 in. specimen, 1.0 MHz probe, 19.5° wedge TD34, 20–65°. 
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Appendix E – Flaw Calls and Grading Units 
This appendix contains images of reported flaws from the downstream (left) and upstream 
(right) for each team, along with the flaw positions (red) and geometrical features, if any (black). 
EPRI grading units are shown by gray vertical lines, and PNNL alternative grading units are 
shown by gray boxes. 
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Figure E.1. Specimen 12A. Note that Team C did not scan from the upstream side. The flaw located at approximately 400 mm 

circumferential position and –6 mm axial position does not have a gray box around it because it was the imbedded 
flaw outside of the inspection region.  
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Figure E.2. Specimen 12B. Note that Team C did not scan from the upstream side. 
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Figure E.3. Specimen 12C. Note that Team C did not scan from the upstream side. 
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Figure E.4. Specimen 12D. Note that Team C did not scan from the downstream side. The flaw located at approximately –100 mm 

circumferential position and –6 mm axial position does not have a gray box around it because it was the imbedded 
flaw outside of the inspection region. 
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Figure E.5. Specimen 12E. Note that Team C did not scan from the downstream side. 
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Figure E.6. Specimen 12F.Note that Team C made an axial call in the US scan that was out of the inspection region and is not 

shown on the plot. Note that Team C did not scan from the downstream side. 
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Figure E.7. Specimen 28A. 
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Figure E.8. Specimen 28B. 
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Figure E.9. Specimen 28C. 
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Figure E.10. Specimen 28D. 
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Figure E.11. Specimen 36A. 
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Figure E.12. Specimen 36B. 
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Figure E.13. Specimen 36C. 
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Figure E.14. Specimen 36D. 
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Figure E.15. Specimen 36E. 
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Figure E.16. Specimen 36F. 
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Figure E.17. Specimen 36G. 
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Figure E.18. Specimen 36H. 
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Figure E.19. Specimen 36I. 
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Figure E.20. Specimen 36J.
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Appendix F – Proposed Supplement 9 Qualification Requirements 
The results of the CASS RRS described in this TLR provide data to support the development of requirements for Section XI, 
Appendix VIII, Supplement 9 addressing CASS qualification requirements. An effort was undertaken to formulate the key 
considerations required for developing a draft Supplement. Table F.1 proposes specific requirements for inclusion in a performance 
demonstration (qualification) process, including descriptions and specific criteria that must be met, notes summarizing the basis and 
rationale for these requirements, and supporting technical references. In addition, this Table identifies relevant questions that arose 
during the development of this requirements document and any subsequent discussion pertaining to these questions. The basis 
notes and rationale are provided to facilitate thought and discussion for future review of these requirements. Table F.2 includes the 
complete list of references that are cited in Table F.1. 

Table F.1. Proposed Supplement 9 Qualification Requirements 

Requirement Description Basis Notes/Rationale References 
Objective and 
Scope 

Basis for 
development and 
definition of scope 
for Supplement 9 
and its 
applicability 

Basis Notes: The objective is to create a basis for development of 
Supplement 9 in ASME Code space, for ensuring an extremely low 
probability of leakage, rapidly propagating failure, or gross rupture of CASS 
components using Appendix VIII qualification processes to meet inspection 
and regulatory requirements.1-6 The number of plants with significant 
amounts of CASS piping components amplifies the critical nature of 
developing effective examination requirements and processes.7, 15-17 
Because volumetric examination approaches exist, and research indicates 
a suitable level of effectiveness and reliability can be successfully 
demonstrated, it is imperative that these types of exams be conducted to 
support defense-in-depth and ensure the structural integrity of CASS 
components.8-12 The scope of Supplement 9 is applicable to CASS piping 
welds via OD examinations only.  

Questions:  
Q1.) Should Supplement 9 include pipe-to-pump/valves? Casings? 
Discussion:  
The AP-1000s have Class 1 and 2 austenitic stainless steel valve-to-pipe 
welds that do not allow for the required examination volume coverage as 
defined in ASME Section XI, IWA-2200(c) to be fully examined. In fact, the 
qualified ultrasonic examination coverage will be approximately 50% of the 
required Section XI examination volume. Accordingly, Supplement 9 needs 
to address these locations. With respect to casings, Section XI specifically 

1NUREG-1800 Rev 2 
2NUREG-1801 Rev 2 
3GDC 14, 10CFR50 App A  
4GDC 30, 10CFR50 App A  
5ASME BPV Sect. XI, Div. 1 
6FR Vol. 82, No. 136, July 18, 
2017 
7EPRI 1019128 Dec 2009 
8NUREG/CR-7263 
9Code Case N-824 
10NUREG/CR-7122 
11NUREG/CR-6933 
12Sections 7.0 and 14.0 of this 
report 
13NUREG/CR-6929 
14Westinghouse Brochure 
15Griesbach et al., 2007 
16Griesbach et al., 2009 
17PNNL-19002 (Ruud, 2009) 
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Requirement Description Basis Notes/Rationale References 
eliminated the need for the inspection of pump and valve bodies many 
years ago based on results from fracture mechanics analyses. 
Q2.) Should ID exams be part of this scope? If so, should ET also be 
considered within the Supplement 9 framework as a means for detecting 
ID-surface-connected cracks in CASS? 
Discussion:  
PNNL suggests that ID examinations be considered as part of the 
discussion for defining the Supplement 9 scope. ET could play a 
complementary examination role for detecting and localizing potential ID-
connected flaws for further examination via an OD UT-volumetric exam.13 
Westinghouse already employs proven NDE technology to conduct ID 
exams on RPV nozzle-to-primary coolant piping welds.14  
Q3.) Should Supplement 9 be applicable to mitigated CASS components 
with CRC?  
Discussion:  
With respect to cladding, the industry has conducted analyses to 
demonstrate that DMWs with cladding do not require routine examinations. 
Since there is no history of cracks in CASS, there does not appear to be a 
basis for examining cladded CASS. 

 
 
 
 
 
 
 

Specimen 
Requirements 

Requirements 
and specifications 
for qualification 
test specimens 

Basis Notes: Some initial guidance may be found in Section XI, Appendix 
VIII Supplements as well as Section III, Construction Code Requirements.1-
3 Requirements and specifications include realistic conditions and 
geometry verified to comply with acceptance standards in the ASME 
Section III Construction Code. This includes OD/ID surface geometry, 
dimensions, component configurations/materials, access limitations, 
microstructures, weld types, etc. Specimens should be designed and 
fabricated to be applicable for use for both detection and sizing 
qualification processes.4  

Questions: None 
Discussion: None 

1Sect XI, App VIII, Supp 10 
2Sect XI, App VIII, Supp 2 
3Sect III, Construction Code: 
NB-3641, XIII-3770, XIII-3120, 
NB-4424 and NB-3000. 
4NUREG/CR-7165 

General 
Specimen 
Information 

General 
requirements for 
the qualification 
specimen set 

Basis Notes: Some initial guidance on specimens may be found in Section 
XI, Appendix VIII supplements.1,12 This includes the minimum number of 
flaws in the specimen set, examination volumes and dimensions of the 
specimen set (wall thicknesses, diameters, acceptable tolerances, etc.), 
conditions for specimen set geometry, and field-representative access 
limitations (both ID/OD). PNNL suggests the minimum number of flaws in a 
specimen set shall be 10. As per MRP-424, specimens shall provide 

1Sect XI, App VIII, Supp 10 
2Section 13.0 of this report 
3PNNL-26157 Rev.1 
4EPRI 1019128 Dec 2009 
5NUREG/CR-6594 
6MRP 362 
7Code Case N-838 
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sufficient volume to minimize side-wall reflections or other interferences 
that may impact the interpretation process. Minimum nominal CASS pipe 
diameter is recommended to be 30.5 cm (12 in.) OD, and the maximum 
nominal pipe diameter is recommended to be 91.4 cm (36 in.) OD. Pipe 
diameter variances within a range of 12.7 mm (0.5 in.) of nominal diameter 
are acceptable. Pipe wall thicknesses of ± 25% tolerance are also 
acceptable. Pipe fabrication conditions shall conform to General 
Requirements of MRP-424 3.2.1 (d).11 ID and OD qualification 
requirements should be met independently.  

General Requirements for Supplement 9 should not be defined and bound 
by adhering to previous requirements used in other Appendix VIII 
supplements, but rather Supplement 9 requirements should rely on 
empirically derived data2,3,10 and rigorous PFM calculations from the larger 
body of international CASS research.4-7 These requirements should be 
tailored to the unique challenges that CASS microstructures pose to UT 
examinations,10 should focus on relevant and potential degradation 
mechanism(s) inherent in CASS,4,9,10 and should consider the wide range 
of research conducted in fracture mechanics analyses of CASS.  

As CASS is a unique and challenging material from an NDE perspective, it 
is critical that the development of the fundamental bases and requirements 
for this performance demonstration be rigorously evaluated to ensure the 
test is actually passable for representative field conditions.  

Questions: None 
Discussion: None 

8NUREG/CR-7165 
9AIP Conference Proceedings 
https://doi.org/10.1063/1.27179
50 
10NUREG/CR-7263 
11MRP-424 
12Sect XI, App VIII, Supp 2 
 
 

Grain Size and 
Microstructure 
Distribution 

Defines the types 
of grain structures 
and the ranges of 
grain dimensions 
(diameter/volume) 
that comprise the 
microstructures of 
the specimen set 

Basis Notes: In the past, a mean-linear-intercept (MLI) approach has been 
used for characterizing the cumulative average grain size/dimensions in 
varied regions of CASS materials. However, MLI is not a reliable indicator 
of overall dominant grain sizes and distributions for the specimens used, 
with relevance to their impact on ultrasonic propagation.1,4,5 Empirical 
research into CASS microstructures has provided more insight into 
determining the dominant grain sizes by listing the minimum and maximum 
values for actual CASS components employed in NDE research.1-5 
Through various reviews of the mean, minimum, and maximum values 
from a wide spectrum of CASS mockups from vintage materials (while 
observing the cross-sectional microstructural photographs), one may 
approximate the overall size of grains through which the sound fields must 

1NUREG/CR-6933 
2PNNL-19002 
3NUREG/CR-7263 
4PNNL-23393 
5NUREG/CR-7122 
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propagate.1 In general, for coarse-grained CASS components, dominant 
grains comprising the larger grained end of the spectrum fall in the range of 
12–15 mm (0.47–0.59 in.) in diameter for statically cast stainless steel, 
while 17–20 mm (0.67–0.79 in.) grains are typical for centrifugally cast 
stainless steel (CCSS).1 These dimensions are typically smaller for 
equiaxed microstructures or fine-to-medium-grained CASS components.1-5  

Over time, foundries that manufactured CASS eventually improved their 
techniques to produce more uniform grains/microstructures for CASS 
piping.2 Accordingly, CASS piping welds in the oldest plants are generally 
more difficult to inspect than those in newer NPPs. There is a lack of 
vintage material available for practice and performance demonstration 
testing, and PDI and licensees will have to procure mockups for a testing 
program. Supplement 9 should take this into consideration to incorporate a 
wide spectrum of grain microstructures, sizes, and orientations, to include 
combinations of equiaxed, columnar, mixed, and banded/layered grain 
structures.2 

Any requirement for grain size should represent a reasonable range of 
microstructure types/orientations and dimensions to ensure the specimen 
set microstructures represent field conditions. This will require that 
mockups used for performance demonstration testing will need to have thin 
slices cut from for polishing and chemical etching so that representative 
photomicrographs can be used to quantify general microstructure types 
and grain dimensions.  

Definitions:1-5 
Columnar Grain Structure: Long columnar (dendritic) grain structure 
(approximately normal to the surface) with grain growth oriented along the 
direction of heat dissipation, often several centimeters in length. 
Equiaxed Grain Structure: Randomly speckled grains with no particular 
preference for elongation in any plane. 
Mixed Grain Structure: A randomly oriented combination of both 
columnar and equiaxed grains. 
Banded/Layered Grain Structure: Discrete bands or layers of purely 
columnar, purely equiaxed, or mixed grains.  

Proposed General Requirements: 
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A minimum of 30% of the mockups in the specimen set shall comprise 
mixed or banded/layered grain structures.2 

Proposed Grain Size Categories (Diameter of Dominant Grains  
“DD”):1-5 
Dominant Fine Grains: DD ≤ 4 mm (0.16 in.) 
Dominant Medium Grains: 4 mm (0.16 in.) < DD ≤ 12.7 mm (0.5 in.) 
Dominant Coarse Grains: DD > 12.7 mm (0.5 in.)  

 
Proposed Grain Size Distribution Requirements 

Dominant Grain Size Category Minimum % of Mockups 
Fine Grains 10% 

Medium Grains 40% 
Coarse Grains 20% 

Questions: None 
Discussion: None 

Flaw Location Defines where 
flaws are located 
within the 
specimen set 

Basis Notes: A starting point to provide initial guidance can be found in 
Section XI, Appendix VIII, Supplement 10.1 PNNL suggests a minimum of 
40% of the flaws should be contained in the weld and/or buttering material, 
while a minimum of 20% of the flaws should be located in the HAZ or 
closely adjacent to the HAZ, in the base/parent material on either side of 
the weld, to demonstrate the capability to detect flaws wherever they may 
be located.  

Questions:  
Q1.) What is the minimum number of flaws and at what proximity should 
these flaws be located to ID geometrical features? How will this 
requirement define flaw placement near or adjacent to challenging exam 
conditions that may impact flaw detection/discrimination (i.e., counterbore, 
weld root, etc.)? 
Discussion:  
This is an open question. Not enough CASS operating experience exists to 
know with certainty that a flaw cannot ever propagate outside of the weld, 
and unknown degradation mechanisms may likely emerge during extended 
NPP license operation periods.2,3 Additionally, areas determined to have 

1Sect XI, App VIII, Supp 10 
2https://doi.org/10.1063/1.2717
950 
3http://www.chockiegroup.com/
pdf/Workshop4.pdf 
4Trautwein A and W Gysel, 
1982. 
5NUREG/CR-4513, ANL-90/42 
6NUREG/CR-4513, ANL-93/22, 
Rev. 1 
7NUREG/CR-4513, ANL-15/08, 
Rev. 2 
8Uddin et al. 2017 
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low toughness may be identified as zones where flaws could manifest, and 
these areas could be targeted for volumetric examinations.4-8 
Q2.) How are far-side examinations to be addressed? 
Discussion:  
This question needs further attention. 

Flaw Type Defines the types 
of flaws and their 
respective ratios 
that are to be 
used in the 
specimen set 

Basis Notes: Some initial guidance may be found in relevant Appendix VIII 
Supplements.1,2 Flaw types to be considered may include inservice or 
artificially-induced cracks, fatigue cracks (thermal or mechanical), and 
primary water stress corrosion cracks (PWSCC).  

Questions:  
Q1.) Should machined reflectors (wire-EDMs or HIP’d-EDMs) be 
considered?  
Discussion:  
The real challenge in detection is due to the impact of CASS material 
microstructure on sound propagation and not necessarily due to the flaw 
itself; therefore, machined reflectors should still pose an appropriate level 
of examination challenge. PNNL suggests the use of certain types of 
machined reflectors be considered for inclusion in the specimen set, 
especially since there is documented difficulty in “growing” deeper cracks 
in CASS. Furthermore, EPRI used machined reflectors in some of the RRS 
specimens, which helps set precedence for their use in qualification 
mockups.11  
 
Allowing the use of machined reflectors alongside of implanted flaw 
coupons will offer many benefits and few risks to the integrity of the tests. 
Flaw introduction via coupon implants and certain machined reflectors will 
enable other flaw requirements to be well controlled and reduce the burden 
on industry regarding flaw fabrication costs. Finally, it is recommended that 
a sampling of machined reflectors be evaluated empirically to ensure they 
provide an appropriate level of “crack-like” signal responses and reflective 
characteristics for use in designing the demonstration test set. 
Q2.) Per proposed requirements in MRP-424, should crack tip widths be ≤ 
0.002 in. (0.05 mm)?3 If so, can the crack fabrication process be 
controlled? If not, what should crack tip width requirements be? MRP-424 
does not provide requirements for crack opening displacement (COD).3 
Should COD requirements be considered since overall crack tightness may 
impact flaw detectability? If so, what should COD requirements be?  

1Sect XI, App VIII, Supp 10 
2Sect XI, App VIII, Supp 14 
3MRP-424 
4https://doi.org/10.1063/1.27179
50 
5http://www.chockiegroup.com/p
df/Workshop4.pdf  
6Trautwein A and W Gysel, 
1982. 
7NUREG/CR-4513, ANL-90/42 
8NUREG/CR-4513, ANL-93/22, 
Rev. 1 
9NUREG/CR-4513, ANL-15/08, 
Rev. 2 
10Uddin et al. 2017 
11Section 3.0 of this report  
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Discussion:  
These are still open questions. This question refers to all reflector types 
used in the demonstration test set. It is likely that a range of crack-tip 
widths and CODs will be required to accommodate limits for machined 
reflectors such as wire-EDMs.   
Q3.) What percentage of flaws should be required to be located in close 
proximity to geometric conditions or affected by access limitations in order 
to realistically challenge detectability?  
Discussion:  
PNNL suggests a range of 20%–40%. 
Q4.) What should the distribution of various flaw types be across the 
specimen set? 
Discussion:  
CASS degradation is not yet fully understood. What is known from previous 
research is that embrittlement of CASS materials may result in brittle 
fracture, and that the critical stress level for brittle fracture is attained at 
normal PWR operating temperatures.6-9 In addition, more recent research 
focused on an analysis of two sets of available toughness data indicated 
that some aged CASS materials had the potential for exceedingly low 
toughness.10 This type of information needs to be considered when 
developing the requirements that underpin the level of rigor of 
examinations defined by Supplement 9. Not enough CASS operating 
experience exists to know with certainty that some new/unknown type of 
degradation may not be initiating now or be set to arise in the future.4,5 In 
addition, flaw discrimination can often be difficult when analyzing CASS UT 
signal responses. Therefore, it is important to accommodate and consider 
a variety of flaw types that challenge the detection capabilities of the 
examination techniques to ensure a wide spectrum of potential flaw 
“reflectors” are detectable via UT. A proposed set of minimum 
requirements for flaw type distribution are provided in the Table below. 

Proposed Flaw Type Distribution Requirements 
Type of Flaw Minimum % Required in 

Specimen Set 
Implanted, Inservice, or Artificially 

Induced Fatigue Cracks 
30% 

Implanted, Inservice, or Artificially 
Induced PWSCC – TBD 

10% 
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Machined Reflectors (Wire- or HIP’d-
EDMs) 

30% 

Flaw Depth 
Distribution 

Defines 
requirements for 
the minimum 
number of flaws 
as a function of 
flaw depth (% 
through-wall 
thickness) for the 
specimen set 

Basis Notes: PNNL agrees that all flaw depths shall be ≥ 25% of the 
nominal pipe wall thickness.1 An emphasis on flaws with shallower depths 
is recommended.2-7 The statistical bases for the pass/fail acceptance 
criteria using a 75% detection rate is provided in Appendix G.12 An 80% 
detection rate assumption (MRP-424) may not be appropriate for CASS 
examinations using the current state-of-the-art for UT examinations.7  

Requirements for flaw depth distribution are certainly a function of wall 
thickness.2-5,7 Deterministic FM analysis on 28” OD, 2.25” wall thickness 
CASS piping concluded that: A) a relatively high reliability of NDE 
performance should be demonstrated for short flaws (30° or 20.3 cm [8 
in.]) that are 50% TW depth, and B) a demonstration of NDE reliability 
should be required for longer flaws (180°) that are 15–25% TW depth, but 
a somewhat lower level of reliability would be acceptable.8 From PFM 
calculations, a flaw 25% TW depth and a length six times its depth is 
recommended for the flaw tolerance evaluation.9,10,11  

Proposed Flaw Depth Distribution Requirements 
Flaw Depth Range (bin) Minimum % of Flaws Required in 

Specimen Set 
25% ≤ TW Depth ≤ 40% 20% 
40% < TW Depth ≤ 70% 20% 

70% < TW Depth 20% 

Questions: None 
Discussion: None 

1MRP-424 
2NUREG/CR-7263 
3Code Case N-824 
4NUREG/CR-7122 
5NUREG/CR-6933 
6NUREG/CR-7165 
7Sections 10.0, 12.0 and 14.0 of 
this report 
8NUREG/CR-6594 
9EPRI 1019128 Dec 2009 
10MRP 362 
11Code Case N-838 
12Appendix G  
 

Flaw Length 
Distribution 
 
 

Defines 
requirements for 
the minimum 
number of flaws 
as a function of 
flaw length for the 
specimen set 

Basis Notes: It is unclear why flaw length distribution requirements are not 
defined in Section XI, Appendix VIII, Supplements 2 and 10. However, 
since both depth and length measurement metrics are evaluated to RMSE 
standards, it makes sense to consider some basic flaw length distribution 
requirements for inclusion in Supplement 9. A large body of CASS 
research strongly suggests that encoded, PA-UT capabilities (at the 
appropriate frequencies) are much more effective at length-sizing 
characterization than depth sizing in large-bore CASS components.1-5 
Emphasis should be on demonstrating the capability to detect shorter (but 

1Diaz et al. 2017 PNNL-SA-
123246 
2Sections 7.0 and 14.0 of this 
report 
3NUREG/CR-7263 
4NUREG/CR-7122 
5NUREG/CR-6933 
6MRP-362 
7ASME Code Case N-838 
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moderate-to-deeper) flaws rather than longer (but shallower) flaws. Issues 
that are proposed to be addressed, include:6-9 

• A defined subset of all flaw lengths shall fall between 5% (18°) of the full 
pipe circumference and 50% (180°) of the full pipe circumference.  

• If depth sizing is not possible in CASS, length sizing may be used to 
infer depth or as an acceptance criterion for the flaw. If so, it is 
necessary to qualify the length-sizing performance over a wide range of 
flaw lengths. 

• From the discussion provided above in “Flaw Depth Distribution,” and 
from the standpoint of the structural integrity assessment thresholds 
where pipe integrity may begin to be compromised, a 20.3 cm (8 in.) 
long crack is considered a shorter crack for a 28” OD CASS pipe with 
2.25” wall thickness. 

Below is a proposed “bin” table defining ID flaw length (as a percentage of 
full pipe circumference) versus the minimum percentage of flaws: 

Proposed ID Flaw Length Distribution Requirements 
Flaw Length % Full Pipe 

Circumference 
Minimum % of Flaws Required 

in Specimen Set 
Flaw Length ≤ 5% 50% 

5% < Flaw Length ≤ 30% 10% 
30% < Flaw Length ≤ 50%  10% 

 
The table below provides a correlation between % flaw length and 
circumferential flaw lengths (in inches) for various pipe OD dimensions. 
Wall thicknesses used were 1.25” for 12” OD, 2.25” for 28” OD, and 3” for 
36” OD. 
 

ID Flaw Length 
(%) 12” OD 28” OD 36" OD Circumferential 

Length (°) 
5% 1.5” 3.7” 4.7” 18° 

30% 9” 22” 28” 108° 
50% 15” 37” 47” 180° 

 

8EPRI Tech. Rpt. 1019128, 
2009 
9NUREG/CR-6594 
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• Thought should be given to the actual number of longer flaws due to the 

cost associated with flaw fabrication for demonstration specimens, but 
some long-flawed specimens will be required. However, the use of 
machined reflectors (wire-EDMs as an example) could help alleviate 
cost and fabrication issues encountered with in situ grown cracks in 
CASS. 

• PNNL’s CASS end-of-block signal dropout data may possibly be used 
to inform/quantify flaw length performance requirements3 

Questions:  
Q1.) Should the critical flaw length that is correlated to the 25% TW critical 
flaw depth and computed from PFM analyses be targeted in the 
requirement? 
Discussion:  
These data exist from previous PFM analyses.6-9 While some of these flaw 
lengths are large, in order to determine if an examiner can routinely detect 
the critical flaw sizes (length and depth) determined by both deterministic 
and probabilistic fracture mechanics, inclusion of some flaws in the 
specimen set that represent these critical flaw dimensions should be 
required. Alternatively, it may be possible to simply extrapolate detection 
performance and detection capability from flaws of smaller lengths as 
discussed below.  
Q2.) Can detection performance and detection capability be extrapolated 
reliably from conclusions drawn using flaws of smaller lengths? 
Discussion: Based on signal response dropout data in CASS (from 
essentially 100% TW reflectors, i.e., end-of-block), PNNL anticipates that 
consistent and reliable detection of longer flaws may be more challenging 
due to the potential for significant variations in sound field propagation at 
different circumferential positions.3 PNNL recommends that the 
qualification process include steps to screen and quantify examiner 
performance for detecting these longer flaws, especially since longer flaws 
would certainly be deemed as potentially compromising the pipe’s 
structural integrity. ISI NDE experts can attest to the fact that including 
some very long flaws is essential because it challenges the qualification 
candidate. Quite often, a long flaw will be dismissed because the examiner 
“assumed” a flaw could not be that long and wrote it off as geometry. PNNL 
believes this requirement should remain as part of the proposed 
Supplement 9. 
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Flaw Orientation Defines 

orientation (axial 
or circumferential) 
as a function of 
the total number 
of flaws for both 
length and depth 
sizing test 
specimen sets 

Basis Notes: The focus of Supplement 9 is applicable to both 
circumferentially and axially oriented flaws. From MRP-424:1 

“(a) For detection test specimen sets, at least one and a maximum of 10% 
of the flaws, rounded to the next higher whole number, shall be 
oriented axially. The remainder of the flaws shall be oriented 
circumferentially. 

 (b) For length-sizing test specimen sets, all flaws shall be oriented 
circumferentially. 

 (c) For depth-sizing test specimen sets, all flaws shall be oriented as in 
3.2.5 (a).” 

Questions: None 
Discussion: None 

1MRP-424 
 

Flaw 
Tilt/Parallelism 
 
 

Defines: 
1.) the angle of 
flaw tilt (from the 
component 
surface normal in 
the axial plane of 
the pipe) 
 
and,  
 
2.) the angle of 
flaw propagation 
from parallel with 
the circum-
ferential axis 
referenced to the 
weld center line, 
as a function of 
the total number 
of flaws for both 
length and depth 
sizing test 
specimen sets 

Basis Notes: PNNL suggests flaw tilt and flaw parallelism be considered 
as requirements a subset of flaws in the test specimen set. It is known that 
flaw tilt and flaw parallelism (orientation angle with respect to the WCL) 
occur in the field and have an impact on detectability and detection 
performance in non-CASS materials. These parameters will further impact 
UT detection performance when added to the list of properties that CASS 
brings as examination challenges. 
 
Flaw tilt and parallelism are two key factors not addressed in MRP-424. 
Flaw tilt is referenced to the 0° pipe OD surface normal in the axial 
(longitudinal) plane of the pipe. Flaw parallelism is the angle of deviation 
from parallel, referenced to the weld centerline. If flaw tilt and parallelism 
distribution tables are determined to be required, they should incorporate 
representative flaw directional growth and orientation that have been found 
in the field in non-CASS components. Additional requirements might 
include: 

• All flaw tilts shall fall between -20° and +20° relative to the OD surface 
normal. 
 

• All flaw parallelism angles shall fall between -15° and +15° relative to 
the weld centerline (WCL) axis. 

 

1NUREG/CR-7122 
2Harrison et al., PNNL-SA-
164283 
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• Flaw tilt and parallelism are not mutually exclusive. A flaw could exhibit 

both attributes. PNNL proposes a minimum of 10% of the total number 
of flaws in the specimen set to contain both tilt and parallelism 
attributes. 

 
• A subset of the total number of flaws shall be non-vertical. PNNL 

proposes a minimum of 10% of the total number of flaws in the 
specimen set shall exhibit some degree of flaw tilt. 

 
• A subset of the total number of flaws shall deviate from parallel with the 

WCL. PNNL proposes a minimum of 10% of the total number of flaws in 
the specimen set shall exhibit some degree of flaw non-parallelism. 

 
• Negative angles are defined as angles that tilt or deviate toward the 

probe in the direction of the near side of the exam volume. Positive 
angles are defined as angles that tilt or deviate away from the probe in 
the direction of the far side of the exam volume. 

 
• For length and depth sizing test specimen sets, all flaws will be 

circumferential.  
 
• Since flaws may propagate along the weld prep or HAZ, the weld prep 

angle could be considered partially, or wholly, as a basis for defining 
flaw tilt. 

 
• If PWSCC is a possible failure mode for CCSS, then it might be prudent 

to consider experience from IGSCC in wrought stainless steels to help 
inform this requirement. For IGSCC, many cracks were located in the 
HAZ, and this area should be considered for potential location of 
cracking in CASS. Additionally, this may dictate the tilt angle for 
potential cracks.  

 
The proposed flaw tilt distribution table is provided below for review: 

Proposed Flaw Tilt Distribution Requirements (Relative to the OD 
Surface Normal) 

Flaw Tilt (Angle from Axial Plane of Pipe) Minimum % of Flaws 
-20° ≤ Tilt ≤ -10° 10% 
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-10° < Tilt < +10° (Considered Essentially 
Vertical with respect to the OD Surface 

Normal, from a UT Perspective)  

50% 

+10° ≤ Tilt ≤ +20° 10% 

The proposed flaw orientation distribution table is provided here for review: 

Proposed Flaw Parallelism Distribution Requirements (Relative to 
the WCL Axis) 

Flaw Parallelism (Deviation Angle from the 
WCL) 

Minimum % of Flaws 

-15° ≤ Parallelism ≤ -10° 10% 
-10° < Parallelism < +10° (Considered 

Essentially Parallel to the WCL from a UT 
Perspective)  

50% 

+10° ≤ Parallelism ≤ +15° 10% 

Questions:  
Q1.) What minimum percentage of tilted and non-parallel flaws are 
required? 10%? More or less? 
Discussion:  
PNNL recommends that a minimum of 10% of the total number of flaws in 
the specimen set be tilted, and that 10% of the total number of flaws in the 
specimen set be non-parallel.  
 
Previous NDE research has shown that the orientation of a flaw face in 
relation to the orientation of the sound beam, can have significant impact 
on flaw detectability and SNR.1,2 Results showed that these differences 
can be significant in CASS. ISI NDE experts attest to the fact that flaw tilt 
and non-parallelism are essential for challenging qualification candidates 
with field-realistic flaw conditions. Commercial PA-UT systems allow 
examiners to apply skew angles and multiple examination angles 
simultaneously during scanning. Thus, inclusion of flaw tilt and parallelism 
requirements will not be burdensome and will not overly complicate 
existing examination protocols 
 
In CASS, every dB of signal amplitude makes a difference when an 
examiner is typically working in the range of 6 dB to 8 dB SNR for flaw 
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detection. If a tilted or non-parallel flaw can impact detection SNR by as 
little as 1 dB, the impact on detectability could be significant. This could be 
the difference between detecting versus totally missing a flaw. Flaw tilt and 
non-parallelism matter much less in non-attenuative materials because a 
difference between, say, 20 dB SNR and 17 or 18 dB SNR has minimal 
impact on detectability. In combination with the existing challenges of 
CASS exams, it is critical that the mockups provide realistic conditions to 
test for any additional detection challenges tilted or non-parallel flaws may 
pose.  
 
If consensus can be reached for allowing certain types of machined 
reflectors (wire- or HIP’d-EDMs, etc.) and coupon-inserted TFCs/MFCs as 
approved flaw types, this requirement can easily be met because tilt and 
parallelism can be more readily controlled. 

Performance 
Demonstration 

Requirements for 
personnel and 
procedure 
qualification tests 

Basis Notes: The requirements and guidance provided in MRP-424 are 
appropriate and recommended.1 

“For qualifications from the outside surface, the specimen inside surface 
and specimen identification shall be concealed from the candidate. When 
qualifications are performed from the inside surface, flaw location and 
specimen identification shall be obscured to maintain a “blind test.” All 
examinations shall be completed prior to grading the results and presenting 
them to the candidate. Divulgement of specimen results or candidate 
viewing of unmasked specimens after the performance demonstration is 
prohibited.” 

Questions: None 
Discussion: None 

1MRP-424 
 

Detection Test Defines 
requirements for 
grading units  
 
 
 

Basis Notes: Some initial guidance may be found in relevant Section XI, 
Appendix VIII Supplements.1,2 In addition, a large body of work, over many 
decades by PNNL has been developed to apply proven and rigorous 
statistical methodologies to the testing and analysis associated with UT 
round robins and performance demonstrations. Much of this work has been 
applied to the testing and analysis of CASS UT data.3-6 This includes 
requirements for detection specimens—defining grading units (flawed and 
unflawed), their distribution, and their dimensions/spacing/utility in testing 
and analysis. It also includes a table (based on an 80%/20% threshold for 

1Sect XI, App VIII, Supp 10 
2Sect XI, App VIII, Supp 2 
3NUREG/CR-4970 
4NUREG/CR-5068 
5NUREG/CR-6795 
6NUREG/CR-4908 
7MRP-424 
8PNNL-27712 
9Section 6.0 and 9.0 of this 
report 
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detections/missed calls) defining “Personnel Performance Demonstration 
Detection Test Acceptance Criteria,” such as Table 3-2 in MRP-424.7  

More recently PNNL developed statistical approaches for the analyses of 
CASS data as part of the EPRI CASS RR.8,9,11 These approaches were 
employed to extract POD, FCP, RMSE, and other metrics resulting from 
this study. From this, PNNL contends that the acceptance criteria for both 
detection tests and false call tests should be modified to apply relevant 
detection rate/missed-call thresholds—something such as 75%/25%. 
PNNL statisticians have developed the mathematical rationale to support 
this.10 In combination with appropriately modified flaw length, flaw depth 
and flaw distribution requirements (discussed previously), this set of 
requirements and acceptance criteria will be robust and provide sound 
bases for Supplement 9, founded upon years of empirical NDE data and 
confirmatory research.  

With these provisions, instead of Table 3-2 in MRP-424, PNNL proposes 
the table below: 

Proposed Personnel Performance Demonstration Detection Test 
Acceptance Criteria for Supplement 9 

Detection Test Acceptance 
Criteria 

False Call Test Acceptance 
Criteria 

No. of Flawed 
Grading Units  

Minimum 
Detection 
Criteria 

No. of 
Unflawed 

Grading Units  

Maximum 
Number of 
False Calls 

10 7 10-13 1 
11 8 14-15 2 
12 9 16-19 3 
13 9 20-22 4 
14 10 23-26 5 
15 10 27-30 6 

Once completed, examination equipment and personnel would be qualified 
for detection when: 

1.) Personnel performance demonstrations satisfy the acceptance criteria 
in the table for both detection and false calls, and, 

10Appendix G 
11NUREG/CR-4464 
12PNNL-23393 
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Requirement Description Basis Notes/Rationale References 
2.) Personnel demonstrate detection of all flaws with depths greater than 

75%.  

PNNL’s recommends using the 1:2 ratio between flawed and unflawed 
grading units with the following provisions:10 

a) In order to have the FCP and POD be comparable, it is important that 
the flawed and unflawed grading units be of approximately the same 
average size.9 

b) Sufficient spacing between grading units is necessary to prevent 
carryover effects or correlations in the results of one grading unit and 
another (nearby) grading unit. The validity of the acceptance criteria 
tests relies on the fact that different grading units can be treated as 
statistically independent units; that the call in one grading unit is 
independent of the call in another grading unit. 

 
The simplest way to implement this would be to have all grading units 
separated by blank material at least the same size as an average 
flawed grading unit length of 76 mm (3 in.) (the size discussed in MRP-
424).7 This blank material for spacing would not be graded or part of 
the false call test acceptance criteria (should not be used as blank 
grading units).  

 
This spacing size recommendation should be based on the anticipated 
spot size for the range of probe designs and frequencies potentially 
employed for CASS inspections. Based on previous work, PNNL 
recommends this spacing should be at least 64 mm (2.5 in.) of 
unflawed material.12  

c) When the test is being given, the unflawed grading units and flawed 
grading units must be randomly mixed together when presented to the 
examiner. 

d) Acceptable examiner performance must always be defined in terms of 
both the POD and FCP portions of the test. The examiner must pass 
both acceptance criteria in order to pass the entire test. 

 
Questions: 



PNNL-32218 

Appendix F F.17 
 

Requirement Description Basis Notes/Rationale References 
Q1.) In the event that extraneous “bonus” cracks are created in the 
mockups, how will they be managed and what will the impact be to the 
detection test under the proposed provisions? 
Discussion: This is an open question that still needs to be addressed. 

Length-Sizing 
Test 

Defines 
requirements for 
length-sizing test 
including RMSE 

Basis Notes: Some initial guidance may be found in relevant Section XI, 
Appendix VIII Supplements.1,2 Circumferential flaws will be required to be 
length sized. The general requirements for administration of the length-
sizing test defined in MRP-424 are deemed appropriate with the exception 
of the length-sizing metric used for pass/fail determinations. The general 
ASME Code length-sizing criterion calls for an RMSE less than 19.1 mm 
(0.75 in). MRP-424 suggests an increase in the RMSE to 25.4 mm (1 in.).3 
While this may be appropriate for smaller-bore CASS component exams 
with < 50 mm (2 in.) wall thicknesses, recent (albeit brief) analyses of 
empirical NDE research suggests that perhaps an RMSE of 31.8 mm (1.25 
in.) or more, may be appropriate for both small- and large-bore CASS 
components with > 50 mm (2 in.) wall thicknesses.4-12  
 
More work needs to be conducted in order to better understand the 
envelope of supporting data from empirical NDE CASS research. A 
precedent for modifying RMSE outside of the currently acceptable ASME 
Code-required criterion has been established previously.13 Additional 
statistical analysis is needed on the available RMSE calculations that have 
been performed, or that will be performed, on existing CASS length-sizing 
data to more specifically determine the recommended RMSE.  

Questions: None 
Discussion: None 

1Sect XI, App VIII, Supp 10 
2Sect XI, App VIII, Supp 11 
3MRP-424 
4Section 7.0 of this report  
5NUREG/CR-7263 
6NUREG/CR-7122 
7NUREG/CR-6933 
8DISC/LMC/15 RT354 Rev 1 
Feb 2016 
9CEA CASS Tests at PNNL, 
Nov. 2019 
10PNNL-24920 
11PNNL-19018 
12NUREG/CR-6594 
13MRP 373 
 

Depth-Sizing 
Test 

Defines 
requirements for 
depth sizing test 
including RMSE 

Basis Notes: Some initial guidance may be found in relevant Section XI, 
Appendix VIII Supplements.1,2 Circumferential flaws are required to be 
depth sized. Depth sizing data are challenging to obtain since tip diffracted 
signals are not always found or scanned for, with the appropriate higher-
frequency probes to attempt to capture crack tip information.  
 
PNNL reviewed the general requirements for administration of the depth 
sizing test as defined in MRP-424 and generally agreed with these 
requirements. The only exception being the depth sizing metric used for 
pass/fail determinations in requirement 3.3.3(d) on page 3-5 of MRP-424.3 

1Sect XI, App VIII, Supp 10 
2Sect XI, App VIII, Supp 2 
3MRP-424 
4Section 7.0 of this report 
5NUREG/CR-7263 
6NUREG/CR-7122 
7NUREG/CR-6933 
8DISC/LMC/15 RT354 Rev 1 
Feb 2016 
9CEA CASS Tests at PNNL, 
Nov. 2019 
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Requirement Description Basis Notes/Rationale References 
The general ASME Code depth sizing criterion calls for an RMSE less than 
3.18 mm (0.125 in.).  
 
While this may be appropriate for smaller-bore CASS component exams 
with wall thicknesses < 50 mm (2 in.), recent analyses of empirical NDE 
research suggests an RMSE of 6.4 mm (0.25 in.) or 7.6 mm (0.3 in.) or 
more, may be more appropriate for all CASS components.4-12 A precedent 
for modifying RMSE outside of the currently acceptable ASME Code-
required criterion has been established previously.13  
 
More work needs to be conducted in order to better understand the 
envelope of supporting data from empirical NDE CASS research. It is 
recommended that the remaining large-bore 91.4 cm (36 in.) OD EPRI 
CASS RR specimens (where in situ grown TFCs were introduced) be 
destructively analyzed to better utilize the remaining round-robin data for 
supplemental RMSE calculations. Additional statistical analyses need to be 
performed on RMSE results from existing CASS depth sizing data to 
determine the recommended RMSE. 

Questions:  
Q1.) Does it make sense to propose separate RMSE criteria for under 2 in. 
(51 mm) wall thickness and over 2 in. (51 mm) wall thickness CASS 
piping? 
Discussion:  
This needs to be addressed. 

10PNNL-24920 
11PNNL-19018 
12NUREG/CR-6594 
13MRP 373 

Procedure 
Qualification 

Defines 
requirements for 
procedure 
qualification 

Basis Notes: The procedure qualification requirements and guidance 
provided in Section 3.4.0(a), (c), and (d) of MRP-424 are appropriate and 
recommended.1  

“Procedure qualification shall include the following requirements: 
(a) The specimen set shall include the equivalent of at least three 
personnel performance demonstration test sets. Successful personnel 
performance demonstrations may be combined to satisfy these 
requirements. 
(c) At least one successful personnel performance demonstration shall be 
performed. 

1MRP-424 
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Requirement Description Basis Notes/Rationale References 
(d) To qualify new values of essential variables, at least one personnel 
performance demonstration set is required. The acceptance test criteria of 
3.4.0 (b) shall be met.” 

However, the length and depth sizing requirements proposed in MRP-424 
3.4.0 (b) are not recommended; rather, PNNL proposes RMSE length and 
depth criteria as described above.  

Questions: None 
Discussion: None 
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Appendix G – Statistical Technical Basis 
G.1 Detection Test Grading Units 

This appendix describes the derivation of PNNL’s performance demonstration acceptance 
criteria for a proposed Appendix VIII, Supplement 9 for examination of CASS welds. The 
proposed criteria are probability of detection (POD) ≥ 75% and false call probability (FCP) ≤ 
25% (referred to as 75/25). This derivation is similar to what was presented in Appendix A in 
MRP-424. However, MRP-424 considers acceptable performance to be POD ≥ 80% and FCP ≤ 
20% (i.e., 80/20), which is the same as that in Supplements 2 and 10. For Supplement 9, PNNL 
recommends implementing the same binomial statistics methodology that was presented in 
detail in NUREG/CR-4464 (Heasler et al. 1986), which was used to guide the development of 
other Appendix VIII supplements. 

MRP-424 uses a power curve equation to calculate the probability of passing the false call test 
acceptance criteria (PFC), as defined in Equation A-1 of MRP-424. The same equation was used 
by PNNL to calculate PFC for a total number of unflawed grading units inspected (N), the 
maximum number of false calls allowed (C0), and a given examiner’s false call probability (FCP). 
This equation was used to calculate the PFC for a number of different parameter values. If a 
hypothetical examiner has a 20% FCP, as assumed by Supplements 2 and 10, then it is also 
assumed that the same examiner has a 25% FCP in CASS (based on the proposed criteria). It 
is desirable to design the specimens such that the probability of passing a Supplement 2, 9, or 
10 exam is about the same. That is, a CASS exam should not be more or less difficult to pass 
than a Supplement 2 or 10 exam. Therefore, the calculation of PFC should yield about the same 
result for the different exams, which means that the parameters N and C0 need to be adjusted 
accordingly. 

To perform the calculations, the value of N was varied from 10 to 30 unflawed grading units. For 
each value of N, C0 was varied, and PFC was then calculated for each combination of N and C0 
until PFC of the CASS exam was found to approximately match that of the other exams. The 
results are shown in Table G.1. 

Table G.1. False call test acceptance criteria 

Number of Unflawed 
Grading Units N 

Maximum Number of 
False Calls C0 

Calculated Range of PFC 
with a 25% FCP 

10–13 1 13%–24% 
14–15 2 24%–28% 
16–19 3 26%–40% 
20–22 4 32%–41% 
23–26 5 34%–47% 
27–30 6 35%–47% 

A similar process was repeated on the probability of passing the detection test (PDET) power 
curve equation (Equation A-2 in MRP-424). In this case, the parameters were the total number 
of flawed grading units inspected (M), the minimum number of required detections (C1), and the 
examiner’s true probability of detection (POD). The equation was used to calculate the PDET for 
a range of parameters.  
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If the same hypothetical examiner has an 80% POD, as assumed by Supplements 2 and 10, 
then it is also assumed that the examiner has a 75% POD in CASS (based on the proposed 
criteria). As with the false call test, a CASS exam should not be more or less difficult to pass 
than another exam. Therefore, the calculation of PDET should yield about the same result for the 
different exams, which means that the parameters M and C1 need to be adjusted accordingly. 

To perform the calculations, the value of M was varied from 10 to 15 flawed grading units. For 
each value of M, C1 was varied, and PDET was then calculated for each combination of M and C1 
until PDET of the CASS exam was found to approximately match that of the other exams. The 
results are shown in Table G.2. 

Table G.2. Detection test acceptance criteria 

Number of Flawed 
Grading Units M 

Minimum Detection 
Criteria C1 

Calculated Probability 
of Passing the Test 

(PDET) with a 75% POD 
10 7 78% 
11 8 71% 
12 9 65% 
13 9 79% 
14 10 74% 
15 10 85% 

The criteria for the false call and detection tests, in terms of the variables from Equations A-1 
and A-2 of MRP-424, will be denoted using the following notation: 

• Detection criteria: C1/M: POD. (For example, a “7/10: POD” represents a detection test 
where at least 7 of the 10 flawed grading units must be detected.) 

• False call criteria: C0/N: FCP. (For example, a “4/20: FCP” represents a false call test 
where at most, four false calls can occur for 20 blank grading units.) 

Figure G.1 shows example power curves for two specific test cases, in which sets with 10 and 
15 flawed units are used with twice the recommended number of blank grading units, 
respectively. In this figure, the PFC and PDET curves are shown as dashed and solid lines, 
respectively. Recall that PFC is the probability of passing a false call test and PDET is the 
probability of passing a detection test. As seen in Table G.3 and Figure G.1 for the 4/20: FCP 
test, an examiner with a 25% FCP has a 41% PFC, and for the 6/30: FCP, they have a 35% PFC. 
As seen in Figure G.1 (and in Table G.2 and Table G.3), for the 7/10: POD test, an examiner 
with a 75% POD has a 78% PDET, and for the 10/15: POD, an examiner with a 75% POD has an 
85% PDET. Thus, there is a high probability that an inspector with a 75% POD would pass a 
7/10: POD test or 10/15: POD test. On the other hand, there is over a 50% chance that an 
inspector with a 25% FCP would fail the false call test. If the inspector had a lower true FCP, the 
probability of passing the false call test improves. For example, for a 20% POD, there is a 
greater chance of passing the false call test than failing it. 
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Figure G.1. Power curves for two test sets 

In Table G.3, quantitative measurements from the power curves in Figure G.1 are given for an 
examiner with a postulated 25% FCP and 75% POD. 

Table G.3. Probabilities of passing a detection or false call test for various two test sets 

Test Set PFC(FCP = 25%) PDET(POD = 75%) 
(4/20: FCP, 7/10: POD) 41% 78% 
(6/30: FCP, 10/15: POD) 35% 85% 

The power curves for four different tests were computed: 1) N = 10 and M = 10, 2) N = 15 and 
M = 15, 3) N = 20, and 4) N=30. Figures G.1–G.4 show the results for some C0 and C1 values. 
These plots show the probability of passing a hypothetical test (y-axis) versus the POD or FCP 
(both represented on the x-axis). By observing lines in similar locations in these plots, tests that 
would have essentially equivalent PFC and PDET can be identified. Note that M values are not 
considered for scenarios 3 and 4. This is because only 10 or 15 flawed grading units are 
recommended, but as many as 20 or 30 unflawed grading units may be appropriate. For such 
cases, the M = 10 or M = 15 results can be applied. 
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Figure G.2. Power curves for acceptance criteria tests using 10 samples 

 
Figure G.3. Power curves for acceptance criteria tests using 15 samples 
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Figure G.4. Power curves for false call test acceptance criteria using 20 samples

 

Figure G.5. Power curves for false call test acceptance criteria using 30 samples 

The detection and false call tests are independent of one another, so Equation A-3 in MRP-424 
can be used to describe the overall probability of passing the detection qualification exam (PPT). 
Since the probability of passing a detection test or false call test are independent, PPT is found 
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by multiplying PFC and PDET. The PPT for a given test can be defined for a range of FCP and 
POD values. Figure G.6 shows the overall probability of passing the detection qualification 
exam given the acceptance criteria shown in  

Figure G.5 (i.e., 4/20: FCP and 7/10: POD as well as 6/30: FCP and 10/15: POD). This power 
curve analysis, or contour plot, is similar to a topological map. Where a topological map shows 
lines of constant elevation, the power curve plots show lines of constant probability of passing. 
For example, in the 4/20: FCP and 7/10: POD test (left plot), the probability of passing the test 
with an FCP of 0.2 and a POD of 0.75 is 50% (0.5). In other words, the 0.5 contour line lies on 
the intersection of 0.2 FCP and 0.75 POD. However, if the POD drops to 0.5 with the same 
FCP, then the probability of passing the test drops to about 10%. 

 
Figure G.6. Two-dimensional power curves for two various test sets 

For Supplement 9, PNNL proposes that an examiner having “good performance” with CASS be 
considered as having an FCP ≤ 25% and a POD ≥ 75%. Ideally, an examiner with this 
performance would pass the qualification exam. An examiner taking the 4/20: FCP, 7/10: POD 
test would have a 32% chance of passing the test, or a PPT of 32%. An examiner with a POD of 
75% and an FCP of 20%—reflecting better false call performance—would have a PPT of 49%. 
An examiner that has a 50% POD and a 50% FCP—the same as would be achieved by flipping 
a coin—would have a 4/20: FCP, 7/10: POD PPT of 0.16%. Figure G.4 summarizes the results 
for two acceptance criteria tests. In the next section, the above analysis will be applied to the 
RRS teams to assess whether the 75/25 criterion is practical based on the RRS data. 
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Table G.4. Overall probability of passing the detection qualification exam (PPT) for particular 
examiner performances 

Test Set FCP=25%, POD=75% FCP=20%, POD=75% FCP=50%, POD=50% 
(4/20: FCP, 7/10: POD) 32% 49% 0.16% 
(6/30: FCP, 10/15: POD) 30% 52% 0.01% 

The proposed 75/25 acceptance criteria are given in the Detection Test section of Table F.1 and 
can be found by combining the left two columns of Table G.2 and Table G.1. 

G.2 Detection Test Based on the RRS Results 

This section applies the acceptance criteria given in Table G.1 and Table G.2 to the RRS 
results. The average detection rates and false call rates are shown in Table G.5 for the PNNL 
analysis where geometry calls were treated as false calls. 

Table G.5. Average results of personnel detection and false call tests in the CASS Capability 
Round Robin 

Type of Test Teams A, B, C, 
E, G 

Low-frequency 
Teams E, G 

Average 
Detection 

Rate 
68% 84% 

Average 
False Call 
Probability 

12% 6% 

Figure G.7 shows the performance range for the subset of the participating teams (A, B, C, E, 
and G) whose data was analyzed by PNNL. The blue box represents all the teams, and the gray 
box represents only the low-frequency teams’ (E and G) performance results. The darker green 
box represents the 80/20 pass criteria for personnel test subjects for Supplements 2 and 10, 
and the lighter green box represents the proposed 75/25 pass criteria. 
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Figure G.7. Personnel detection and false call capability in the CASS Round Robin 

Figure G.7 shows that the low-frequency teams met the proposed acceptance criteria. The 
overall candidate average results, however, are below the green region. This means some of 
the candidates might have failed the detection test acceptance criteria but would have still 
passed the false call test acceptance criteria. 

Consider the worst-case scenario for both the gray and blue regions of Figure G.7. That is, 
consider two hypothetical teams whose respective performance lies on the lower right corner of 
each region. Table G.6 shows the worst-case detection rate and FCP for both regions (i.e., the 
rightmost and bottommost bounds of each region, respectively) as well as the overall probability 
of passing a detection qualification test for the hypothetical teams. Based on these results, the 
worst performance of the gray region would be expected to pass the 4/20: FCP, 7/10: POD 
acceptance criteria test with a probability of 81% and the 6/30: FCP, 10/15: POD test with a 
probability of 89%. A team that achieved these probabilities would likely pass the exam. On the 
other hand, the worst performance of the blue region is predicted to have only a 22% chance of 
passing the acceptance criteria for both the 4/20: FCP, 7/10: POD, and 6/30: FCP, 10/15: POD 
tests. A team that achieved these probabilities would likely fail the exam. 

Table G.6. Overall probability of passing the detection qualification exam (PPT) for worst team 
performances (lower right corners of blue and gray regions in Figure G.7) 

Scenario Blue Region Gray Region 
Worst-case Detection Rate 56% 77% 

Worst-case False Call Probability 17% 7% 
PPT for (4/20: FCP, 7/10: POD) 22% 81% 
PPT for (6/30: FCP, 10/15: POD) 22% 89% 
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G.3 Flaw Depth Distribution 

This section describes the derivation of the proposed flaw depth distribution for Supplement 9. 
This derivation is similar to what is presented in Appendix E in MRP-424. Ranges, or bins, of 
flaw depths are selected, with a percentage of flaws assigned to each bin. The ranges take into 
consideration the flaw acceptance criteria tables proposed in the Detection Test section of Table 
F.1 and can be found by combining the left two columns of Table G.1 and Table G.2 above. The 
flaw through-wall (TW) depth ranges shown in Table G.7 are recommended, with the condition 
that at least 60% of the flaws be in the range of 25% to 70% of wall thickness. The information 
in Table G.7 aligns with MRP-424 for the minimum flaw depth threshold of 25% TW. Note that 
the bin statistics and performance are irrespective of the actual TW depth cutoffs proposed in 
this table. Rather, they are based on the number of flaws in each bin and how many could be 
missed and still pass the detection test. 

Table G.7. Detection specimen flaw depth distribution bins for Supplement 9 

Proposed Flaw Depth Distribution Requirements 

Flaw Depth Range (bin) Minimum % of Flaws Required 
in Specimen Set 

25% ≤ TW Depth ≤ 40% 20% 
40% < TW Depth ≤ 70% 20% 

70% < TW Depth 20% 

The technical justification for the bin size ranges is provided using a statistical allocation method 
that estimates an examiner’s capability to detect the necessary flaw depth sizes as described by 
Table G.2. The number of misses that could be achieved while still passing the detection 
qualification exam are explored. The main question is, could an examiner miss all the flaws in a 
given range and still pass the qualification? 

The same methodology as outlined in Section E.2 of Appendix E in MRP-424 was followed with 
a couple exceptions: 1) the acceptable performance was taken to be 75/25 instead of 80/20, 
and 2) the TW depth ranges were different. For example, Bin I was taken to be all flaws with a 
TW depth range of 25%–40% instead of 25%–50%. For the calculations below, the second and 
third ranges were combined so that Bin II was all the flaws with TW depth of >40%. The 
statistical allocation method is used to calculate the probability of missing a fixed number of 
flaws in Bin I and still pass the detection test when the POD is 75%. 

Figure G.8 shows the probability that a given scenario will occur for a 7/10: POD detection 
test—a detection test where detecting 7 out of 10 flaws is required for passing—assuming that 
the examiner has a 75% POD (i.e., the examiner is likely to miss 1 out of 4 flaws). For example, 
if all 10 flaws are in Bin I, the chart shows that the probability of the examiner finding all 10 is 
<0.1, or < 10% (far-right blue circle). If two flaws, or 20%, are allocated to Bin I, the chances that 
the examiner will have zero, one, or two misses are 50% (blue), 25.4% (red), and 2.3% (yellow), 
respectively. If three flaws, or 30%, are allocated to Bin I, the probabilities for zero, one, two, or 
three misses are 39% (blue), 32% (red), 6.3% (yellow), and 0.2% (purple), respectively, and so 
on. The red curve peaks at around four flaws because the examiner with a 75% POD is most 
likely to miss one out of four (25%). The more flaws there are in a bin, the more likely the 
examiner is to miss at least one. Therefore, as the number of flaws in the bin goes up, the 
probability that the examiner will have a perfect detection rate goes down. 
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Figure G.8. Probability of detecting the number of flaws in a bin for a POD: 7/10 exam 

A similar analysis was done for a POD: 10/15 detection test—a detection test where detecting 
10 out of 15 flaws is required for passing. Figure G.9 can be interpreted in the same way as 
Figure G.8. 

 
Figure G.9. Probability of detecting the number of flaws in a bin for a POD: 10/15 exam. 
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