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Welcome

 Opening of public meeting
 Safety
 Logistics

 Agenda review
 Action item review
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Opening remarks

 USNRC

 Industry – Damon Priestley, TVA  
Chairman, EPRI NDE Research Integration Committee
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Agenda - Tuesday
Day Time Title Owner

Tuesday 1:00 PM Opening NRC

Tuesday 1:10 PM NRC opening remarks NRC

Tuesday 1:20 PM Industry opening remarks Industry

Tuesday 1:25 PM Action Item Review Both

Tuesday 1:35 PM Section XI update:  NDE‐related actions Industry

Tuesday 2:05 PM Technical basis for experience hours requirements in Section XI Appendix VII Industry

Tuesday 2:20 PM CASS update Industry

Tuesday 2:40 PM Appendix IV Supp 5 action re qualification of surface examinations for SCC Industry

Tuesday 3:00 PM Break

Tuesday 3:20 PM CFRP technology and Code activity Industry

Tuesday 3:35 PM Evaluation of virtual flaw technology Industry

Tuesday 3:55 PM Data analysis using machine learning Industry

Tuesday 4:15 PM AI/ML for UT NRC

Tuesday 4:45 PM Public comment NRC

Tuesday 4:50 PM Wrap‐Up NRC

Tuesday 4:55 PM Adjourn
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Agenda - Wednesday
Day Time Title Owner

Wednesday 9:00 AM PNNL Modeling and Simulation Update NRC

Wednesday 9:30 AM SG to RCP weld mockup activity Industry

Wednesday 9:50 AM PNNL NDE of Advanced Manufacturing Update NRC

Wednesday 10:05 AM Impact of Coverage Gaps NRC

Wednesday 10:25 AM Break

Wednesday 10:45 AM Workforce and staffing issues Industry

Wednesday 11:05 AM Risk informed Material assessment NRC

Wednesday 12:05 PM Lunch NRC

Wednesday 1:20 PM MRP NDE report Industry

Wednesday 1:40 PM BWRVIP NDE report Industry

Wednesday 2:10 PM Investigation of Advanced UT NRC

Wednesday 2:30 PM Operational experience Industry

Wednesday 3:30 PM Break

Wednesday 3:50 PM Automated Data Analysis NRC

Wednesday 4:10 PM Project Update: Optimization of NDE Examination Requirements Industry

Wednesday 4:30 PM NRC NDE Research Program Update NRC

Wednesday 4:40 PM Public comment NRC

Wednesday 4:50 PM Wrapup: new action items, upcoming meetings, any additional discussion NRC

Wednesday 5:00 PM Adjourn NRC
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Agenda - Thursday
Day Time Title Owner

Thursday 9:00 AM Breakout Session #1 ‐Workforce & Staffing Issues (CLOSED SESSION) Both

Thursday 10:30 AM Break

Thursday 10:45 AM Breakout Session #2 ‐ Appendix IV Supplement Both

Thursday 12:15 PM Lunch

Thursday 1:30 PM Breakout Session #3 ‐ML Data Analysis for TOFD & VT Both

Thursday 3:00 PM Break

Thursday 3:15 PM Breakout Session #4 ‐ Evaluation of Virtual Flaws Both

Thursday 4:45 PM Public Comment NRC

Thursday 4:50 PM Wrap‐Up NRC

Thursday 4:55 PM Adjourn NRC



© 2023 Electric Power Research Institute, Inc. All rights reserved.7

Action item review
Action 
number Topic Action 

owner Action Date 
opened Date due

2022‐01‐01
CASS Code 
actions 
coordination

Rudland, 
Lindberg, 
Honcharik, 
Shim, Selby

Schedule and conduct coordination meetings as needed in 
order to achieve an orderly procession of Code actions 
regarding CASS examination.

Technical coordination ‐meetings to share and explain the 
technical basis for the proposed actions.  Responsible:  
Rudland, Shim.

Code coordination ‐meetings to assign and track Code and 
supporting actions.  Responsible:  Honcharik, Lindberg.

Overall coordination ‐ bimonthly updates in which the two 
coordination groups will meet and share progress.  
Responsible:  Rudland, Selby.

11‐Jan‐22

End date 
undefined. 

Progress 
report at 
mid‐2022 

coordination 
call.

Code activities are progressing; no hindrances to report
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Action item review
Action 
number Topic Action 

owner Action Date 
opened Date due

2022‐01‐02 Progress on CRDM TOFD 
automated data analysis

Osorio
Collins

Keep NRC engaged and updated on technical 
progress and on thinking and progress 
toward qualification and field 
implementation.

Jan 12 
2022

Bimonthly 
updates

- Email interactions between action owners

- NRC site rep witnessed the field trial at Byron in April

- Update delivered during the NRC NDE TAG meeting in August

- This topic was also presented at the ACRS joint digital I&C plant operations 
subcommittee meeting in November
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John Lindberg, Technical Executive  
Co‐Chair – ASME Section XI Subgroup‐NDE 

Michael Orihuela, Senior Technical Leader

2023 Industry‐NRC NDE Technical Information Exchange Meeting

January 17, 2023

ASME Section XI Update:
NDE-Related Actions 
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ASME NDE-related actions passed 
since the July 2022 Industry-NRC NDE coordination call
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Record 22-737 – “Proposed Code Case - Alternate Requirements for Qualification 
of Nondestructive Examination Personnel for Ultrasonic Examination” 

 Originally record number 10‐1074 ‐ Proposed revision of Code Case N‐784; or code 
change to address experience credit for NDE laboratory hours 
– EPRI technical basis document published, “Technical Basis  for Nondestructive Examination Experience 

Requirements for ASME Section XI, Appendix VII”, EPRI report 3002018615,  9/30/2021 (publicly available)   

 New Draft code case developed, Record #22‐737 – “Alternate Requirements for 
Qualification of Nondestructive Examination Personnel for Ultrasonic Examination” 
– Discussed and passed at the May 2022 WG‐PQSVECE* and SG‐NDE meetings ‐ dropped 
original action (10‐1074) for revision to CC N‐784

– Went to SCXI committee in August for letter ballot, received 3 negatives, subsequently 
resolved, approved by recirculation ballot following November 2022 meeting

– Administratively Board approved, Code Case N‐930 to be issued  

Agenda item later this morning
*Personnel Qualification Surface, Visual and Eddy Current Examination
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Record number 22-174 – Revision to Code Case N-729-9
 This action removes the current volumetric ultrasonic qualification requirements 

currently in Case N-729-9 and replaces them with a reference to Appendix VIII, 
Supplement 15 that has been included in the 2021 Edition of the Code.
– Action passed WG-PQVE, SG-NDE at Feb. 2022 meeting, and moved forward to SCXI in May 
– Action passed SCXI letter ballot, ballot closed 7/1/22  
– Administratively Board approved, Code Case N-729-10 to be issued 
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Actions in progress
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Record 17-414 - N-788-2 revision to adopt ASME ANDE Standard

 Adopt the ASME ANDE Standard for Third Party NDE certification as an 
alternative to employer certification for UT Level II and III personnel

 Revision to N-788-1 primarily to address NRC concerns including provisions for items referencing 
the SIS ( ASME/ANDE Nuclear Specific Industry Sector (SIS) Committee in ANDE-1

 Extensive rework over last 2-3 years by project manager to address NRC comments and 
concerns 

 Revised action passed SG-NDE after recirculation ballot in November
 Went out for SCXI letter ballot after November 2022 meeting, 

– Ballot 22-3462, ballot closes 1/9/2023, 2 negatives at time of this writing 
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 Action addresses:
– Qualification Requirements for Surface Examination of Components Fabricated with 
Austenitic Stainless Steels or Nickel Alloys Susceptible to Stress Corrosion Cracking 

 An Industry focus group (utility, NDE vendor stakeholders, EPRI) meets between code 
meetings to develop and revise the proposed Supplement 5

 Update – 2022  
– Focus group is still assessing the technical challenges, establishing new criteria for the 
qualification and demonstration processes and the development of a new 
Supplement 5 to Section XI, Appendix IV

 Initially targeting a Code Case, followed by a revision to Appendix IV

Record 18-1186 – Proposed Appendix IV Supplement 5 

Agenda item later this morning
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 Code Case for Extension of Category B‐G‐1 and C‐D Examination Frequency 
– Code Case uses a revised examination frequency of 30 years for 
components meeting the technical basis, 

– Uses EPRI Report 3002015907 as the technical basis. 
– SCXI standards committee vote under ballot 21‐774, ballot closed 4/2/21
 12 negative votes – action reworked to address negative votes, 

– SCXI voted for first consideration re‐ballot (21‐2344) @ July meeting  
 Ballot 21‐2344 – received 6 negatives, negatives still being resolved 

– 11/8/2022: New revised draft uploaded to address comments from Sept 2021 ballot
– Some negative comments/ballots have not been indicated as resolved or withdrawn

Record Number 19-3019:  Alternative examination frequency for 
component bolting

Agenda item later this morning
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Record 21-1387 - Alternate Examination Requirements for PWR 
Steam Generator Welds and Inside Radius Sections
 Code Case for Alternate Examination Requirements for PWR Steam Generator 

Welds and Inside Radius Sections
 NRC has recently eliminated the 10 CFR 50.55a condition requiring inspection of 

pressurizer and steam generator nozzle inside radius sections. 
– Additionally, EPRI has recently published technical reports (3002014590, 3002015906) which 

provide technical bases for significantly longer inspection frequencies. Based on technical 
basis determine what changes, if any, should be made for Category C-B, C2.22 nozzle inside 
radius examinations.

– Proposal includes alternate inspection requirements for the Category/Item No's listed:  
Category B-B, Item No. B2.31, B2.32, B2.40; Category B-D, Item No. B3.130; Category C-A, 
Item No. C1.10, C1.20, C1.30; and Category C-B, Item No. C2.21, C2.22
 Record 21-2213 is related record

– Proposed Code Case was added to record and discussed at November 2022 Working Group –
Inspection of Systems and Components and Subgroup – Water-cooled Systems meetings 

Agenda item tomorrow
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Record 21-1635 - Code Case N-752-2 

 Risk‐Informed Categorization and Treatment for 
Repair/Replacement Activities on Class 2 and 3 Items 

 Proposed changes to N‐752 based on lessons learned from NRC 
approved pilot plant effort and related industry efforts

 Ballot 22‐1709
 NRC voted “disapproved” based on four items (June 2022)

 Draft responses provide to each item (July 2022)
Awaiting feedback from NRC staff on draft responses and needed 
changes, if any
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Record 22-2167 – Code Case to Appendix VII, Supplement 10 

 Proposed Code Case to revise ASME Section XI, Appendix VIII Supplement 10 
wording to remove the word "Piping" and add wording to include nozzle-to-safe-
end and nozzle-to-component welds
– Change is needed to eliminate confusion between Code Case N-799 and 2011 Edition of 

ASME Code Section XI that states that Appendix VIII Supplement 10 qualified procedures will 
be used to inspect the nozzle to component welds

 Code Case is being proposed first, followed by a code change
 Action was approved at SG-NDE, to go to SCXI for letter ballot in Feb. 2023   
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 Record 19‐2146 – Volumetric and visual examination provisions to the revision to Code 
Case N‐871‐1, “Repair of Buried Class 2 and 3 Piping Using Carbon Fiber‐Reinforced 
Polymer Composite” (Record 17‐2543) 
– Ballot 21‐42RC1 included mark‐ups and changes to the NDE sections to CC N‐871‐1 to address comments from  

previous ballot 21‐42, an updated ballot was sent out to the WG-PQVE and SG-NDE for review and 
approval of those changes made to the NDE sections of the Code Case as shown in the latest updated 
record 19-2146
 June through September 2022 – Numerous changes to inspection & NDE to address comments received under 

Ballot 21-42 and 21-42RC1;
– Ex. Deleted Appendix VI and added Level III responsibilities for qualification of procedures and examination 

personnel including subject matter experts.  Added training and experience requirements for acoustic tap 
examination personnel.

 Sent out in October 2022 for second recirculation ballot to SG-NDE under ballot 21-42RC202; 
– Voting Results: 6 Approved, 3 Disapproved, 2 Abstain, and 3 Not Returned; Insufficient votes to move forward

 Project Manager met with WG-VE and SG-NDE in November to discuss changes to code case and future actions
– Many NDE WG and SG members voiced concerns about the readiness of the code case for SCXI vote and 

field implementation  

Record 19-2146 - Revisions to NDE section of Code Case N-871-1
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Actions Withdrawn/Closed 
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Record 07-1221 – Performance Demonstration for Radiography

 Propose rules for performance demonstration requirements for 
radiography when it is used for preservice and inservice 
examination of materials susceptible to SCC and cast materials
 After many years of discussion, this record was closed and re-designated to 

the White Paper record sub-type (for the white paper in Background File 2a). 
– When the record was initiated 15 years ago there was a “perceived” need.
– It was agreed that this action has been discussed repeatedly over the last few years, and based 

on recent industry input, there is no current need for this proposed code case.   
– Discussion and voting at WG-PQVE and SG-NDE concluded to close the action. 
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Other Items of Interest 
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Leadership changes within SG-NDE and Working Groups 
– February 2022 meeting ‐ Transitioned new Secretary for Subgroup‐NDE (SG‐NDE)
 Tony Cinson took over Danny Cordes’ position as Secretary SG‐NDE 
 Mike Orihuela takes over Tony’s position as Secretary – WG‐Personnel Qualification Surface, 
Visual and Eddy Current Examination (WG‐PQSVECE)

– May 2022 meeting – Transitioned new chair for WG‐Procedure Qualification and Volumetric 
Examination (WG‐PQVE) to replace Gary Lofthus 
 Joel Harrison took over as Chair‐WG‐PQVE
 Doug Kull replacing Joel as Secretary – WG‐PQVE 
 Presented an ASME Certification of Appreciation for Gary Lofthus and Danny Cordes for their 
leadership and service in support of ASME SCXI code development activities 

– August 2022 Meeting ‐ Task Group ‐ Appendix VIII Transition – Donna Slivon became new chair 
and James Williams the new Secretary for TG App VIII; replacing Doug Kull  

– At November 2022 meeting ‐ Chairman of SG‐NDE is retiring first quarter 2023 
 Doug Henry appointed as Co‐Chair SG‐NDE and will take over chair position following John 
Lindberg’s retirement at the end of March 2023 

Still a need for more utility participants at ASME (NDE) activities 
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Future ASME Meetings 

Future meetings will be split between face-to-face, and virtual 
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Together…Shaping the Future of Energy®



© 2023 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Ronnie Swain – EPRI

2023 NRC‐Industry NDE Information Exchange Meeting

Code Case N-930

Alternative UT Experience Hour 
Requirements for ASME Section XI
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Problem Statement Review
 UT experience requirements in ASME Section XI had 
become onerous
– Reduced outage durations and Risk‐Informed ISI programs 

reduced examinations – eliminated opportunities for gaining 
experience

– Skills for NDE Levels II and III are defined and documented
– Skill and knowledge proficiency is a function of repetitions
– Code experience rules were not supported by technical basis 

 There was an impetus to determine a technically sound 
requirement that is implementable
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Summary of Approach
 SMEs from numerous utilities, ISI vendors, and EPRI worked on the technical basis

– Thoroughly reviewed the requirements, supporting documents, and existing research
– Identified Section XI UT skills and knowledge that constitute qualification
 Started with the ASME ANDE Job Task Analysis for UT

– Developed essays on establishing proficiency for each skill or knowledge area
 What goes into each activity, what is important to know, and what are the variables?
 How long does one evolution of each activity take to complete?
 How many performances of an activity can be reasonably expected to establish proficiency?

– Summed the experience hours for each skill to establish the hours needed for each level
– Identified environments appropriate for obtaining experience for each item
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Publicly Available EPRI Report

 Available for free at EPRI.com

 Title: Technical Basis for 
Nondestructive Examination 
Experience Requirements for ASME 
Section XI, Appendix VII

 Product ID Number: 3002018615
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Resulting Code Action – Record #22-737
 In 2022, we approached Section XI with a draft Code Case alternative to Appendix VII:

1. Eliminated the Level III educational background options
2. Added minimum time‐in‐position requirements, prior to eligibility to advance
 Minimum of one calendar year at the Level I position
 Minimum of two calendar years at the Level II position

3. Modified Table VII‐4110‐1
 Changing Level II hours to 600 and Level III hours to 1300
 Modifying the table notes:

– To reference the minimum time‐in‐position requirements
– To clarify that eligibility to each next level of qualification requires accumulation of all required 
experience hours from the lower levels

– To explicitly allow lab time to be credited for a percentage of experience hours at all levels
 Deleted note (d) (experience option disallowed in 50.55a)

4. The EPRI Report was referenced as the technical basis for the action
 The action passed NDE TG‐App VIII, WG‐PQSV&ECE, and SG‐NDE and was put on the August 
agenda for Standards Committee
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Resulting Code Action (continued)

 Action went out for Standards Committee ballot in August
– Received three negative votes and one comment from an ASME Board member
 Three negatives were due to an administrative issue ‐ incorrect paragraph 
referencing method
 One negative vote agreed with concept but desired additions:

– Adjust Level II hours from 600 to 630 to align with construction code req.
– That the Case clearly state personnel qualified to it were not necessarily 
also qualified for construction code examinations (Level III)

– That these alternative requirements, if used, be addressed in the 
organizations written practice

 In addition, one ASME Board member commented that they disagreed with 
the minimum time‐in‐position requirement



© 2023 Electric Power Research Institute, Inc. All rights reserved.33

Resulting Code Action (continued)

 In November, a modified version of the Code Case was presented 
which addressed the administrative issue and suggested additions
– The issues were all addressed to the satisfaction of the commenters
– The Board member removed their comment after a discussion cleared up 
a misunderstanding

 The revised action was re‐ratified by all NDE committees and 
unanimously passed second‐consideration ballot at Standards 
Committee
– The Case has been designated N‐930
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What’s Next?

EPRI would now like to petition the NRC to consider 
including Code Case N‐930 in Section 1 “Acceptable 
Section XI Code Cases” of the next edition of Regulatory 
Guide 1.147, so that US utilities and their inspection 
vendors can proceed with a feasible qualification 
environment for UT examiners

– What can we do to help facilitate this?
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Together…Shaping the Future of Energy®
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Carl Latiolais, EPRI‐NDE
DJ Shim, EPRI‐MRP
Glenn White, Dominion Engineering, Inc.

Industry / U.S. NRC NDE Technical Information Exchange Public 
Meeting
January 17, 2023
Rockville, MD

An Update on PFM 
Evaluations of CASS PWR 
Piping Components
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Cast Austenitic Stainless Steel (CASS) Background
 Because of the CASS material microstructure, Ultrasonic Testing (UT) technology 
applied to CASS components is not currently capable of meeting the PDI qualification 
standards that have been developed for other piping materials, particularly with 
regards to:
– Detection of axial flaws and
– Depth‐sizing of circumferential flaws

 In addition, thermal embrittlement of aged CASS material results in degraded 
material toughness, reducing acceptable flaw sizes

 In 2019, EPRI began a project using probabilistic fracture mechanics (PFM) to 
evaluate the effect of these limitations
– Work to support development of a Supplement 9 to ASME Boiler and Pressure Vessel, Section 
XI, Appendix VIII and alternatives to Section XI, IWB‐2500 inspection requirements for CASS 
piping components
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Overall Project Objectives
 Objective 1 (axial cracking):

– Investigate the significance of axial fatigue cracking, while assuming no benefit 
of periodic NDE nor of online leak detection
 Ideally, the outcome would demonstrate that detection of axial cracks is not 
necessary to maintain structural and leak tight integrity

 Objective 2 (circumferential cracking):
– Investigate circumferential fatigue cracking, while assuming periodic NDE 
without a qualified flaw depth‐sizing process
 Ideally, the outcome would demonstrate that an alternative flaw evaluation 
procedure ensures structural and leak tight integrity

 This presentation focuses on the results and conclusions obtained for 
axial cracking.  Work to evaluate circumferential cracking is ongoing.
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Publications 
 EPRI Technical Updates (EPRI member access only)

– Probabilistic Fracture Mechanics Evaluation of PWR Cast Austenitic Stainless Steel 
Piping Components (3002020449) – Aug. 2021

– Probabilistic Fracture Mechanics Evaluation of PWR Cast Austenitic Stainless Steel 
Piping Components – Axial Cracking Methods and Results (3002025221) – Nov. 2022

 ASME PVP paper (PVP2023‐107363, in preparation)
– Summary of 2022 EPRI Technical Update

 EPRI Technical Report
– To be published in 2023 (will be publicly available)
– Results and conclusions obtained for axial and circumferential cracking
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Inputs for Axial Flaw Analyses
 Geometry cases:

– Westinghouse (WEC) reactor coolant system (RCS) main loop piping
 WEC 1: 27.5 in. (699 mm) outside diameter, 2.32 in. (59 mm) wall thickness
 WEC 2: 37.59 in. (955 mm) outside diameter, 3.09 in. (78 mm) wall thickness

– Combustion Engineering (CE) surge line
 CE 1: 12.75 in. (324 mm) outside diameter, 1.01 in. (26 mm) wall thickness
 CE 2: 12.75 in. (324 mm) outside diameter, 1.31 in. (33 mm) wall thickness

 Transient inputs:
– WEC transients for base load operation are input as described in MRP‐393 at the best‐estimate 

frequencies for each transient listed in the text description in MRP‐393 
– CE transients for base load operation are input as described in the design specification for the 

pressurizer of one CE plant with a CASS surge line with updates
– Flexible power operation (FPO) transients are modelled by scaling and shifting the pressure and 

temperature history of plant loading and unloading transients to model the desired power change and 
ramp rate
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Fracture Toughness Inputs

 PIPER‐CASS includes net section collapse and elastic plastic fracture mechanics stability models
 The J‐R material toughness in PIPER‐CASS is based on sampling of Charpy Impact CV data

– Applied relations from NUREG/CR-4513 R2 for fully‐aged Type CF8M (up to 40% δ‐ferrite) to get J‐R curve parameters

 The variability in the value for the J‐R curve at extension of 0.08 inch was calibrated considering the data 
in MRP‐362 R1 Appendix E for fully aged toughness at operating temperature
– Distribution extends beyond the lower bound value recommended by NUREG/CR-4513 R2
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Strength Inputs

 Material strength inputs (YS and UTS) based on MRP‐362 R1 Appendix E data for fully aged material at 
~600°F (~316°C)

 PIPER‐CASS includes correlations between CV and YS and CV and UTS to obtain the observed correlation 
between J0.08 and strength for the fully aged data at ~600°F (316°C) in MRP‐362 R1 Appendix E

 In addition, PIPER‐CASS cases apply lower bound limits for YS and UTS at 90% of the respective Code 
minimum values at operating temperature

Plot shows data from an example base case 
PFM run (with 50,000 realizations) for fully 
aged flow strength and toughness at 
operating temperature with 40% δ‐ferrite
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Other Inputs

 Probabilistic fatigue crack growth inputs of xLPR
– ASME Code Cases N‐809 and N‐809‐1 at 70th to 90th percentile of 
distribution

 Other required material inputs from ASME Code, Section II‐D
 Ramberg‐Osgood relationship for stress‐strain curve using the 
same correlation as MRP‐362 R1 Appendix A
– Reference stress adjusted per NUREG/CR‐6142 for consistency with xLPR
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Axial Flaw Cases
 Initial flaw assumption at time zero selected to reasonably bound any manufacturing flaws actually present in 
the piping, as well as the effect of fatigue crack initiation over operating life, with base cases reflecting:
– Five (5) coplanar part‐through‐wall flaws
– Depth of 25% of the thickness, same as applied in MRP‐362 R1 and conservatively deep compared to data for CASS base 

metal manufacturing flaws crediting preservice radiographic testing showing reasonably bounding depth of 15% 
through‐wall

– Coplanar cracking present over ~20% of the modeled length to aggressively consider the effect of multiple flaw initiation
– Initial length of each individual flaw based on 6:1 aspect ratio (2c/a = 6)

 One case starts with an initial through‐wall flaw at the critical flaw length and grows backward, resulting in a 
flaw size distribution representing flaw size needed to cause rupture after 80 years of growth for the worst 
sampled material condition

 Sensitivity cases include:
– Assumed initial flaw depth and length
– Material properties (unaged CASS), and crack growth model parameters
– Weld residual stress
– Flexible power operations (FPO), and severity of transients (e.g., heatup and cooldown rate)

 FPO modeled as increased frequency of loading and unloading, with different ramp rates and power changes
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Acceptance Criteria
 Consider cumulative conditional probability of rupture for a single weld location

– Conditional on transient occurrence for a given Service Level loading

 PIPER‐CASS applies the same acceptance criteria as MRP‐362, Rev. 1
– MRP‐362, Rev. 1 provides the technical basis for Code Case N‐838, which is conditionally approved by the US 

NRC (with conditions unrelated to the PFM acceptance criteria)
– MRP‐362, Rev. 1 assesses the failure probabilities implied by the deterministic flaw evaluation procedure of 

ASME Section XI for allowable circumferential flaw sizes and assuming limit load failure given 
probabilistically distributed material flow strength

– Resultant marginal probability of rupture is 10‐6 for each Service Level and represents the acceptable risk of 
a LOCA when leaving a piping flaw in service

Service Level Probability of 
Occurrence

Conditional Rupture 
Probability

A 1.0 10‐6

B 0.1 10‐5

C < 10‐2 10‐4

D < 10‐2 10‐4
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Base Cases
 No ruptures occurred in any base case at 
any service level with 9.6 million 
realizations (≤ 10‐7 probability of rupture)

 No leakage occurred in any base case with 
initial part‐through‐wall flaws

 On average, 25% deep flaws grew to less 
than 30% deep
– Axial flaw growth in CE surge line driven by 

surges (loading and unloading)
 Thermal gradient stress higher for greater 
thickness, t

– Axial flaw growth in WEC main loop piping 
driven by transients with large rise times and 
large pressure changes (heatup/cooldown) as 
well as by abrupt power changes (trips)
 Pressure stress higher for larger Ri/t

“Representative depth growth” is the average of the total flaw growth divided by the initial quantity of cracks

CE 1
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CE 2
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Key Sensitivity Cases on Growth
 WEC Case E (100°F(38C)/hr heatup and cooldown) and Case F 

(design basis transient frequency) also increase growth
 Growth rate of through‐wall flaw in WEC main loop piping is 

modest
– At the 99.9th percentile, “reverse growth” case grows smaller by 0.91 inch 

(23 mm) to 9.8 inch (248 mm) in length over 80 years

 Cases modeling FPO (Case H & I) result in more growth than base 
load operation
– For CE surge line, FPO sensitivities grow faster due to increased transient 

occurrence; ramp rate is not a significant factor

– For WEC main loop, increased ramp rate is a significant factor

 WEC cases with 80 years of FPO did not result in ruptures
 CE cases show 10 years of FPO after 60 years of base load 

operation (Cases H & I) maintains an acceptably low rupture 
probability
– For CE surge line piping, FPO cases conservatively assumed insurge and 

outsurge events to occur with each change in power level
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Conclusions for Axial Flaws
 Available PFM modeling results show that periodic examination to detect axially oriented 
flaws is unnecessary to ensure pipe structural and leak tight integrity for the following cases:
– WEC main loop piping in both base load PWRs and PWRs operating under flexible power operation (FPO)
– CE surge lines in base load PWRs

 Fatigue crack growth for 80 years is modeled to bound the concerns for both fatigue crack 
initiation and manufacturing flaws

 For WEC main loop piping:
– The analyses show a benefit for significantly reduced fatigue crack growth when the power ramp rate is 

limited to less than 0.5% per minute for routine loading and unloading operation

 For CE surge lines:
– The analyses show a benefit for significantly reduced fatigue crack growth when insurge and outsurge

events are reduced in frequency
– Under FPO, there is an increased concern for fatigue crack growth due to the potential for a large number of 

insurge/outsurge transients to be triggered by FPO power shifts
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Potential Future Revisions to Section XI
 The outcome of this project is intended to support an ASME Code action to develop a Supplement 9 for Appendix VIII 
to Section XI for qualified inspection of CASS piping

 Other potential changes for axial flaws:
– Currently being discussed at Section XI, TG Inspectability

– Potential changes to IWB‐2500 (Categories B‐J, B‐F) examination requirements specific to CASS piping

– Could be implemented as additional notes to Table IWB‐2500‐1 (B‐J) and Table IWB‐2500‐1 (B‐F) that exempt detection of axial 
(transverse) flaws from the examinations

 Item No. B9.11 (Circumferential welds in piping NPS 4 or larger (DN 100)) of Table IWB‐2500‐1 (B‐J)

 Item Nos. B5.10, B5.11, B5.70 and B5.71 of Table IWB‐2500‐1 (B‐F)

– The technical basis report currently supports changes to all CASS piping locations except surge lines in plants operating under flexible 
power operation (FPO)

– The conclusions for WEC main loop piping and CE surge lines are appropriately extended to the CASS main loop and branch locations in 
CE and B&W plants and the CASS elbows at welds in WEC surge lines

 Potential changes for circumferential flaws:
– Potential changes to IWB‐3514 and IWB‐3640 flaw acceptance and flaw evaluation procedures

 When EPRI’s CASS PFM project is completed, the outcome of the PFM analytical work, combined with EPRI’s NDE 
documentation for the Supplement 9 CASS qualification, will serve as the technical bases for the ASME Code action
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CASS Survey

 Preliminary discussions indicate that in the United States RI‐ISI 
programs have significantly reduced the number of examinations
 EPRI has been requested to organize a survey to determine:

– How many cast piping examinations are included in utility inspection programs
– What types of components are required to be examined
 Safety injection saddle welds
 RCS butt welds
 Branch connections

 Survey results will inform the economic decisions regarding 
implementation of Supplement 9
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discussion
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Questions/Comments/Feedback
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Together…Shaping the Future of Energy®
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Ronnie Swain – EPRI

2023 NRC‐Industry NDE Technical Information Exchange 
Meeting

Code Action Adding an 
Alternative Qualification to 
Section XI, Appendix IV

ET Qualification Rules for PWSCC 
Susceptible Material Surface Exams
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Problem Statement
 Inservice inspection NDE is meant to find service‐related degradation

 Eddy Current Testing’s (ET) advantage over Liquid Dye Penetrant Testing (PT) is an ability to 
detect near surface flaw attributes

 But to do this, the ET approach must be designed appropriately

 When used on nickel alloys, looking for SCC, ET is usually designed to be used in lieu of PT

 Parameters selected enhance surface sensitivity over material penetration

 Approach can be susceptible to false calls, when examining as‐welded items

 As a result, utilities have been hesitant to employ ET, opting for PT instead

 PT is manually deployed (higher dose, no material penetration, no digital record)

 Alternative qualification rules would enable the advantages of ET for interrogating SCC‐
susceptible materials for indications that are linear, at or near the surface

 Enable revising Code Cases N‐729, N‐770, N‐766, and N‐773
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accessible component surface for NDE

Two places where the corrosive environment had access to portions of the weld below 
the thin compressive stress layer, via porosity pits leftover from fabrication

compressive 
stress layer, 
due to 
surface 
grinding

Potential Condition of SCC in welds

stress corrosion crackstress corrosion crack
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stress corrosion crack

accessible component surface for NDE

Two surface‐breaking locations detectable by Penetrant Testing

ET penetration
Detectable extent of flaw by properly designed ET

Contrasting Capabilities of PT and ET on this Condition

stress corrosion crackstress corrosion crack
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A picture is worth . . .
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• EPRI designed flaws to investigate Eddy Current’s ability in this regard

EPRI Research
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Supporting EPRI Research

 Technical Basis for designing qualification 
requirements for ET of SCC susceptible 
materials
– Utilizing target flaws with sub‐surface morphology 
to demonstrate detection and characterization 
capabilities of inservice flaws that may be 
challenging for surface examination techniques

 Available for free at EPRI.com

 Product ID Number: 3002010701 
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Resulting Code Action – Record # 18-1186
 Development of a new Supplement 5 to Section XI, Appendix IV
 Qualification rules for procedures, equipment, and personnel for detection and characterization of 
surface connected planar flaws with potential subsurface characteristics in austenitic and nickel alloy 
materials susceptible to Stress Corrosion Cracking (SCC)

 Leveraging applicable aspects of Appendix VIII Supplements

– Scope

– Specimen Requirements

 Accurate materials, welding, geometry, and surface conditions

 Flaw types, populations, and orientations for testing

– Performance Demonstration Rules – Procedure and personnel demonstrations, essential variables, 
acceptance criteria, requalification requirements due to essential variable changes 

 Development by utility and vendor stakeholders, with EPRI support
 Initially targeting a Code Case, followed by a revision to Appendix IV
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discussion
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Together…Shaping the Future of Energy®
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break
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Dylan Cimock

Carbon Fiber Reinforced 
Polymer Composites 
(CFRP) Piping Repair
EPRI R&D Updates
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EPRI Research & Future Potential Projects

 Nondestructive Examination of Metal Substrate Thickness 
Beneath CFRP 

 Nondestructive Examination of CFRP Condition

 CFRP Material Properties
– Stress Intensification Factors (SIFs)
– Effects of Cure Temperature on Material Properties
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NDE of Metallic Substrate Beneath CFRP
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NDE of Metallic Substrate Through CFRP Materials

3002020823 Published March 2022: Free-to-Public

Objective
 Identify & evaluate NDE technologies capable of measuring remaining wall thickness of metal 

substrates beneath carbon fiber composite systems

Project Approach and Scope
 Fabricated variety of plate and pipe mock‐ups
 Pipe mock‐ups created with field removed piping samples with real corrosion (pitting & localized 

general corrosion)
 Evaluated various ultrasonic and electromagnetic techniques

Summary Results
 Identified two successful techniques: 

– Dynamic Response Spectroscopy (discussed in prev. updates)
– Pulsed Eddy Current 

 Other electromagnetic techniques may also be applicable, depending on lift‐off distance 
capabilities between sensors and substrate

 Report documents the sample configurations and examination results of each technique against 
baseline ultrasonic data
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Example of EPRI CFRP Pipe Samples

Pipe Sample 3

• Aluminum bronze
• Diameter: 30 inch (762 mm) 
• Length:~36 inch (1 m)
• Tnom: 0.250 inch (6.3 mm) 

Pipe Sample 1

• Carbon steel
• Diameter: 30 inch (762 mm)
• Length: ~40 inch (1 m) 
• Tnom: 0.375 inch (9.5 mm)

Pipe Sample 2

• Carbon steel
• Diameter: 42 inch (1.07 m)
• Length: ~7 ft (2.1 m)
• Tnom: 0.375 inch (9.5 mm)
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Example: Results from Dynamic Response Spectroscopy

UT vs. DRS Corrosion Map for 42-inch diameter CFRP Sample

UT from outside
(CFRP is on the inside)

DRS from inside
(CFRP is on the inside)
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Example: Results from High Resolution Pulsed Eddy Current (PEC)
Circumference

Top: Pulsed Eddy Current C‐scan
Bottom: Ultrasonic C‐scan

Ax
ia
l L
en

gt
h

High Resolution 
PEC Array Probe
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Summary Results
Dynamic Response Spectroscopy

 DRS vs UT corrosion patterns show good alignment
 Accuracy between DRS and UT also close, final comparison included in 

report 
 Some amount of wall thickness averaging will occur when probe 

diameter >> discontinuity diameter
 Limitations of DRS will be factor of both composite thickness and 

remaining substrate thickness
– Resonant frequency vs attenuation

 Provides some information on CFRP quality 
– Based on lack of signal response transmission

– Cannot discern the type of discontinuity (delamination vs adhesion)

– Cannot discern between CFRP quality issues vs. loss of sensor contact

 Sensitive to CFRP topcoat surface finish
– Loss of contact & mechanical damage to sensor boot

Pulsed Eddy Current

 Non‐contact method (no couplant required)
 Tolerant of changes in surface texture and 

condition
 Provides an average wall thickness 

measurement over an area (probe footprint)
– Known to under‐report localized discontinuities 

that are smaller than the footprint of the probe

– Advanced signal processing algorithms can help 
refine estimates of remaining wall thickness in such 
situations

 Wall thickness measurements demonstrated 
with 2 different PEC systems, using 2 different 
CFRP samples
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NDE of CFRP Composite Materials
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Carbon Fiber Reinforced Polymer (CFRP) Integrity
Objective

 Develop NDE technology to examine the condition of the CFRP repair 
systems

Project Approach and Scope

 Assess different methods of creating realistic flaws
 Design mock‐ups with the needed flaw types and critical sizes  
 Quantify capabilities / limitations of existing (tap testing) methods
 Build off EPRI work that has been done to examine substrate (pipe) 
through CFRP repairs

 Develop / evaluate new NDE methods to examine the CFRP mock‐ups
 Document the methods in a report
 Inform the ASME Code on progress made in order that methods can be 
accepted for use

Project Start: 1Q2023
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Future R&D Areas (non-NDE related)
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Other Research Areas of Interest for CFRP
 Stress Intensification Factors & Fatigue Factors

– Stress Intensification Factor (SIF). A fatigue strength reduction 
factor that is the ratio of the elastically predicted bending 
moment producing fatigue failure after a given number of cycles 
on a straight pipe of nominal dimensions, to that producing failure 
in the same number of cycles in the component under 
consideration.

– Necessary inputs into pipe design and stress analysis, such as for 
elbows and tees

– Such factors are well established for metals (ASME BPVC Section 
III), and previously evaluated for HDPE (EPRI Report 1020439). 
However, values have not been determined, evaluated, or 
verified for CFRP materials. 

 Scope being evaluated as possible 2024/2025 Project

*HDPE Fixture Example
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Other Research Areas of Interest for CFRP
 Glass Transition Temperature of Epoxy

– Testing to support technical basis of proposed margin between epoxy glass transition temperature and 
maximum service temperature (operating, accident, environmental)

– Testing to understand correlation between various methods of determining glass transition temperature (DMA, 
DSC)

 Cure Temperature Adjustment Factors (CTAF)
– CFRP repair design relies on material properties derived from various tests (often at room temperature [RT]) 
– Modifications to the time‐temperature curing regimen can affect the material property values (e.g., increased or 

degreased strength & modulus properties)
– Draft versions of Revision 1 of CC N‐871 include a concept known as CTAF as a means of adjusting material 

properties based on ratio of tests at RT compared to tests at alternative cure regimen and maximum service 
temperature

– ASME Task Group finalizing definition of research objectives and proposed testing plans to evaluate the CTAF 
concept, and if feasible, document technical basis

 Scope being evaluated as possible 2023‐2024 Project
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discussion
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Together…Shaping the Future of Energy®
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Leif Esp
EPRI

January 17, 2023

EPRI Virtual Flaw Use Cases 
Update
Update: 2023 NRC-Industry NDE Technical 
Information Exchange Meeting
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Outline
 EPRI Virtual Flaws

– Current Capabilities
– Ongoing Collaborations
– Collaboration‐driven enhancements
– 2022 Deliverables
– 2023 and Beyond
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EPRI Virtual Flaw – Current Standard Operations

LKCCW; UNCORRECTED SIDE; 
BEFORE

LKCCW; UNCORRECTED SIDE; 
AFTER

LKCCW; UNCORRECTED TOP; 
BEFORE

LKCCW; UNCORRECTED TOP; 
AFTER

LKCW; UNCORRECTED END; 
BEFORE

LKCW; UNCORRECTED END; 
AFTER

LKCW; UNCORRECTED TOP; 
BEFORE

LKCW; UNCORRECTED TOP; 
AFTER

Move flaws – change flaw locations

Remove flaws – delete flaws from data

Adjust flaw responses (amplitude)

Distort flaws – adjust flaw skews
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Industry Partnership
We have partnered with three non‐US EPRI members

 Provided them software tool for modification with 
documentation
– Documentation contains installation instructions; example cases with 
expected output

 Applied their feedback and suggestions for improvement to the 
software

 Member input steers future research for this software and its 
capabilities; some research interests and possibilities:
– Importing simulated data from CIVA; support for modification 
involving CIVA output

– Support for OmniScan data files
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Partnership
 Currently collaborating internationally with our 3 members on 3 use cases

– One international member is investigating the use of the virtual flaw technology for the creation of 
training and qualification data sets for dissimilar metal welds

– One international member is investigating the use of virtual and synthetic flaws for the creation of a 
bolting qualification data set
 Relies heavily on the ability to synthetically create new flaws to augment current flaw inventory
 Is providing exposure of this flaw manipulation and creation process to the regulatory process

– One international member is investigating the use of virtual and synthetic flaws for the creation of 
training data for dissimilar metal welds
 Very interested in synthetic flaw creation
 Targeting training data in the near term with sight set on potential use for qualification

Each activity is allowing the EPRI process to be exposed to new users and has led to continual improvement 
to the tool.  Regulatory exposure to the synthetic flaw process is expected to drive further improvement and 

innovations in the process.

 What is a Virtual Flaw?
– It is a flaw that is sourced from real data (i.e., a flaw that exists in a real physical mockup) and placed into a data file for a Virtual Mockup.

 What is a Synthetic Flaw?
– It is a flaw that is sourced from a CIVA model or other modeling source – this is a flaw that has never existed in a real mockup, and it gets placed into a Virtual 

Mockup.
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Enhancement: Arbitrarily-shaped source region
 Target file: Carbon 
steel pipe weld 
mockup
– 45° transverse waves 

LKUP

 Circumferential flaw 
response is translated 
farther downstream 
and its original 
response is concealed

 Complex configuration 
file is required for this 
shape of source region

 Time taken: 110.4s

LKUP; UNCORRECTED SIDE; BEFORE

LKUP; UNCORRECTED SIDE; AFTER

FLAW 1

FLAW 1

VIRTUAL FLAW VIRTUAL 
FLAW

LKUP; UNCORRECTED TOP; BEFORE

LKUP; UNCORRECTED TOP; AFTER

FLAW CONCEALMENT

FLAW CONCEALMENT
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Enhancement: Graphical Interface
 New Graphical User Interface (GUI)

– Much more user‐friendly; replaces the older 
command‐line interface

– Checks for the presence of directories (containing 
data files or configuration files etc.)

– Bypasses the need for unit checks or input checks 
(since user selects from drop‐down menu)

– Automatically informs user which input file types 
are needed for a given operation

– Includes window for error messages, warnings and 
measurement of progress

 Processing speed not adversely affected
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Enhancement: Workflow Simplification
 Channel header information

– Previously, was recorded in a 
human‐readable text file

– Now stored in the data file that 
contains the volumetric data; 
fewer files for the user to 
manage

 Example workflow on right:
– User has acquired file 

data0.UVData
– User wishes to modify according 

to data1.cfg
– Software output: data1.txt
– Data import tool creates 

data1.UVData from data1.txt

Original Workflow

Optimized Workflow
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2022 Deliverables
 Completed initial research into the area of synthetic flaws in 
2022 and reported the uses and limitations
– EPRI Report 3002023719 ‐ Nondestructive Evaluation: Development 

of a Versatile and Efficient Virtual Mockup Modification System 

 A set of open unflawed mockups was built to match a subset 
of the PD inventory of piping and DM samples
– Utilizing these new open samples along with the current inventory of 

PD samples allows for an unlimited number of virtual mockups to be 
created in conjunction with the EPRI simulator that will soon be 
reaching commercial viability

– The new samples can also be used by the industry to implant flaws 
found in the field into proper configurations
 Allows the industry to begin to collect an actual library of flawed 
specimens from utilizing field indications

 The value of these types of flaws for training and potentially even 
testing is priceless (think IGSCC program)

SMW 0.59" thickness

SMW 1.19" thickness

SMW 2.72" thickness

DMW 0.59" thickness

DMW 1.19" thickness

DMW 2.72" thickness
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2023 and Beyond:
Potential Encoded Training and Qualification Sets

 Targeted training / qualification trials:
– Utilizes a combination of the standard virtual flaw approach (taking existing flaws and moving them into 

new mockups) and the synthetic flaw process (modeling new flaws and placing into existing mockups)
 Work with a EPRI member (co‐funded) on a targeted application for virtual flaws that will involve 
regulatory bodies

 Build a demonstration or qualification program around the use of virtual mockups to enable the 
process to be tested and help the organization create a program without creating a set of new 
physical mockups (which would be costly)
– This proof of concept would allow us to expose this process to members and regulators while 

also allowing for collection of lessons learned to help the process in the future
SOURCE TARGET VIRTUAL MOCKUP #1 VIRTUAL MOCKUP #2 VIRTUAL MOCKUP #3
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2023 Research
 Work will continue on collaborations with our international members

– Further exposure of the virtual flaw process will bolster the tool and improve future implementation

 Collaboration with regulatory bodies will continue
– Including USNRC / PNNL collaboration to inform the future use and implementation of virtual flaws

 Synthetic flaw research will continue in earnest
– Looking into AI/ML techniques for creating synthetic data
– Collaboration with industry leaders in this area to provide a holistic approach to data creation
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discussion
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Together…Shaping the Future of Energy®
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Thiago Seuaciuc‐Osorio
John Lindberg

Industry‐NRC NDE Technical Information Exchange Meeting
January 17, 2023

AI-Assisted Analysis
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Overview

• Summary of work to date
• Progress since last discussion
• Next activities

Ultrasonic Testing

• Update on current effort
• 2023 work

Visual Testing
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Ultrasonic Testing
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Assisted Analysis of UT Inspections

 UT inspections are an important part of the scope of an NDE 
program
 Some inspections are challenging or have large volumes of data
Machine learning tools can potentially assist in the analysis of the 
data
– Increase reliability
– Decrease analysis time
 Assistmeans AI flags regions for review: final decisions still rest 
with the qualified inspector.

Goal: Develop auto-analysis tools to assist in UT inspections



© 2023 Electric Power Research Institute, Inc. All rights reserved.97

How Would AI Assist in UT 
Inspections?

 Current Inspection
– Examiners distribute their energy across a 

high volume of (mostly benign) data

 AI Assisted Inspection
– Examiners focus their energy on the regions 

that require more careful review
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First Targeted Applications
Reactor Vessel Upper Head (RVUH) 

Penetrations Dissimilar Metal Welds (DMW)

Model Type Screening Model Indication Model

Supporting Data*

• Field data from retired vessels
• Some PSI data
• Some open mockup data
• Axial flaws only

• PDI samples

Sample Output

Development Status Successful field trial in April 2022. Preparing 
for additional field trial in Spring 2023.

Initial model developed and assessed. Now 
addressing identified issues and gaps.

* Both leverage virtual flaw technology for model training



© 2023 Electric Power Research Institute, Inc. All rights reserved.99

RVUH Study Cases: Initial Assessment

Industry OE Pre‐Service Inspection

Scenario

• US plant
• Unidentified or mischaracterized indications (ID 

axial flaws) in 3 penetrations for 6 sequential 
examinations

Outcome

• AI flags 13% of the data volume for review.
• Flagged regions include the flaws in 24 of 24 

opportunities.
 Significantly reduces data volume for review while 

still allowing the opportunity to detect flaws

Scenario

• PSI data on new vessel head
• 65 penetrations
• Tapered configurations

Outcome

• AI flags <1% of the data volume for review.
 Acceptable flag rate.

Model enables reviewer to focus energy on most relevant data
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RVUH Study Case: Field Trial

 78 penetrations evaluated using AI
 AI flagged 2% for review
 Average of 4min per penetration
 All flagged regions were categorized

– High weld interface disturbances & 
mechanically induced indications 
account for most calls (56%)

– Only 13% of flags due to noise

 The model successfully flagged all 
SCC locations

Amount of Data Requiring 
Review

Pre‐AI Post‐AI
4.4 miles 463 feet
7.0 km 141 meters

All values are approximate

13%

AI‐assisted analysis yielded same results 
as the one from the qualified vendor
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RVUH Study Case: Qualification Data

 Looking at this as a “procedure” type:
– Model should flag all flawed regions for review by inspector in “personnel” qual
– Inspector has opportunity to detect all flaws

Model was exposed to more than 5x the amount of data required for a 
traditional PDI procedure qualification
– Model accurately flagged flawed regions
 Craze cracking
 Axial, circ and off‐axis oriented flaws
 Small and large thru wall flaws
 ID and OD surface connected

All observations point to AI being qualifiable 
when paired with human analyst
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What initial RVUH qualification may look like
 Procedure would be updated to include a defined process for the AI evaluation
 AI algorithms for qualification would be developed and provided to the 
qualification body: model is frozen at this stage

Yes
Are all 
flawed 
regions 
flagged?

Qualification Body 
Determination

Fail

No

Pre‐recorded 
data

AI flags areas 
for review

Only flagged regions are 
presented to candidate,

who reviews and makes calls

Pass/Fail

Based on typical detection 
+ false call criteria

AI model is 
applied
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Progress in the Last 6 Months

• Added support to Westinghouse data format

Data Compatibility

• Received data from Indian Point
• Added it to model’s training set
• Developed capabilities to auto‐align lateral wave to correct distortions

RVUH Model

• Performed first assessment of model performance
• Identified issues/gaps
• Have developed “second generation” model to address them

DMW Model



© 2023 Electric Power Research Institute, Inc. All rights reserved.104

Upcoming Activities

• Developing capabilities to auto‐align datasets from 
different inspections

• Targeting a second field trial in Spring 2023

RVUH Model

• Assessing “second generation” model
• Targeting a field trial in Fall 2023

DMW Model
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Visual Testing
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Introduction – The Objective 
● Create a software application that automates detection and assists visual examiners in the 

analysis of Stress Corrosion Cracks (SCC) on remote visual examination of nuclear plant 
components 

● To be used during the secondary analysis of recorded remote visual examination; detection 
software is integrated with EPRI’s visualization tool (EPRI VT GUI)

Crack

106
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Automated Analysis for RVT Software Video 

 Video data is processed via crack 
detection algorithms/software and  
sent to VTGUI graphical use interface

 Level II/III can review/analyze results

 Areas of interest are bounded by 
rectangles, and highlighted 

 Confidence levels, 0‐100 are relative
– Color palettes are adjustable. 

 User can select/click on detected areas; 
view and manipulate the data to 
evaluate and characterize detections. 

AARVT software includes detection and graphical user interface 
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Status – 4Q 2022/1Q 2023 Update 
Software completed internal testing; offered the loaner laptops with the installed software for testing by any RVT Focus group 
members who would like to test the software on their recorded RVT data – 3/4Q 2022

Dominion Energy and Entergy requested loaner laptops for testing, Dominion trialed the software during their fall 2022 
outage and Entergy may test software during their Spring 2023 outage. 

Updated the software manual with any additional instructions or notes from lessons learned  

The purpose of this testing is not to validate the detection capability of the auto analysis software but assess the features and 
functionality of the software.  During the fall 2022 testing, Dominion personnel experienced problems loading large .mkv files 
which caused instability in software, causing lock‐up. 

Future Path – Closing current project, publishing report (3002025291).  Information from testing will inform 2023 NDE project. 
Will integrate knowledge from EPRI auto‐analysis software into vendor’s RVT auto‐analysis hardware/software package.      

The issues were assessed by NDE and EPRI’s Software group.  It was determined that the software needed additional rework.  The next 
phase of the project had already been initiated and it was not cost effective to rework the existing software. 

New phase solution would perform real‐time analysis as well as analysis of recorded data 
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AA RVT project – Future plan 

 Close out existing project, start new project 
– Auto‐analysis software algorithms worked 

successfully 
– Field testing identified issues with video file 

conversion process and integration of analysis 
software with EPRI VT GUI causing instability of 
software operation
 Loaners had only CPU computing power, not 
GPUs for processing – increased file 
conversion and analysis time 

 Use of GPU computing would have improved 
processing time 

 The next phase solution will correct the 
processing speed issue and any other issues 

2023 Project ‐ “Automated Analysis of Visual 
Inspections in Real‐Time” 

 Objective ‐ to develop an artificial intelligence (AI) 
tool to perform automated/assisted analysis of 
remote visual examinations of reactor internals in 
“real‐time” to provide a live aid to the qualified 
inspectors in the field

 Approach – leverages similar capabilities already 
developed by an NDE contractor, 
– EPRI will provide applicable representative data, 
– enabling contractor to refine and improve their existing  

solution for remote visual examination of reactor internals
– 2 year project with demonstration and field trial
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discussion
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Together…Shaping the Future of Energy®
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Backup Slides
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Two Ways to Utilize AI

 “Screening model” highlights areas of 
interest

 ”Indication model” pinpoints indications 
for evaluation
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Typical data evaluation process
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Data evaluation using artificial intelligence 
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Envisioned Implementation

All data remains local; no SW needed

UT data is saved in ML Box 
through local connection

Box automatically detects and 
processes UT data…

… and generates output for 
review

1 2 3
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Envisioned Uses

Requires Qualification

 Credited as part of inspection as a 
required (secondary) review

Without Qualification

 To aid utility oversight
– Utility staff data review (not credited as part 

of the mandatory inspection)

 To review previous outage data:
– Prioritize inspection order (RVUH application)
– Assess needed resources
– Familiarize examiners with expected 

output/last examination results
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RVUH Model

 Supporting data
– Field data from retired vessels
– Some PSI data
– Some open mockup data
– Axial flaws only
 Support for circumferential flaws added 
through virtual flaw technology

Target Flaw Scope

Identify arc‐like tip signals OD & ID planar flaws

Identify disruptions in lateral wave (LW) ID planar flaws
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Understanding the Screening Model Output

 Each analysis unit is either flagged or not
– Model flags flaws as well as flaw‐like indications or abnormalities that 
require inspector review

– A flagged unit is not automatically a flaw
 Detection/Miss flaw is flagged/unflagged
 Flag rate is the fraction of data volume flagged
– Indicative of relative data volume for review

What is a “unit”?
 A slice in the data of a pre‐determined size.
 For axial flaws, it encompasses a certain angular section around the penetration for a single axial position.
 For circ flaws, it encompasses a certain axial length for a single angular position.
 Model goes slice by slice, much like the inspector.
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Next Application: DMW

 Model trained & validated on open samples
 Next steps

– Evaluation against blind qualification data
– Fine‐tuning the reporting and workflow

AI highlights indications of interest for inspector review

C‐Scan overview with Indication Table

Consolidation

…and combines them into indications

Detection

…localizes areas associated with flaws…

Exhaustive data review

AI goes through all channels in detail…
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Objective and Scope
• Objectives

– Assess current capabilities of machine learning (ML) and 
automated data analysis for improving NDE reliability

– Provide technical basis to support regulatory decisions and 
Code actions related to automated data analysis for NDE

• Expected outcomes
– Identify capabilities and limitations of ML for ultrasonic NDE 

applications
– Identify factors influencing ML performance and their 

impact on NDE reliability
– Recommend verification and validation (V&V) 

approaches and methods for qualifying ML for nuclear 
power NDE

– Identify gaps in existing codes and standards relative to ML 
for ultrasonic NDE

Examples: Flaw Detection and 
Reconstruction

True State

SAFT

LMBIR

**H. Almansouri, S. V. Venkatakrishnan, G. T. Buzzard, C. A. Bouman and H. 
Santos-Villalobos, 2018 IEEE GlobalSIP; 10.1109/GlobalSIP.2018.8646704.

DDL
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Focus: Ultrasonic NDE, Data-driven Learning Algorithms

• Limited to ultrasonic NDE classification 
problems with data from weld 
inspections
– Materials: Steel (carbon, austenitic, 

cast,…), nickel alloys
– Flaw types: thermal fatigue, stress corrosion 

cracking, weld fabrication flaws
– Inspection setup assumed to be 

appropriate for weld inspections

• Approach: Literature review followed 
by empirical studies

Steel
Weld

Defect

Transducer
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A Variety of ML Algorithms Are Now Available for 
Engineering Applications

Supervised

Semi-Supervised

Unsupervised

Classification

Regression

Optimization & 
Control

Reinforcement 
LearningGenerative Models

Clustering

Dimensionality 
Reduction

Machine 
Learning

Adapted from: S. L. Brunton, et al, “Machine Learning for Fluid Mechanics ,” 
Annual Review of Fluid Mechanics 2020 52:1, 477-508
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Typical Data Flow in ML for Ultrasonic NDE

A-
scan

B-
scan

C-
scan

Normalization

Noise 
filtering

Windowing

FFT

Split 
spectrum 

processing

DWT

Time domain 
signal

Frequency 
domain signal

Statistic 
parameters (time 

domain)

Decomposition 
coefficients

Statistic 
parameters 
(frequency 
domain)

Feature selection

Kernel method

Ensemble 
method

Neural network

Unsupervised 
learning

Semi-
supervised 

learning

Model 
structure/parameter  

optimization

Classification 
accuracy

Cross-validation

Compared with 
other methods

Ultrasonic 
measurement Preprocessing Feature 

extraction
Feature 

selection ML modeling Model 
optimization

Verification & 
validation

Optional

Necessary
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Analysis of Literature and Laboratory Tests to Date 
Indicate Flaw Detection Potential of ML
• Data needs vary

– ML for screening vs flaw identification
– Supervised ML vs unsupervised/semi-supervised 

techniques

• ML classification performance needs 
validation
– Representative data needed Summary of Literature Reported ML 

Performance vs Training Set Size, Sorted by ML 
Method
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Quantifying Robustness is Necessary to Build Confidence in 
ML Solution

• Robustness of ML solution dependent on 
multiple factors
– Noisy data
– Data imbalance
– Inconsistent inspection setup and parameters

• Improving confidence in reported results
– Sensitivity studies relative to model parameters
– Effective verification and validation (V&V) 

approaches
Classification accuracy vs Data Imbalance

C
la

ss
ifi

ca
tio

n 
A

cc
ur

a
cy

 (%
)
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Data Consistency Is Important for Machine Learning
• Inconsistencies in training data negatively 

impact classification accuracy
– Scan direction and scan parameters
– Labels
– Preprocessing stages

• Differences between training and test 
data (field data) increase classification 
uncertainty

Classification Performance with and 
without Data Cleanup/Normalization

Data Distributions Based on Distances from Training Data

Cropped, 
Gain Adj.

Non-Flaw
(predicted)

Flaw 
(predicted)

Non-flaw 779 96

Flaw 146 524

No 
Preprocess

Non-Flaw 
(predicted)

Flaw 
(predicted)

Non-flaw 845 15

Flaw 618 52

19C-358-1322-14-01P
19C-358-2

02-24-15 (training)
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A Reference Data Set for Machine Learning for NDE is 
Being Compiled
• Uses available empirical data

– Data extraction and curation underway

• Data set is labelled 
– Supports supervised ML techniques

• Documentation 
– Inspection setup information
– Specimen design drawings
– Data labels (flaw vs non-flaw)

• Software routines
– Python classes and scripts to simplify data 

loading

Specimen 
ID 

Flaws  Skew 
angle 

Probe  Frequency 
(MHz) 

Mode  Angle  Size 
(GB) 

# of B‐scan 
files 

02‐24‐15  a,A,b,B  0  GEIT  2  L  45  2.2  360 
02‐24‐15  a,A,b,B  0  SwRI  2.25  S  45  2.8  376 
02‐24‐15  d,C,e  0  GEIT  2  L  45  1.6  315 
02‐24‐15  d,C,e  0  SwRI  2.25  S  45  2.7  315 
322‐14‐01 1 2 3 4 0 GEIT 2 L 45 3 1 484

Reference Data Set Examples

Non-flaw Flaw

Example Python Script for Loading Data
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Ongoing Empirical Assessment -
Approach

Original B-scan

Correct, Cropped 
B-scan

Resampled 
Image

ML modeling
(CNN/DNN)

Analysis

Input layer
(337x381)

Max pooling
(7x1)

Convolution
96, 3x3 (relu)

Convolution
64, 3x3 (relu)

Max pooling
(2x8)

Convolution
48, 3x3 (relu)

Convolution
32, 3x3 (relu)

Max pooling
(3x4)

Flatten

Dense
14 (relu)

Output

Flipped in x-direction
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ML Parameter Tuning Can Improve Classification 
Accuracy
• Tuning refers to changing: 

– Number of trainable parameters 
– Initial value of trainable parameters
– Trained parameter values 

• Tuning pre-trained ML model 
– Additional short learning phase for fine-tuning 

parameters using site-specific data

• Larger ML models require more data to train 
– Not best option with limited data sets

Number of Trainable Parameters

C
la

ss
ifi

ca
tio

n 
A

cc
ur

ac
y

Minimum Accuracy:  0.293 
Maximum Accuracy: 0.863
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Multiple Measures of ML Classification Performance May 
be Needed to Boost Confidence
• Typical measures of classification (confusion matrix) 

are incomplete

• Receiver Operating Characteristic (ROC) curves: 
insight into tradeoffs between TPR and FPR

– TPR: True positive rate
– FPR: False positive rate

• POD estimates: improvements in NDE reliability when 
using ML

Non-Flaw Flaw
Non-flaw 779 96

Flaw 146 524

True Positive Rate vs False Positive Rate When 
Trained with Four Training Datasets

Confusion Matrix (B-scan Classification)

Desired 
Performance
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Takeaways from Research to Date: Supervised ML…
• Applicable for flaw detection with high accuracy

– Appears to be independent of ML method and signal type
– Deep ML may have additional advantages for NDE applications

• Data quality and consistency important for high classification accuracy
– High diversity in training data
– Consistency between training and test data
– Consistency in labeling and preprocessing data

• Performance quantification needs multiple metrics
– Metrics tracking false positive and false negative rates, and probability of detection
– Data quality and consistency appear to have bigger impact on performance than other factors
– Model tuning can improve performance
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Ongoing Activities
• Complete empirical assessment using defined test-matrix

• Add more flaw data to the current test matrix 

• Document results in letter report (Aug 2023)

Screenshot of part of test matrix for empirical assessment of ML for NDE
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Questions?
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Close the day
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Close the day

 Public comment period

 Comments on today, a look ahead to tomorrow

 Adjourn
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Objective and Scope

• The industry would like to use ultrasonic modeling as a basis to demonstrate 
that the examination techniques applied are acceptable. The NRC needs to 
confirm that a solid technical basis for conducting, interpreting, and applying 
the results of ultrasonic modeling exists.

• PNNL has assessed commercially available modeling and simulation tools 
used for ultrasonic testing, including CIVA, UltraVision, and OnScale using a 
multi-faceted approach that includes:
 Modeling challenging inspection scenarios that are the subject of relief requests
 Validating simulation results with empirical data
 Developing key takeaways and guidance for developing models, executing simulations, 

and evaluating results



Roadmap of Modeling and Simulation Work

• Topics shown on the roadmap were 
discussed in the PNNL reports

• The NUREG/CR summarizes all the 
work
 Specific guidance for developing 

models and executing simulations
 Specific guidance for assessing model 

validity and reviewing simulation results
 Provides key takeaways for multiple 

modeling scenarios
 Lists current knowledge gaps



Recent PNNL Reports on Modeling and 
Simulation

 PNNL-28362 
 

  
 
 

 
 
 
 

Ultrasound Modeling and Simulation: 
Status Update 
December 2018 

Gerges Dib Richard E. Jacob 
Michael R. Larche Pradeep Ramuhalli 
Matthew S. Prowant Aaron A. Diaz

ML17095A969 ML18331A254 ML20122A252 ML22087A127 NUREG/CR: 
Ultrasonic 

Modeling and 
Simulation for 
Nuclear NDE
Currently in 

Review

ML22311A009
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PNNL Modeling and Simulation Project Status

• PNNL’s previous modeling and simulation report focused 
on completing the CIVA assessment of austenitic welds 
and CASS models, including noise and attenuation.

• Information in this report was presented at the 2022 TIE 
meeting (ML22010A174).

• Key takeaways included:
 Coarse-grained models can be generated easily in CIVA using 

Voronoi regions, but there are limitations to the available 
specimen geometries 

 Flaw response simulations using austenitic weld models were 
generally predictive of experimental data

 Noise and attenuation are easy to simulate but require knowledge 
of the specimen properties and may require several iterations to 
achieve desired results

ML22087A127
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PNNL Modeling and Simulation Project Status

• PNNL’s most recent modeling and simulation technical 
letter report (TLR) is now available

• Part 1 focused on using CIVA to simulate flaw responses 
based on destructive testing 

• Part 2 was an assessment of OnScale ultrasonic modeling 
and simulation capabilities

ML22311A009
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TLR Part 1: Destructive Testing

• Five thermal fatigue flaws were cut after UT scanning in the laboratory
• Flaw profiles were extracted visually or using penetrant testing and drawn in CIVA
• Flaw responses were simulated in four scenarios:

 Actual flaw geometries (from destructive testing) and a realistic weld model (from electron backscatter diffraction)
 Planar flaws with the realistic weld model
 Actual flaws with an isotropic weld
 Planar flaws with an isotropic weld (control scenario)

• Simulation results were compared to the laboratory UT scans

Flaw profile 
from VT (left) 

and as drawn in 
CIVA (right) Example of a dissimilar metal weld model used 

for flaw response simulations
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Key Takeaway #1: Flaw True-states

• Flaw properties found from destructive testing did not always agree with the properties 
reported in the flaw specification documentation
 Through-wall depths varied by up to 4 mm (0.16 in.)
 Tilts varied by up to ~20°
 All flaws were supposed to be surface breaking, but ligaments up to 1.8 mm were found

This flaw was supposed to be planar, surface 
breaking, and have 0° tilt
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Key Takeaway #2: Simulation Predictiveness

• No models were considered to be predictive
• Simulations using a complex austenitic 

weld model and actual flaw profiles were 
not more predictive than those using 
isotropic models and planar flaws

Example data from a flaw scanned from the carbon steel 
side of a dissimilar metal weld

No statistically significant differences were seen between 
the different simulation scenarios in any of the metrics 

used.
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Key Takeaway #3: Model Parameters

• Simulation-to-simulation randomness in grain microstructure causes large variations in flaw 
response, making models with complex microstructure unreliable for flaw response 
simulations 

• Flaw response modeling efforts may be better spent focusing on flaw properties (such as 
tilt, depth, and ligament) using parametric studies

CIVA parametric 
studies show that 
flaw response is 

heavily dependent 
on flaw tilt and 

somewhat 
dependent on flaw 

depth Random simulation-to-simulation 
changes in microstructure resulted 

in up to 15 dB changes in echo 
amplitude
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TLR Part 2: OnScale Usability

• OnScale was evaluated for usability in commercial nuclear ultrasonic NDE
 OnScale uses finite element analysis whereas CIVA uses an analytical approach
 OnScale uses a cloud-based solver for rapid parallel processing
 A MATLAB toolbox is available to generate and submit models to the solver as well as download and 

post-process simulation results after they are completed

OnScale Designer OnScale Analyst
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Key Takeaway #1: Meshing

• OnScale’s rectilinear meshing approach complicates meshing of angled or 
irregular surfaces

• Mesh densities need to be very high to maintain geometry fidelity
• High mesh densities dramatically increase simulation time
• 3D simulations are generally not feasible

Mesh densities of 10, 20, and 30 elements per wavelength 
are shown for a 1 MHz probe in steel
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Key Takeaway #2: Beam Simulations

• OnScale and CIVA beam simulation results are comparable through isotropic or fine-
grained material

• OnScale is better suited for handling complex microstructures such as welds

OnScale CIVA Empirical

Beam simulations through isotropic material 
compared to an empirical beam map through 

fine-grained wrought stainless steel

OnScal
e

CIVA

Empirica
l

Simulated beam maps through an 
austenitic weld model compared to 

empirical laboratory beam maps 
acquired using a laser vibrometer
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Key Takeaway #3: Flaw Response Simulations

• Flaw response simulations run well in both 
platforms

• The tip response amplitude in OnScale agreed 
better with the empirical data

• B-scans are much easier and faster to set up and 
execute in CIVA
 A B-scan in OnScale consumed 37.8 CPU hours 

compared to ~1 minute in CIVA
 Moving the probe from scan position to scan position in 

OnScale introduced meshing variations that affected 
results

 

 

 

 

OnScale

CIVA

Empirical

TRL flaw-response simulations 
showing the tip (T), corner (C), shear 
(S), and mode-converted (M) echoes.

2.25 MHz (left), 5 MHz (right)

T

C
S

M
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Key Takeaway #4: Noise and Attenuation

• Simulating noise in OnScale requires addition of 
noise reflectors to the model

• The mesh density must be high enough to adequately 
define each reflector; this may impact simulation time

• Attenuation is straightforward to model, but care must 
be taken that parameters and interpretation are 
correct

Reflectors are 
manually added 
to the specimen 
model for noise 

simulations The noise field depends on the reflector 
size (r) and spatial density (d).



NUREG/CR on Best Practices of Ultrasonic 
Modeling in Commercial Nuclear NDE

• The NUREG/CR summarizes the previous 
work

• Specific guidance for developing models 
and executing simulations

• Specific guidance for assessing model 
validity and reviewing simulation results

• Provides key takeaways for multiple 
modeling scenarios

• Illustrates specific examples of modeling in 
the context of relief requests and 
applications relevant to the nuclear industry

• Lists current knowledge gaps



Key Takeaways from the NUREG/CR Draft

• Current challenges in ultrasonic modeling and simulation are discussed
 Understanding operational limits of the software
 Obtaining sufficient experimental confirmation
 Running enough simulations so that the results are statistically meaningful
 Basing decision making on simulation outcomes

• Methods of verification and validation are outlined
• Questions and topics are listed that should be considered when developing 

models and when evaluating simulation results
• Key takeaways and specific guidance are provided based on PNNL’s 

modeling and simulation experience



Key Takeaways from the NUREG/CR Draft

• CIVA and OnScale are useful tools for modeling many 
inservice inspection situations, but results should 
always be reviewed critically.

• Empirical data are essential for model verification and 
validation.

• Sound-field simulations are useful for visualizing how 
the predicted sound field propagates through  a 
material. The sound path, beam spread, sound 
intensity, and volumetric coverage can be assessed.

• Flaw response simulations can predict flaw signals 
and may be especially useful in complicated or 
unusual geometries, when testing probe parameters, 
or when determining scan parameters.

Laboratory beam maps illustrating increased 
sound intensity at the weld interface caused by a 

“funnel” effect. The effect is illustrated below.



Key Takeaways from the NUREG/CR Draft

• Simulating noise is straightforward, but it can require considerable trial-and-
error to achieve a noise field that matches empirical results.

• Simulating attenuation is easy in both CIVA and OnScale and adds little to 
computation time while potentially adding realism to models with high 
frequencies or long sound paths.

• Ensembles of simulations may be required in order to establish a probabilistic 
prediction.

• Simulations of coarse-grained 
CASS austenitic welds are   
feasible with current software   
tools, but results can vary 
significantly depending on the 
microstructure modeled. CIVA beam maps with an austenitic weld model
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Next Phase of the Roadmap

• Identify current or intended uses for ultrasonic modeling 
in the nuclear industry

• Perform a gap analysis to see what may be preventing 
the intended uses from being realized

• Evaluate factors that cause simulation-to-simulation 
variability and assess their severity

• Establish the effectiveness of using simulation 
ensembles to predict the probability that an exam will 
be successful

• Determine, assess, and describe effective uses for 
modeling and simulation that have regulatory 
significance to the nuclear industry



Thank you
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Background

 PSEG Salem Unit 2 inspection performed in 2021 from inside surface
– Cold Leg DMW (Weld ID 23)
 Inside surface connected planar flaw was detected during examination

– Encoded phased array
 Previous examinations performed from OD

– Non‐encoded phased array (2009)
– Encoded phased array(2015)
 Up stream Beam plots of previous examinations from OD indicated 
location of flaw was not interrogated due to limitations of the 
techniques used (probe size was large)
 Down stream scans did not detect the flaw due to flaw 
orientation(flaw was parallel to the sound beam)
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Background (2 of 2)

 PSEG collaborated with EPRI to develop and qualify an optimized 
encoded ultrasonic examination technique that could be deployed 
from the OD
– Specific capabilities to detect and size indication in Cold Leg 23 used as 
part of the design basis for the technique
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Task 1 – Technique Development
 EPRI developed and modeled an ultrasonic search unit / wedge combination to facilitate the 
interrogation of the inside surface of the examination component to the maximum extent 
possible from the outside surface of the component. This development included:
– Creating a model of the Salem Unit 2 Cold Leg 23 configuration, including the flaw identified during the 

2021 examination performed from the inside surface
– Creating corresponding models of the remaining Salem Unit 1 and Unit 2 Cold Leg configurations to 

ensure all limitations and geometric attributes have been bounded
– Creating models of the Salem Unit 1 and Unit 2 Hot Leg configurations for validation that techniques 

developed for the Cold Leg configurations are adaptable to the Hot Leg configurations
– Designed search unit(s) and wedge(s) to provide enhanced coverage of the examination volume for 

both the Salem Unit 1 and 2 Hot and Cold Leg configurations from the outside surface using the 
qualified industry phased array encoded procedure, EPRI‐ENC‐DMW‐PA‐1

– Performed beam simulations and modeling to test and optimize the search unit designs prior to 
fabrication of the search units

– Procured search units and wedges for physical trials in preparation for qualification activities
– Developed a Technique Sheet for the newly developed technique to be incorporated into the EPRI‐

ENC‐DMW‐PA‐1 procedure
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Axial Scans Looking for Circ Flaws
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Task 2 – Test Specimen Plan Development
 EPRI performed an effort to determine what the 
qualification mockups needs were for this effort. 
A comparison between the configuration model 
created in Task 1 to the current inventory of EPRI 
qualification mockups was performed to 
determine if the current mockup inventory is 
sufficient for performing a qualification of the 
newly developed technique. 
– EPRI 600 Series mockups historically used for ID 

DMW qualifications were used from the OD
 Similar to PSEG CL and HL configurations
 ~33” OD
 ~27.5” ID
 ~ 2.75 T
 Safe end lengths very similar to PSEG CL nozzles
 Flaws in test and practice data that closely 
resembled the PSEG indication identified during 
2021 examination
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Task 3 – Performance Demonstration
 EPRI performed a qualification of the newly 
developed technique by appending the EPRI‐
ENC‐DMW‐PA‐1 procedure to include the 
newly developed Technique Sheet created in 
Task 1

 PSEG’s inspection vendor was integral to the 
qualification and performed all data 
collection and analysis work for the 
qualification

 Qualification of the EPRI‐ENC‐DMW‐PA‐1 
procedure was successful for detection, 
length sizing, and through wall sizing all flaws 
within the EPRI test
– Qualification was witnessed by PSEG

 Next step – 2023 examination of Salem Unit 2 
Cold Leg DMW’s from the OD surface using 
newly qualified technique
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Together…Shaping the Future of Energy®



PNNL NDE of 
Advanced 

Manufacturing
Update

Richard Jacob
Technical Information Exchange, January 2023

This work was sponsored by the U.S. NRC
Carol Nove, COR

PNNL-SA-180336



Objective and Scope

• Advanced Manufacturing Technologies (AMT) are being used globally in many industries.
• The nuclear industry has shown growing interest in using AMT components for new plant 

construction and repair and replacement activities.
• There are currently no NDE standards to guide the inspection of AMT components.
• The objective of the work is to perform confirmatory testing on relevant AMT materials to 

understand which NDE methods and techniques will be effective for inservice examination.
• The scope of the work is to evaluate NDE methods and techniques on a variety of relevant 

AMT samples and mockups.
 Evaluate inspectability (e.g., UT penetration, attenuation, scatter, and frequency response)
 Evaluate flaw detectability
 Determine capabilities and limitations of different NDE approaches



Recent PNNL Reports on Advanced 
Manufacturing

• Literature search and gaps analysis
• Significant findings include:

 Critical flaw types, sizes, and locations are unknown
 The relevant inspection volumes are to be 

determined
 There are relatively few published papers or reports 

about post-process or inservice NDE on nuclear-
relevant components or mockups 

ML20349A012
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Ongoing ASME Code Activities in Advanced 
Manufacturing

• Section III
 21-2331 Requirements for Advanced Manufacturing PM/HIP processes for Section III Div. 1 Items. Process method 

of PM/HIP of 316L SS to be incorporated into a new Mandatory Appendix
 21-1913 Use of Weld Metal as a Material for Pressure-retaining Items. Gas Metal Arc Welding (GMAW) weld metal 

for Section III 
 20-254 Code Case - 316L Stainless Steel - Additive Manufacturing. Section III Code Case
 CC-N-834 Allows for AMT of certain Class 1 components

• Section VIII
 21-241 Section VIII, Division 1; Code Case for Unalloyed and Palladium/Ruthenium Corrosion Enhanced Titanium 

Grades (R50400, R52402, R52402, R52404) for pressure boundary parts using Electron Beam Direct Energy 
Deposition Wire Fed Additive Manufacturing Process.

• Section IX
 22-123 BPV IX - Qualification rules for wire-additive welding. Establishes definitions and rules for wire AM
 20-2829 Qualifications of Gas Metal Arc Additive Manufacturing (GMAAM) Procedures. New Section IX Code Case
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NRC Public Meeting on NDE of AMT Components

• NRC is planning to hold a public meeting/workshop in Spring 2023 (probably April).
• The goal is to gather information from nuclear industry participants to determine where 

the industry may be headed with AMT fabricated components and the associated NDE 
required for inspections.
 What types of AMT are likely to be used in safety related components?
 What will be the role of various NDE methods and techniques as AMT fabricated components are 

integrated in plants?
 What level of research is required to assure that safety-related AMT components can be 

adequately inspected?
 What is the availability of relevant AMT mockups?
 What timelines does the industry envision for integrating safety-related AMT components into 

operating nuclear plants?

• Your participation is welcome and encouraged!
• Contact: Isaac Anchondo-Lopez isaac.anchondo-lopez@nrc.gov



Thank you
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Impact of 
Examination 

Coverage Gaps

Joel Harrison
Technical Information Exchange, January 2023
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Carol Nove, COR
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Defining Limitations or “Gaps” in Examination 
Coverage

• Examination volume is defined by ASME Code however determining the 
coverage achieved is not 
 No mandatory requirement

 Guidelines appear in “Nonmandatory Appendix S Evaluating Coverage for Section XI 
Nondestructive Examination”.

 Industry unable to reach consensus on specific calculation methods.
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Defining Limitations or “Gaps” in Examination 
Coverage

Example of the of the lack of specific 
direction for determining examination 
volume coverage (NRC ADAMS 
ML17318A120, PNNL-26157)

Similar reactor coolant pump nozzle-
to-piping welds from the same plant 
design

Each weld examined with essentially 
the same UT technique and 
coverage. However, the coverage 
determinations varied from 37.5% to 
75%, depending on the method of 
calculation
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Defining Limitations or “Gaps” in Examination 
Coverage

• Documentation of coverage plots can be somewhat archaic, simply hand 
drawn with a pencil or by a computer graphic
 Such drawings do not take into consideration the impact of beam spread, different 

material types, or geometric conditions that can affect angular projection and 
penetration intensity of the sound beam throughout the examination volume

 the effects of attenuation, scattering of acoustic energy, redirection, and partitioning of 
the sound fields cannot be adequately represented with a single straight line

• Modeling and simulation results indicate that simple pencil drawings or 
computer-generated ray trace graphics do not adequately define examination 
volume coverage
 Initial evaluation also suggests sound beam intensity within the examination volume 

may be significantly reduced such that a detectable flaw response may not be 
produced. 
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Determining the Impact of Coverage Gaps 

NRC directed PNNL to evaluate the impact of in-plant conditions that limit full 
ultrasonic coverage during inservice inspections to:
• Better understand the consequences of gaps in examination coverage on flaw detection

• Equip NRC staff with information to help improve assessment of submitted relief requests

• Address the underlying question “assuming a flaw existed in an uninspectable region, to 
what extent would it have to propagate into the inspectable region before it would be 
detected?”

Two primary scan restrictions were identified for all conditions; a limitation to the 
forward movement of the probe or a limitation to the backward movement. In 
some cases, both movements can be limited.
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Impact of Coverage Gaps - Key Research 
Findings

• Some flaws that exist within a required examination volume where a coverage 
limitation exists will not be detected.

• Determining a definitive flaw size that is most affected by limited coverage is 
not possible. 

• Flaws most susceptible to missed detection are shallow flaws.

• A higher percentage of missed detections occur for far-side flaws.

• Detection of axial flaws is significantly impacted by the condition or orientation 
of the weld crown.
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Additional Factors Impacting Detection

• Flaw orientation or “tilt” can produce missed detections

• Partial flaw detection can cause mischaracterization

• When a weld crown exists, the ability to detect axial flaws is most always 
obstructed. 
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Industry Operating Experience Confirmed During 
Research

Some key points are known among the industry’s NDE community from 
operational experience that are important for reinforcing industry’s 
understanding of the negative impact of coverage gaps and steps that may be 
taken to improve POD:
• Removal of the weld crowns may be the most important thing that can be done to increase 

POD even in scenarios where the probe is backward-limited

• The use of multiple beam angles and wave modes will enhance examination coverage and 
POD

• In certain limited-coverage situations, the base of a flaw may not be detectable

• Human Factors play a critical role to a successful examination, especially when limiting 
conditions exist
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Evolution of Examination Coverage 
Determination – Can Improvements be Made?

• Code Case N-460 (July 1988)
 Approved for use in April 1992 (Regulatory Guide 1.147)
 Relief request requirement mandated in 10 CFR 50.55a

• Code Case N-711 (2006)
 Redefined the examination volume with a “Volume of Primary Interest” for Risk 

Informed ISI programs.
 Not authorized by NRC

• Code Case N-711-1
 Conditionally accept by NRC (Oct 2019 in Reg Guide 1.147 Rev 19)

• While these Code driven changes by industry were focused on better defining 
the examination volume, no effort beyond Nonmandatory Appendix S in 
ASME Section XI has been pursued to address differences in coverage 
calculation.



Thank you
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break



Risk Informed Materials Assessment (RIMA) 
System Tier List

2023 Industry / NRC NDE Technical Information 
Exchange Public Meeting 

Dr. Stephen Cumblidge



RIMA Team

NRR
Dan Widrevitz
Stephen Cumblidge
Corey Parker
Dave Rudland
RES 
Mathew Humberstone 
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Outline

• Overview of risk informed decisionmaking
• What is Risk?
• What is RIMA?
• PRA overview
• RIMA – Use of PRA

– Materials Reliability Issues and PRA
– Systems vs. components
– Tier list
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What is Risk‐Informed Decisionmaking (RIDM)?

A "risk‐informed" approach to regulatory decision‐making 
represents a philosophy whereby risk insights are considered 
together with other factors to establish requirements that better 
focus licensee and regulatory attention on design and 
operational issues commensurate with their importance to 
health and safety. 

From SECY 98-0144 
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What is Risk?

Risk‐ The combined answer to three questions that consider (1) 
what can go wrong, (2) how likely it is, and (3) what are the 
consequences?

In the nuclear industry, Risk is often described using the risk 
proxies of Core Damage Frequency (CDF) or Large Early Release 
Frequency (LERF) 

The CDF and LERF values are generally derived from a 
Probabilistic Risk Assessment (PRA)

190
PRA is only one form of Risk/Risk proxy



What is a PRA?

A PRA is a systematic method for assessing the likelihood of 
accidents and their potential consequences

A wide range of events are postulated, and the plant response is 
evaluated to determine the outcome of the event

These postulated events are summed up to estimate the ultimate 
plant safety
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How do Calculations Work?

Initiating 
Event 
Probability 
per year
(IEP)

Does 
it Work?

Core Damage 
Frequency
CDF = IEP x CCDP
≈ 1x10‐8 per year

Example‐ Large Break LOCA

Does 
it Work?

Does 
it Work?

Does 
it Work?

Conditional Core Damage Probability (CCDP)

Many nodes have 
their own fault 
trees
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Benefits of RIDM

Allows explicit consideration of a broad set of potential challenges to 
safety
Provides a logical means for prioritizing these challenges based on 
risk significance, operating experience, and/or engineering judgment 
Leads to better decision‐making by providing a means to test the 
sensitivity of the results to key assumptions. 
• Risk‐Informed Inservice Inspection focuses on the risk 

significance of a component, not just its size
• Draining plants to mid loop during refueling outages  was reduced 
because of risk considerations
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Risk Informed Materials Assessment

Risk‐informing material issues associated with 
passive components (e.g., pipes, tanks) poses 
unique challenges due to sparsity of failures

Effective inspections, maintenance including 
repairs to degraded components have 
contributed to sparsity of failures
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Materials Reliability Issues and PRAs

Many people work 
very hard to keep this 
value at very close to 
zero

Changes to inspections and 
maintenance policies can 
affect each step in the 
cutset
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Looking at Systems vs Components
When assessing risk‐significance a proposed change using 
a PRA model, consideration of “Completeness 
Uncertainty,” and as such appropriately mapping the 
impact of the proposed change to the PRA model is 
critical to assess change in risk accurately

Depending on the purpose of the risk‐assessment risk 
impact may have to be performed at component level, 
system level, functional level, or plant‐wide

Many risk‐informed reviews that propose relaxations, 
may require assessing the risk impact at systems level

196



Example‐ LOCAs

The Common LOCA CDFs are on the order of:
Large Break 1 x 10‐8

Medium Break 1 x 10‐7

Small Break 1 x 10‐8
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Hazards of using CDFs for individual 
Components

Focus on CDF change associated with a single component may significantly 
underestimate the overall risk to the plant since the proposed change may 
apply to thousands of components

The very low failure probabilities associated with these components, may be, 
in part, representative of the effectiveness of the existing 
inspection\maintenance\repair strategies

Therefore, relaxation of the existing strategies must be performed after 
carefully considering potential impacts on risk metrics such as CDF and LERF

Furthermore, for certain situations, the metric used for acceptability may 
have to consider Enterprise Risk (e.g., damage to fuel or leakages to 
environment)
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Focus on Systems

For this work we have decided to focus on broad systems rather 
than components

10 CFR 50.69 specifically forbids focusing on individual 
components

The NRC has developed plant specific PRA models and an 
associated database to share risk results with NRC staff

A submittal involving CDFs of individual components may need 
DRA support and would be out of the scope of RIMA
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Assessing Affected Systems
To help understand which systems 
are important and relative risks, 
the RIMA team has examined the 
NRC’s PRA model results

Available systems were evaluated 
to determine the effects of a failure 
of the system in terms of the 
increase in CDF

As CDF is normally described in 
logarithmic terms, the data was 
analyzed to determine the 
logarithmic mean and distribution
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Example Plot
Low Pressure Core Spray

6.60E‐03
6.20E‐03
6.20E‐03
2.40E‐03
9.00E‐04
6.40E‐04
5.20E‐04
4.20E‐04
2.80E‐04
1.10E‐04
8.80E‐05
8.80E‐05
2.10E‐05
7.40E‐06
6.80E‐06
6.40E‐06
6.40E‐06
3.30E‐06
3.30E‐06
6.60E‐07
3.40E‐07
2.80E‐07
1.60E‐07
1.50E‐07
1.50E‐07
4.20E‐08
3.60E‐08
3.40E‐08
3.20E‐08
2.50E‐08
2.00E‐08

Four from 10‐3 ‐10‐4

Six from 10‐4 ‐10‐5

Two from 10‐5 ‐10‐6

Six from 10‐6 ‐10‐7

Six from 10‐7 ‐10‐8

Six from 10‐8 ‐10‐9

Log Average 7.5x10‐6Number of plants
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Conditional Core Damage Probability For LOCAs
Log Average 2.3x10-3

Log Average 1.6x10-3 Log Average 1.6x10-4
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Loss of Systems
Log Average 4.6 x10-2 Log Average 9.7 x10-3 Log Average 2.3 x10-3

Log Average 1.4 x10-3 Log Average 1.2 x10-3 Log Average 9.1 x10-4
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Continued

204



Rankings from NRC PRA Database
Important Takeaways:

Anything that affects reactor 
protection, such as Control Rod 
Drive Nozzles, is extremely 
important

The Emergency Feedwater 
system (Code Class 2) failing has 
an order of magnitude greater 
CDF/CCCDP than a large break 
LOCA

Service Water systems (Code 
Class 3) are much more 
important than would be 
expected given their low 
requirements in ASME Code

Large Break LOCA CCDP

Previously Approved CCDP Cutoff for HSS and LSS
Components
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What Have We Learned?

Some Class 2 and 3 systems can be more risk significant than 
commonly assumed

Most systems have a wide range of risks across the fleet, making 
this list inappropriate for plant‐specific decisionmaking
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Tier List:

207

Tier X Reactor Protection System Class 1
Emergency Feedwater Class 2

Tier 1 High Pressure Injection Class 1
Service Water Class 3
Reactor Coolant Class 1
Residual Heat Removal Class 1

Tier 2 Component Cooling Water Class 3
Main Steam Class 1/2
Low Pressure Injection Class 1

Tier 3 Low Pressure Core Spray Class 1
Main Feedwater Class 2



How to use the Tier List?

In the near term the tier list will help guide NRC staff thought 
process when evaluating proposed alternatives and LARs

The NRC is currently working on a methodology to apply the tier 
list in a more structured way
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Dale Brown, Inspection TAC Chair
Southern Nuclear Operating Co. 

Bob Grizzi, EPRI lead supporting MRP Inspection TAC

NRC‐Industry NDE Technical Information Exchange Meeting
January 18, 2023

MRP Inspection TAC Report



© 2023 Electric Power Research Institute, Inc. All rights reserved.211

Outline

 Inspection TAC Membership
 RPV Upper Head Program: Emergent Issue Support and 
Demonstrations
 Inspection TAC Deliverables Lists
– 2022 Final
– 2022 Accelerated Projects
– 2023 Preliminary (to‐date)
 Key On‐going Technical Topics and Projects
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Inspection TAC 
Membership

 34 TAC Members
– 18 US / 16 International
– 53% / 47%
– 11 new members
 22 Utilities Represented
– 13 US / 9 International
– 59% / 41%

Name Company Role
Robert Allen Entergy Services, LLC Primary
Yusuke Asazuma The Japan Atomic Power Company Primary
Dale Brown Southern Nuclear Operating Co. Chairman
Walter Chatterton American Electric Power Company, Inc. Primary
Todd Davis Constellation Energy Generation LLC Vice Chairman
Rachel Doss Duke Energy Carolinas, LLC Alternate
Jordan Green STP Nuclear Operating Company Primary
Kevin Hacker Dominion Energy, Inc. Primary
Justin Howard Comanche Peak Power Company, LLC Alternate
Shota Inoue Kyushu Electric Power Co., Inc. Primary
Ola Johansson Ringhals AB Primary
Greg Kammerdeiner Energy Harbor Nuclear Corp. Primary
Brian Kandell Duke Energy Carolinas, LLC Primary
Bradley Langston Southern Nuclear Operating Co. Alternate
Cristina Ledesma Iberdrola Generacion Nuclear S.A.U. Primary
Taehun Lee Korea Hydro & Nuclear Power Co., Ltd. Primary
Wei Liu China National Nuclear Power Company, Ltd. Primary
Bruno Lopes Eletrobras Termonuclear S.A. Primary
Eiji Machida The Japan Atomic Power Company Alternate
Jay Miller Constellation Energy Generation LLC Alternate
David Mora PSEG Nuclear, LLC Primary
Yusuke Nakano The Japan Atomic Power Company Alternate
Ryo Nakazaki The Kansai Electric Power Co., Inc. Primary
Michael Parrott Rolls-Royce SMR Limited Alternate
Damon Priestley Tennessee Valley Authority (TVA) Alternate
Matthew Ralstin Luminant Generation Company,  LLC Primary
Robson Santos Eletrobras Termonuclear S.A. Alternate
Donna Slivon Florida Power & Light Co. Primary
Wataru Sugino The Japan Atomic Power Company Alternate
Jason Swan Rolls-Royce SMR Limited Primary
Craig Wicker Nawah Energy Company Primary
Jerry Wren Xcel Energy Services, Inc. Primary
Cheng Yang China National Nuclear Power Company, Ltd. Alternate
Samual Zipperer Tennessee Valley Authority (TVA) Primary
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RPV Upper Head Inspection 
Emergent Issue Support and Demonstrations in 2022
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Emergent Issue Support

 Constellation, Byron Unit 2 (Spring 2022)
– Nozzle #75, CETNA Guide Funnel Fillet Weld indication , 
independent data review on site for confirmation

 Duke Energy, Catawba Unit 2 (Fall 2022)
– Suspect indication on 1 penetration, independent 
review of data, Surface ECT performed, results NRI
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2022 Demonstrations
 Framatome – New blade probe addition, 
in Lynchburg (February 2022)

 Westinghouse – 2 Procedure revisions, 
non‐technical for 1040r23/1041r18 
(February 2022)

 INETEC – New SignyOne/Dolphin 
Inspection system procedure and 3 new 
personnel qualifications (June 2022)

 Framatome – 1 personnel expansion test 
for UHI configuration (July 2022) 

 Westinghouse – Procedure PDQS
configuration add on for Half Nozzle 
Repairs (December 2022)

 2023 – upcoming
– Westinghouse ~6 personnel tests (remote 

testing)
– Westinghouse ~4 personnel tests (@ EPRI), 

dates not confirmed
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2022 Inspection TAC Deliverables Review
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2022 Deliverables (1/2)
 MRFA* 1 – Internals Management

– PWR IVI Course
– Virtual Reality (VR) Application for Vessel Internals – Promo Video; Product ID 
3002023878

– VR Application for PWR Internals (Beta V2.3); Product ID 3002023877

 MRFA 3 – Nickel Based Alloys
– Wet and adjustable Leak Path specimen design finalized (Hardware)
– Open/Practice specimens for thermal fatigue damage locations applying WOL 
mitigation ‐ delayed, but in progress

– Technical Brief : AI‐Assisted Analysis of Ultrasonic Inspections; Product ID 3002023718
– Success Story for pilot application of AI‐Assisted Analysis of Ultrasonic Inspections; 
Product ID 3002025510

* Materials Research Focus Area
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2022 Deliverables (2/2)
 MRFA 5 – Fatigue

– MRP‐23, Revision 4 ‐ “Materials Reliability Program: NDE Technology for Detection of Thermal Fatigue 
Damage in Piping”; Product ID 3002023884 – Delayed until mid‐2023 due to specimen fabrication issues

– MRP‐36, Revision 5 ‐ “Materials Reliability Program: Computer‐Based Training for Thermal Fatigue 
Cracking”; Product ID 3002023885

– (NEW!) Ultrasonic Examination of Small‐Diameter Piping Butt Welds and Components for Thermal 
Fatigue Damage (EPRI‐NDEC‐UT, Revision 3); Product ID 3002023886

– (NEW!) Guidance for Performing Thermal Fatigue Examinations When Utilizing Generic Procedure PDI‐
UT‐2, Revision 1; Product ID 3002023887

– MRP‐350, Revision 3 ‐ “Materials Reliability Program: Examination of Small Bore Socket Welds for 
Vibration and Thermal Fatigue”; Product ID 3002023883

– (NEW!) Procedure for Encoded Phased Array Ultrasonic Examination of Small‐Bore Socket Filled Welds: 
EPRI‐SW‐PA‐1, Revision 3; Product ID 3002023888
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2022 Accelerated Projects

1. Hyperspectral Imaging White Paper: Field Trials and Procedure 
Development to Enable Classification of Chemical Species Relevant to 
Boric Acid Deposits; NDE / MRP Deliverable, Product ID 3002023705
a) Accelerated and bolstered algorithm classification models 
b) Added variations of chemistry specimens, loading, and aggregates

2. Accelerated addition of thermal fatigue and socket weld specimens to the 
NDE Simulator data library

3. Added frequently used, double booked thermal fatigue specimens
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2023 Inspection TAC Preliminary Deliverable Preview
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Planning of 2023 Deliverables

 MRP‐23, Revision 4 ‐ “Materials Reliability Program: NDE Technology for 
Detection of Thermal Fatigue Damage in Piping”; delayed from 2022
– Updated to thermal fatigue procedures for WOL

 Update / Restructure MRP‐60 (i.e., RPV Upper Head Bare Metal Visual 
Examinations) in coordination with ASME Code Case N‐729‐10 (pending 
approval)
 Develop MRP‐60 CBT
 Potential to revise MRP‐384 (Revision 2) pending further TAC input
 Build (3) Wet and Adjustable Leak Path specimens
 1 to 2 offerings of Upper Head UT Advance Analysis Oversight Training
 Potential to revise MRP‐228 (Revision 5)
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Key On-going Technical Topics and Projects
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Key On-going Technical Topics and Projects (1/2)
 MRFA 1 – Reactor Pressure Vessel Internals Management

– Updates to MRP‐228 (Inspection Guidelines) based on MRP‐227 changes
– Updates to MRP‐228 IVI Training Materials (as needed)
– Continued enhancements to VR platform
– Exploring how to leverage NDE Program research on AI and machine learning for VT analysis, both post 

processing of recorded video and real time inspection support  

 MRFA 3 – Nickel‐Base Alloys
– Update materials and schedule offerings of “Upper Head UT Advance Analysis Oversight Training”
– Enhancements to AI‐Assisted Analysis of Ultrasonic Inspections for upper head examinations
 Incorporating multiple vendors’ data platforms
 2nd pilot application to vet enhancements and 2nd vendor data platform

– Support of utility’s emergent need in 2023 to demonstrate and add upper head configuration to 
procedure qualification

– MRP‐60 (Bare Metal Visual Exams) CBT development in conjunction with updates to CC N‐729
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Key On-going Technical Topics and Projects (2/2)
 MRFA 5 – Fatigue

– Complete fabrication and QA acceptance of practice and blind thermal fatigue WOL 
specimens

– Updates to thermal fatigue UT procedures to support application of WOL mitigation
– Updates to thermal fatigue UT procedures in response to EDF‐SCC findings (if 
necessary)

– Initiate additional inspection developmental work for socket weld inspections
 New or enhanced UT (or other NDE) techniques to address flaw characterization
 Explore analysis work to support re‐inspection scenarios 
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Questions? 
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Together…Shaping the Future of Energy®
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Chris McKean
Constellation Energy, BWRVIP Inspection Committee Chair

Industry‐NRC NDE Technical Information Exchange Meeting
January 18, 2023

BWRVIP NDE Development 
2022 Update
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Content

 Update on 2022 inspection vendor demonstrations
 Update on 2022 NDE development activities 
 Update on training & VR applications
 Planned BWRVIP NDE Development activities for 2023
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Inspection Vendor Demonstrations Completed in 2022  

 Access Hole Cover
– In‐process repair UT demonstration in process
 NDE during permanent repair operations 

– Group 3 & 4 “thick” configuration in process
 Jet‐pump assembly welds
– Mixer, Diffuser, and Adapter weld UT
 LiDAR for in‐vessel applications
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Inspection Vendor Demonstration of LiDAR
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LiDAR Demonstration for In-vessel Applications 
 Performed by 3D at Depth
 Examined:

– Fuel pool liner mockup with machined erosion and pits

– ABWR clad‐pitting mockup

– NSSS‐fabricated jet‐pump beam mockup containing crack‐like EDM 
notches 

– EVT‐1 specimens & Remote‐VT standards

 Accurate measurements of complex wear, small pits (diameter 
and depth), erosion, etc.

 Accurate measurement of detected VT‐1‐like cracks
– Detection requires large CODs & various post‐processing to image cracks

 ~10‐foot [3m] examination distance, noticeable improvement 
observed during the limited scans at ~5’ [1.5m] distance

 Evaluation of tight cracks (such as those targeted by EVT‐1) is 
beyond the scope of this assessment 

 Plan to document technique demonstration in annual BWRVIP 
NDE Development update report

Medium speed LiDAR scan:

Evaluation of LiDAR point cloud prior to post‐processing:
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BWRVIP-100 Core Shroud UT
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BWRVIP-100 Core Shroud UT
 Background info

– The BWRVIP Assessment Committee’s research and subsequent revision of BWRVIP‐100 resulted in 
scenarios where it may become beneficial to measure the separation between flaws / flaw tips relative 
to the as‐welded weld fusion line of irradiated core shroud welds
 Possible examples for future flaw evaluations:

– Scenario #1:  Flaw evaluations for SCC wholly contained within base material, and separated 
from base material by a currently unspecified distance, may use flaw evaluations assuming base 
material properties  (process used prior to recent BWRVIP‐100 study)

– Scenario #2:  Flaw evaluations for SCC which propagate up to or within irradiated stainless steel 
weld material may require evaluation assuming a recently established lower weld fracture 
toughness value (post BWRVIP‐100 study / more conservative process)

– Core shroud techniques are frequently used to detect flaws contained within Alloy 182 H7 core shroud 
support welds
 These are shielded metal arc (SMAW) field welds

– Flaws propagating into the irradiated H3‐H6 welds were feared to be more difficult to characterize
 Core shroud welds are submerged arc (SAW) shop welds using much higher heat inputs
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Initial Assessment 
 Scans on new mockup performed with companion flaws

– Flaw pairs; one flaw remains in HAZ while other flaw propagates 
into the SS weld material

 Dual 32‐element linear arrays with operational range of 
2MHz to 3.5MHz; otherwise like existing shroud UT probes
– ~3.5MHz shear wave used to image as‐welded weld fusion line
– ~2MHz RL used to detect SCC flaws 

 Lessons learned:
– Complex flaw geometries often require fusion line be located from 

near side while deepest tip be identified from opposing side of 
weld

– New frequency filter tool not as useful as expected
 Improved results by collecting two channels of data, each with 
an optimized pulse width 

~2.0MHz to ~3.5MHz frequency range
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What did we learn?
 Mockup results show current core shroud techniques 
can easily detect flaws contained within SAWs

 Mockup results show current core shroud techniques 
can easily detect flaw tips which propagate 
significantly into SAWs 

 Advised the BWRVIP Member fleet that irradiated core 
shroud weld cracking has not likely occurred as current 
UT can detect such flaws

 Two channels of UT data collected in a single scan will 
likely be preferred over post‐processing one channel 
of UT data
– The software Frequency Filter Tool may be beneficial in the 

field as examiners may be able to isolate external “noise” 
and specifically filter it out

Performed line scans to replicate 
current examination strategies: 
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Current Status 

 Further probe development is warranted as slight increases in frequency will 
likely provide additional benefit 
 Inspection Committee recommended moving forward to develop inspection 
and demonstration strategies measuring flaw tip proximities
– Inspection Committee needs further input from the Assessment Committee

 What is the useful target range for flaw tip proximities?  e.g., Are we concerned 
when a flaw tip propagates to within 0.04” [1 mm] of a weld or is more like 0.50” 
[13 mm]?

 Inspection Vendors will need to develop criteria and scan mockups 
 Inspection Committee will then need to work with the Assessment Committee 
to create a guideline for implementing these measurements 
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Access Hole Cover NDE Development 
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Access Hole Cover (AHC) “In-Process Repair” UT Mockup

 Permanent repair involves complete removal of 
AHC weld and polishing of newly machined 
surface followed by installation of a bolted cover 
plate
– Inspection surface has a chrome‐plated appearance

 Current repair strategies include either ECT 
(Japan) or UT (U.S.A.) examination of the 
machined and polished surface
– Verify SCC flaws, including any radial branching, have 

been completely removed

 Mockup has been completed and is in use
– Represents both “thin” and “thick” AHC configurations

 Insert ring installed to represent thin configurations

– Flaws are applicable to UT or ECT

Flaws located on 
top surface of 
shroud support 
plate and on  
polished vertical 
surface 

Insert ring 
shown 
installed to 
represent 
“thin” repair 
configuration
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Access Hole Cover (AHC) “In-Process Repair” UT Mockup

 Contains “crack‐like” EDM notches which were compressed 
shut via a hot isostatic pressing operation 

 Also contains a simulated lamination‐like flaw
 Supports planned repairs at (2) U.S. BWR/4’s and (1) BWR/3

“Crack‐like” EDM electrode #5 ready to machine flaw #11:

Example of included flaws shown in CAD model with insert ring installed:
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Access Hole Cover EVT-1 Specimens
 EVT‐1 specimens with AHC‐like stringer weld beads and flaws 
fabricated
– Flaws contained within the valleys separating stringer weld beads
– Flaws which periodically meander out from valley
– Flaws which cross over the top of a weld bead from valley‐to‐valley

 Flaws created using same fatigue process as used for remote‐VT 
round robin specimens 
– Measured COD’s (average) of 25µm, 31µm, 33µm, 43µm, 51µm, 55µm, 

60µm, 93µm
 Measurement points ranged from 21µm to 133µm 

– [0.0008” to 0.0052”]
– As built lengths ranging from 1.33” to 4.43” [33.8mm to 112.5mm]

 Available for BWRVIP Member and inspection vendor use
 (2) plates will be included in the BWRVIP IVI training course 
remote‐VT exercises 
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BWRVIP Training Applications & Planned Development 
Activities for 2023 



© 2023 Electric Power Research Institute, Inc. All rights reserved.242

BWR Virtual Reality Application
 2022 updates

– “Quiz Mode” 
– Information cards for inspection components 
– BWR/5 model added 
 “Seismic plant” 

– Available for BWRVIP Member download

 2023+ updates
– Addition of an ABWR design

 Will then include BWR/4, BWR/5, BWR/6, and ABWR

– Video clips from field inspections
– Camera handling mode
– Informational videos
– Ability to manually configure designs with 

component variations  ABWR CAD model 
for new module:

BWR/5 specific LPCI:

BWR/5 seismic pins 
and hold‐down lugs: 
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BWRVIP Inspection/NDE Training

 “Fundamentals of SCC” WebEx training held 
November 2022
– NDE session included EVT‐1, automated‐UT, and 

manual‐UT demonstrations showing process 
examiners use to distinguish SCC from non‐
relevant indications 

– Session recorded for continued access

 BWRVIP IVI Training Courses 
– (2) sessions held in 2022
– (3) session to be held in 2023
 One session dedicated to Japanese members

– Includes EPRI and Licensee instructors 
– VR and actual hands‐on exercises
– 22.5 professional development hours

Fundamentals of SCC Course
Manual‐UT demonstration using field‐removed IGSCC specimen:

BWRVIP IVI training course:
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Questions ?



© 2023 Electric Power Research Institute, Inc. All rights reserved.245

Together…Shaping the Future of Energy®



Investigation of 
Advanced UT

Ryan Meyer, Matt Prowant, Jared Gillespie 
Technical Information Exchange, January 2023

This work is sponsored by the US NRC
Carol Nove, COR

PNNL-SA-180946



Outline
• Background

 Clarification of terminology
 Motivation
 Descriptions of standard phased array ultrasonic testing (PAUT), Full Matrix Capture (FMC), and Plane 

Wave Imaging (PWI)

• Summary of current investigations of FMC and PWI.

• Review of FMC data collection under the Program to Assess the Reliability of Emerging 
Nondestructive Techniques (PARENT).

• Overview of FMC development efforts by Japan Power Engineering and Inspection 
Corporation (JAPEIC).

• Conclusions and Suggestions for Future Work
PNNL-SA-180946



Terminology Clarification
• UT = “Ultrasonic Testing”; This acronym is used to refer to a broad range of ultrasonic 

testing techniques.
• Conventional UT = UT performed with transducers in which the transmitters and receivers 

consist of a single piezoelectric/piezocomposite element.
• Phased Array UT (PAUT) = UT performed with transducers in which the transmitters and 

receivers consist of arrays of multiple piezoelectric/piezocomposite elements.
• Standard PAUT = PAUT techniques that are commonly deployed in the field and 

established within the industry. Distinguished from the advanced UT techniques also 
incorporating multi-element arrays and signal time delay techniques.

• Established UT = UT techniques that are commonly deployed in the field. Includes both 
conventional UT and standard PAUT. Distinguished from Advanced UT. 

• Advanced UT = Refers to leading edge UT techniques that are mostly in research stage 
and have not seen significant field deployment. Can include techniques based on either 
single element or array transducers. Distinguished from Established UT. 

PNNL-SA-180946



Motivation

• Within the nuclear power industry, interest in advanced UT is based on claims 
of potential performance improvements that can be obtained from alternative 
(with respect to standard PAUT) firing and data capture schemes.
 Full Matrix Capture (FMC)
 Plane Wave Imaging (PWI)
 Pulse Compression (PC – for future consideration)

• Successful use of the techniques is well documented in the literature for fine-
grained materials but the understanding of their effectiveness in complex 
microstructures is limited.

• Some overseas interest is motivated by interest in addressing perceived 
inadequacies of standard PAUT.

• Ongoing efforts in ASME B&PV Code Section V to create standards to 
support application of FMC.

PNNL-SA-180946



Standard PAUT
• Standard PAUT

 Adjusts the pulse timing (known as the “delay law”) of each element  for real-time beam 
forming to focus and steer the sound energy at pre-determined depths and angles. 

 Utilizes entire array or subset of many elements for both transmit and receive functions.
 Common focusing methods include establishing delays to maintain focus at constant 

depth or distance from the probe.

PNNL-SA-180946



Full Matrix Capture
• Full Matrix Capture (FMC)

 Consists of transmitting from each element one-by-one and receiving with the entire array 
after each pulse. 

 An array of N elements must transmit N times, once for each element. During reception, 
each of the N elements receives a unique waveform, so the resulting number of waveforms 
collected at each scan position is N2.

 Pro: The large amount of data allows for imaging of flaws with  improved spatial resolution 
in comparison with established techniques.

 Con: The aperture is a single element 
resulting in a relatively weak sound 
intensity at the flaw in comparison to 
standard PAUT.

PNNL-SA-180946



Total Focusing Method (TFM)

• TFM uses a user-defined grid and combines gated sections of the acquired 
response signals for each point in the grid. 

• The gated region of each signal is based on the calculated full path time it 
would take for each signal to reach the grid point from the transmission 
element and return to the receiving element.

 DAS: The standard processing approach for TFM, 
where each waveform gate is shifted based on the 
travel time (or “delayed”) for a respective grid 
location, and then summed together.

 DMAS: Similar to DAS in terms of gating, but each 
waveform is then multiplied by each other prior to 
summing together. This is done to reduce noise 
signals normally amplified during the summation 
by random constructive interference.

PNNL-SA-180946



Plane Wave Imaging (PWI)

• Plane Wave Imaging (PWI) 
 Considered a hybrid technique of standard PAUT and FMC. 
 All the elements are excited in a manner to generate a sound field at a prescribed 

angle in the material. This is done by utilizing timed pulses to generate a wavefront.
 Note that standard PAUT generates a focused sound field, whereas PWI generates a 

planar wave.
 Signals received by individual elements in the array are recorded for further analysis, 

similar to FMC.
 Adaptations of TFM are applied to process 

PWI data.

PNNL-SA-180946



Approach to Investigation of FMC and PWI 
Techniques

• Participants: PNNL and three (3)* external vendors.

• Test blocks: austenitic piping specimens (WSS/WSS), dissimilar metal weld 
(DMW) specimens, and cast austenitic stainless steel (CASS) specimens.

• Standard PAUT data collected by PNNL to provide baseline data sets.

• FMC and PWI data collected by PNNL and external vendors.

*Data from one of the external vendors is excluded here because data analysis for the third vendor is not complete at time of this 
presentation. 

PNNL-SA-180946



Test Blocks

Specimen
Thickness 

(mm) Flaw Name
OD Length 
(mm [in.]) TW% Type

WSS/WSS 02-24-15 s1 35.6
Notch a 32.8 (1.29) 5.0% Notch
Flaw A 10.7 (0.42) 15.0% TFC

DMW
ONP-D-2 73.7 Flaw 1 68.3 (2.69) 28.0% TFC
ONP-3-8 71.1 Flaw 1 54.1 (2.13) 28.0% MFC

CASS
B519 59.4 Flaw 1 57.2 (2.25) 46.0% TFC
B520 60.2 Flaw 1 26.7 (1.05) 16.0% TFC

02-24-15 s1

ONP-D-2

ONP-3-8

B520 B519
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PNNL Equipment

• Four (4) transmit-receive-longitudinal (TRL) matrix array 
transducers used for standard PAUT and FMC data collection
 Designed to operate at frequencies of 0.5 MHz, 0.8 MHz, 1.0 MHz, 

and 2.0 MHz
 Each transducer consists of two 50 element (10 x 5) arrays

• Two (2) square matrix array transducers (11 x 11) designed for 
1.0 MHz and 3.0 MHz operation, respectively, for FMC data 
collection

• Two (2) linear matrix array transducers [(32 x 1) and 64 x 1)] 
designed for operation at 1.0 MHz and 5.0 MHz, respectively, 
for PWI data collection

PNNL-SA-180946



Application of PNNL Equipment

Specimen Material Recommended Frequencies (MHz) PNNL PA Probes
02-24-15 s1 WSS 2.0–5.0 2 MHz TRL

3 MHz Square
5 MHz Linear

ONP-D-2 DMW 0.5–1.0 0.5, 0.8, and 1 MHz TRL
1 MHz Square
1 MHz Linear

ONP-3-8 DMW 0.5–1.0 0.8 and 1 MHz TRL
1 MHz Square
1 MHZ Linear

B519 CASS 0.5–1.0 0.5, 0.8, and 1 MHz TRL
1 MHz Square
1 MHz Linear

B520 CASS 0.5–1.0 0.5, 0.8, and 1 MHz TRL
1 MHz Square
1 MHz Linear

PNNL-SA-180946



Results

02‐24‐15 s1 ONP‐D‐2 ONP‐3‐8 B‐519 B‐520Flaw A Notch a

Team 1 
(PNNL)

PAUT 5/6 6/6 2/4 4/6 4/8 1/3
FMC 2/6 3/6 0/8 0/6 1/8 0/8
PWI 2/4 2/4 0/2 0/2 1/2 0/2

Team 2
PAUT 4/4 4/4 1/3 2/3 0/4 0/4
FMC 4/4 4/4 2/3 2/3 0/4 0/4
PWI 2/2 2/2 ‐‐‐ 1/1 ‐‐‐ ‐‐‐

Team 3
PAUT ‐‐‐ ‐‐‐ ‐‐‐ ‐‐‐ ‐‐‐ ‐‐‐
FMC 1/2 1/2 1/2 2/2 1/2 2/2
PWI 1/2 1/2 1/2 2/2 1/2 2/2

Total
PAUT 9/10 10/10 3/7 6/9 4/12 1/7
FMC 7/12 8/12 3/13 4/11 2/14 2/14
PWI 5/8 5/8 1/4 3/5 2/4 2/4

Flaw Detection
(# of Detections)/(# of Flaws Inspected)

Data provides insight to the strengths and weaknesses as
an initial step but flaw population was insufficient to 
assign statistical significance to conclusions. 
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Discussions

• PWI did not show a significant enhancement over standard PAUT when 
considering length sizing, detection, and signal-to-noise ratio (SNR) for any of 
the test block scenarios.

• Data indicates that FMC provides better length sizing performance in 
comparison to standard PAUT for the austenitic piping specimens.  Detection 
performance for FMC is worse for all test block scenarios.

• Depth sizing was not attempted because tip responses were often not 
observed, and the data were considered too limited.

PNNL-SA-180946



Development of FMC by JAPEIC

• 3D SAFT-UT (i.e. FMC) 
development motivated by 
detection of SCC in nickel alloy 
welds at Ohi NPP in 2008.

• Cracks exhibited a small aspect 
ratio (i.e. deep and narrow) which 
makes the tip difficult to detect 
with standard PAUT and creates 
sizing difficulty.

• Originally, these cracks were 
significantly undersized.

• This work focused on 
demonstrating robustness of FMC 
for depth sizing relative to skew.
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Full Matrix Capture under PARENT

Binarized image

Z

X
outline

corner echo

Z 
(m

m
)*

X (mm)
*In this graph, Z is 0 
on the inner surface.

outlineSizing method

Measurement

The threshold for binarization
is the noise level.

Circumferential flaw

Axial flaw
Flaws are inspected 
from both sides.

Flat Bar (FB) block Small bore Large bore

weld

weld

Outline of the flaw

P30
de

pt
h

length

tip echo

corner echo

P28
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PARENT Test Blocks

FB SBDMW LBDMW
Outer Diameter (mm) --- 286 to 387 852 and 897
Wall Thickness (mm) 30 32 to 47 77 to 79

Number of Flaws
Axial None
Circumferential 7
Electro Discharge Machine (EDM) 1 2 8
Mechanical Fatigue Crack (MFC) 1 None None
Thermal Fatigue Crack (TFC) None 6 None
Solidification Crack (SC) None 12 9
Stress Corrosion Crack (SCC) 5 None 1
ID = inner diameter; OD = outer diameter

FB SBDMW LBDMW

FB = Flat Bar 
SBDMW = Small Bore Dissimilar Metal Weld
LBDMW = Large Bore Dissimilar Metal Weld

PNNL-SA-180946



FMC Flaw Profiles under PARENT
Flat Bar Specimens

EDM MFC SCCSCC

True Depth

Measured Depth

True Depth
Measured Depth True Depth

Measured Depth
Measured DepthTrue DepthP42 P30 P32 P28

P42 P30 P32 P28

From NUREG/CR-7236, “Results of Open Testing for the Program to Assess the Reliability of Emerging Nondestructive Techniques” 
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FMC Results under PARENT
• Overall, no overwhelming advantage seen with respect to FMC over standard 

PAUT for length or depth sizing in terms of RMSE.
• Some improved performance observed on the Flat Bar test blocks, most of 

which had laboratory grown SCC flaws – all flaws were circumferential.

D
ep

th
 S

iz
in

g

NOBS Bias (mm) RMSE (mm)

Le
ng

th
 S

iz
in

g

NOBS Bias (mm) RMSE (mm)
Flat Bar Test Blocks Flat Bar Test Blocks

Standard PAUT 32 0.9 4.5 --- --- ---
FMC 7 2.0 3.5 --- --- ---

Small Bore Test Blocks Small Bore Test Blocks
Standard PAUT 47 -0.1 2.4 49 1.0 9.3
FMC 14 4.0 5.4 13 3.5 14.3

Large Bore Test Blocks Large Bore Test Blocks
Standard PAUT 3 2.9 5.1 4 10.8 20.8
FMC 9 14.1 15.7 9 9.0 15.2

From NUREG/CR-7236, “Results of Open Testing for the Program to Assess the Reliability of Emerging Nondestructive Techniques” PNNL-SA-180946



Conclusions and Suggestions for Future Work
• Results to-date do not support substitution of FMC and PWI for standard 

PAUT for flaw detection.
 Potential application as a supplemental technique for improved flaw characterization.
 Results provide some indication of enhanced length sizing performance with FMC in 

finer grained materials.

• Advantages may be realized for specific scenarios/situations:
 i.e. specific flaw complexities that challenge standard PAUT.
 Relevant flaw geometry and morphology is very important for evaluation of depth sizing 

capability.

• RMSE is not the only metric to consider when evaluating characterization 
performance.

• Further evaluations of FMC and PWI will be informed by gaps identified in 
results to-date.

• Pulse Compression UT will be included in future evaluations.
PNNL-SA-180946



Thank you
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Automated Data 
Analysis

Jared Gillespie
Technical Information Exchange, January 2023

This work was sponsored by the U.S. NRC
Carol Nove, NRC COR
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• Review the current capabilities of machine learning and automated 
data analysis for NDE to provide the NRC with a technical basis for 
reviewing licensee submittals and proposed ASME Code actions

• PNNL is evaluating how automated data analysis algorithms 
address flaw discrimination, detection and characterization in 
comparison to results obtained by an experienced data analyst
 reviewing literature to see what has been done
 assessing commercial options for usability and capability
 comparing capabilities with qualified inspectors

269

Objective and Scope
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Outline

• Approach
• Automated Data Analysis

 Literature Review
 Commercially Available Software

• Experimental Approach
 Data Acquisition
 Analysis using VeriPhase
 Data Labeling

• Evaluating Results
• Current Takeaways
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• Roadmap for the task
• TLR in August 2023

 Literature Review
 Evaluate rule-based Methods

• NUREG in October 2026
 Evaluate machine learning-based methods
 Summarize all findings

Acquire 
Representative 

Data

Review 
Literature

Identify 
Commercial 

Software

Machine 
Learning-based

Methods

Rule-based
Methods

Analysis from 
a Qualified 
Inspector

Evaluate 
Performance 
and Usability

Results and 
Conclusion

Approach
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Automated Data Analysis

[1] https://link.springer.com/article/10.1007/s10921-020-00735-9/figures/1
[2] https://www.sciencedirect.com/science/article/pii/S0963869522001025

• Automation is a vague word
• Various types of NDE analysis can be 

performed
 Data pre-processing
 Defect detection
 Defect characterization

• There are two main distinctions 
between data analysis types
 Rule-based
 Machine Learning-based
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Takeaways from Literature Review

[1] https://www.sciencedirect.com/science/article/pii/S0963869522001025

• Most automated analysis in literature 
is closer to “assisted” analysis
 Rule-based methods can be used for 

simpler analysis
 Machine Learning is more prevalent at 

higher levels of analysis

• Labeled data for training machine 
learning algorithms is not readily 
available

• No standardized way to quantify 
performance and uncertainty



• What commercial software offer automated data 
analysis functionality for ultrasound?
 VeriPhase ADT
 UltraVision Assisted Analysis
 CIVA
 TrueflawBox

• What types of capability are advertised?
 Report data issues like dropout and loss of couplant
 Indicate areas of interest based on specific, user-

selected criteria
 Provide a report showing potential flawed locations 

for human review

274

Commercially Available Software

PNNL is not affiliated with any of the products shown on this slide.



• Acquire an appropriate dataset to evaluate commercially 
available automated data analysis software
 Satisfy any software data requirements
 Cover a range of different specimens, probes, and flaws

• Analyze the data using automated data analysis software
• Evaluate the results based on the documented flaw 

information
 Label data as hit or miss
 Calculate POD and FCR

275

Experimental Approach
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• OmniScan MX2 with an encoded scanner
• Data requirements

 Encoded line scans
 Phased array files
 Single or Double-V weld overlays

• Data recommendations
 Refracted shear waves
 2-10 MHz probes
 43-72° sectorial scan with 1° resolution
 0.2 to 1.0” part thickness
 Carbon steel

Acquiring Data for VeriPhase
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• 120 line scans were analyzed
 5 specimens
 3 probes

• Analysis procedure using VeriPhase
 Amplitude threshold is specified
 -6 db drop sizing performed
 Indications are shown for review

ADT Details Peak Location Details Location Details Measurement Details

# Score Scan 
Position Angle FSH 

A% Leg Position Location Depth 
DA

Surface 
Distance 

PA

Index 
Position 
ViA

Sound 
Path SA

Length 
S(m‐r)

Start
S(r)

Width
I(m‐r)

Height
U(m‐r)

1 79 124.09 36.00 16.5 1st leg ID Surface C/L 30.04 ‐0.86 ‐0.86 37.13 25.00 114.09 12.75 9.05
2 80 136.09 33.00 16.5 1st leg ID Surface C/L 34.30 ‐1.08 ‐1.08 40.90 17.00 126.09 12.17 8.41
3 80 145.09 33.00 92.2 2nd leg ID Surface C/L 30.64 2.20 2.20 46.93 11.00 141.09 8.06 5.68
4 80 154.09 46.00 16.5 1st leg ID Surface 270 30.63 11.38 11.38 44.10 19.00 144.09 11.65 8.95

Analysis from VeriPhase
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PNNL’s Labeling Criteria 

• Indications can be labeled from the 
documented flaw location
 “Indications” – what the software labeled 

as defects
 “Flaws” – documented defect locations

• Tolerances were placed around the true state 
flaw location to improve detection

• Rule-based indication labelling
 Hit if indication overlaps a flaw
 Miss if no overlap or indication completely 

overlaps multiple flaws circumferentially
 %Hit = Area of Overlap / Total Flaw Area
 %Miss = Area Missed / Total Indication Area
 %Quality = %Hit * (1 - %Miss)

[1] “Results of Blind Testing for the PARENT”, NUREG/CR-7235
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Labeled Results

• Each “hit” indication was labeled with 
the corresponding flaw

• There are several levels of control
 amplitude threshold
 flaw tolerance

• All hits were processed together in a 
sensitivity plot
 Higher amplitude indications typically 

result in more flaw coverage (%Hit)
 Increasing the tolerance can improve 

results but only to a point

Amplitude > 75%
Threshold = 10 mm
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Takeaways from Rule-based Method

• Flaws can be detected using rule-based methods
 Increasing amplitude threshold can improve the similarity between 

indications and flaws
 adding a tolerance around flaws can improve detection

• Rule-based methods return a large amount of false calls
 Without labeled data, there is no confidence metric besides the amplitude 

threshold

• Discriminating between noise and actual flaws isn’t straightforward
 Rule-based methods can’t make complex decisions
 Learning-based methods are likely needed for flaw discrimination
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Future Work

• Label data based on flaw sizing from a qualified inspector
• Perform typical statistical analysis

 Probability of detection, false call rate
 Consider more inspection parameters like materials and probes

• Evaluate commercial machine learning packages as they 
become available

• TLR due to NRC in August 2023



Thank You
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Kevin Hacker, Dominion Energy 
Robert Grizzi, EPRI 

NRC‐Industry NDE Technical Information Exchange Meeting
January 18, 2023

Optimization of NDE 
Examination Requirements
Project Status Update and Actions
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Content

Opening Comments / Utility Perspective

 Topics
– Technical Basis for Steam Generator Auxiliary Feedwater Nozzles
– Current ASME Code Actions
– Upcoming ASME Code Actions
– RPV Supports Examination “Request for Alternative”
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Technical Basis for Steam Generator 
Auxiliary Feedwater Nozzles
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Steam Generator (SG) Auxiliary Feedwater (AFW) Nozzles
 These are AFW nozzles welded directly to the PV
 Report is publicly available on EPRI.com
 Covers ASME Code, Section XI, Table IWC‐2500‐1 under 
the following item numbers:
– Item No. C2.21: Nozzle‐to‐shell (nozzle‐to‐head or nozzle‐to‐

nozzle) welds
– Item No. C2.32: Nozzle‐to‐shell (nozzle‐to‐head or nozzle‐to‐

nozzle) welds when inside of vessel is accessible
 Analysis leverages probabilistic fracture mechanics (PFM) 
as in previous SG tech bases

 Deterministic fracture mechanics (DFM) analysis 
performed as a “belt and suspenders” complimentary 
approach

 Pilot Plant application may be married with existing SG 
SER or combined in future SG submittals 

 Potential “Request For Alternative” submittals based on 
sub‐set of plants (next slide) Product ID: 3002023713 
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SG AFW Nozzle Technical Basis (1/3)
Known Affected Units (May have broader applicability)
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SG AFW Nozzle Technical Basis (2/3)

Analyzed Bounding Configuration
 A representative (bounding) SG AFW nozzle was selected for analysis based on a comparison of 
component geometry, pressure stresses and other factors

 Stress analyses are performed for thermal transients and internal pressure



© 2023 Electric Power Research Institute, Inc. All rights reserved.289

SG AFW Nozzle Technical Basis (3/3)
DFM/PFM Summary
 The DFM evaluation produced results showing it would take more than 500 years for a 
postulated initial flaw (with a depth equal to ASME Code, Section XI acceptance 
standards) to reach the allowable fracture toughness or propagate through 80% of the 
wall thickness (80% = Leakage)

 For the PSI/ISI scenarios considered, the PFM evaluations showed probabilities (rupture 
and leakage) that are orders of magnitude less than 1x10‐6 failures per year, after 80 years 
of operation

 Sensitivity studies involving stress, fracture toughness, and inspection coverages all met 
rupture and leakage criterion
– Case 1: Stress multiplier of 1.60, fracture toughness reduced from 200 ksi√in to 60 ksi√in
– Case 2: Stress multiplier of 1.25, fracture toughness reduced from 200 ksi√in to 85 ksi√in
– Inspection coverages of 50% and 25% were evaluated against the mandated ASME Code, Section XI 

inspection schedule (100% coverage), and determined to have no adverse impact on risk of probabilities
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Current ASME Code Actions
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Pressure Retaining Bolting > 2” Diameter, non-RPV Studs
 Record No. 19‐3019 (PM ‐ John Broussard, Dominion Engineering, Inc.)
 Alternative Frequency of Examination for Table IWB‐2500‐1 (B‐G‐1), Examination 
Category B‐G‐1, Items B6.60, B6.90, B6.120, B6.180, and B6.210, and Table IWC‐2500‐1 
(C‐D), Examination Category C‐D, Items C4.10, C4.30, and C4.40
– Inquiry: What alternative examination frequency may be used for pressure retaining bolting greater 

than 2 in. (50 mm) in diameter, Examination Category B‐G‐1, Items B6.60, B6.90, B6.120, B6.180, and 
B6.210, and Examination Category C‐D, Items C4.10, C4.30, and C4.40? 

– Reply: It is the opinion of the Committee that an Inspection Interval of thirty (30) years may be used for 
Examination Category B‐G‐1 Items B6.60, B6.90, B6.120, B6.180, and B6.210 and Examination Category 
C‐D Items C4.10, C4.30, and C4.40 for components that meet the following requirements.

 Current Status 
– Ballot 21‐2344 – received 6 negatives, negatives still being resolved 
– 11/8/2022: New revised draft uploaded to address comments from Sept 2021 ballot
– Some negative comments/ballots have not been indicated as resolved or withdrawn
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SG Inner Radius, Nozzle to Shell and PV Welds (1/3)

 Record No.: 21‐1387 (PM ‐Mark Weis, Constellation)
 Alternate Examination Requirements for PWR Steam Generator Welds and 
Nozzle Inner Radii Sections: Section XI, Division 1
– Inquiry: What alternative examination requirements to those specified in Table IWB‐
2500‐1 (Examination Categories B‐B and B‐D) and Table IWC‐2500‐1 (Examination 
Categories C‐A and C‐B) may be used for steam generator welds and nozzle inner radii 
sections?

– Reply: It is the opinion of the Committee that the following examination 
requirements may be used in lieu of the requirements specified in Table IWB‐2500‐1 
(Examination Categories B‐B and B‐D) and Table IWC‐2500‐1 (Examination Categories 
C‐A and C‐B) for steam generator welds and nozzle inner radii sections. 

 Current Status – Poised for Letter Ballot vote in SG WCS (November 2022)
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SG Inner Radius, Nozzle to Shell and PV Welds (2/3)
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SG Inner Radius, Nozzle to Shell and PV Welds (3/3)
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Upcoming ASME Code Actions
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Pressurizer Nozzle to Shell and PV Welds / RPV Studs

 Pressurizer
– Code Case drafted
– Intention is to bring this forward during May 2023 ASME Code meetings, 
initiating in WG ISC

– Should follow very closely to the path of Record No.: 21‐1387 for the SG
 RPV Studs
– SER for pilot plants issued on 11/21/2022, Accession #: ML22096A003
– No PFM associated with this analysis
– Intention is to bring this forward during May 2023 or November 2023 
ASME Code meetings, initiating in WG ISC
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RPV Supports Examination “Request for Alternative”
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RPV Supports Embrittlement Analysis

 Objective: Develop generic screening 
parameters used to justify ongoing structural 
stability of the RPV supports for the PWR fleet
– Screening parameters shall be compared to plant 
specific stress and toughness for each individual 
component to demonstrate structural stability 
beyond 60 years of operation 

– Satisfies need for SLR applicants to address the 
issue of low‐temperature, low‐fluence 
embrittlement of RPV supports 

– Phase 1 scoping study published in 2021
– Phase 2 analytical work to be published in 2023 (Q1 
or Q2)

Long Column Support
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Leveraging Analysis for RPV Supports Inspection Relief (1/2)

No active degradation 
mechanism that would cause 
cracking of over time 

Embrittlement is addressed 
using screening parameters or 
analyses in SLR applications

Inspections are often difficult and 
pose ALARA challenges with very 
few findings

 An industry focus group on NDE 
examination optimization, led by EPRI, 
highly prioritized optimizing the NDE 
examination requirements for RPV 
supports

 Inspection currently required each interval
– Weak technical basis, if any
– Inspection OE, relative to degradation, non‐

existent
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Leveraging Analysis for RPV Supports Inspection Relief (2/2)

 EPRI / Industry to develop a technical basis for optimizing the examination 
considering, but not limited to, the following:
– Current embrittlement analysis
– Plant designs (bounded)
– Manufacturing / Fabrication acceptance (i.e., supports met criteria to be put into 
service) 

– Collection of inspection results
– Any other relevant OE

 Solicitation of a Pilot Plant
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discussion
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Together…Shaping the Future of Energy®



NRC’s NDE Research Program Update
Where we have been in the past 5 years?

Where are going in the next 5 years?

Carol Nove
January 18, 2023



NRC NDE Research at PNNL

NRC’s Office of 
Research has been 
working with Pacific 
Northwest National 
Laboratory on NDE 
research for over 40 
years.

The focus of the 
research is constantly 
evolving in response to 
technology advances, 
operational experience, 
industry initiatives, 
Code activities, etc.

1/18/2023



NRC’s NDE Research Program:
2017-2022

• 11 technical areas: 
1. Ultrasonic Modeling & Simulation
2. Detection and Characterization of Flaws in Cast Austenitic Stainless Steel 
(CASS) - complete
3. Incomplete Examination Coverage – nearly complete
4. Flaw Relevance Evaluation - complete
5. Probability of Detection Analysis - complete
6. Training and Practice - complete
7. Human Performance Influences on NDE Reliability - complete
8. Partial Penetration Welds - complete
9. Eddy Current - complete
10. Evaluate Advanced Phased Array Ultrasonic Techniques
11. Automated Data Analysis (ORNL under subcontract)
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2017 – 2022 Deliverables
Modeling & Simulation for 
NDE

PNNL-28362: Ultrasound Modeling and Simulation: 
Status Update

January 2019 ML19010A070

PNNL-29889: Modeling and Simulation of Austenitic 
Welds and Course-Grained Specimens

May 2020 ML20122A252

PNNL-32702: Modeling and Simulation of Austenitic 
Welds and Course-Grained Specimens: Part II

April 2022 ML22087A127

PNNL-33625: Modeling and Simulation of Ultrasonic Flaw 
Responses in CIVA and a Review of OnScale

November 2022 ML22311A009

NUREG/CR-7301: Ultrasonic Modeling and Simulation for 
Nuclear NDE

January 2023 TBD

Detection and 
Characterization of Flaws 
in CASS

PNNL-27712, Interim Analysis of the EPRI CASS Round 
Robin Study

November 2018 ML18331A093

NUREG/CR-7263, NDE Reliability Issues for the 
Examination of CASS Components

September 2019 ML19255J814

PNNL-32218, Final Analysis of the EPRI CASS Round 
Robin Study

October 2021 ML21295A324

Incomplete Examination 
Coverage

PNNL-26157 Rev. 1., Summary of Literature Search of 
Relief Requests on ASME Code, Section XI, Volumetric 
Examination Coverage Requirements for Piping Butt 
Welds

November 2017 ML17318A244

PNNL-30238, Evaluating Flaw Detectability Under Limited 
Coverage Conditions

September 2020 ML20248H555

NUREG/CR-xxxx: Evaluating Flaw Detectability Under 
Limited Coverage Conditions

In review process TBD
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2017 - 2022 Deliverables
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POD Analysis PNNL-28090, Analysis of Empirical 
Probability of Detection Data for 
Dissimilar Metal Welds

July 2019 ML19204A258

PNNL-32908: Guidance for Performing 
Probability of Detection Analysis for 
Nuclear Power Plant Component 
Inspections

June 2022 TBD

Training and Practice PNNL-29761: Nondestructive 
Examination (NDE) Training and 
Qualifications: Implications of Research 
on Human Learning and Memory, 
Instruction, and Expertise

April 2020 ML20079E343

Human Performance for NDE PNNL-27441: Human Factors in NDE: 
Manual Ultrasonic Testing Task Analysis 
and Field Research 

June 2018 ML18176A055

PNNL-31245: Human Factors of Encoded 
Exams

May 2021 ML21124A141

NUREG/CR-7295: Human Factors in 
Nondestructive Examination

February 2022 ML22083A071

Partial Penetration Welds PNNL-33730: Literature Review: NDE of 
Partial Penetration Welds in Reactor 
Pressure Vessels.

December 2022 ML22348A130



2017 -2022 Deliverables
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Eddy Current PNNL-29113, Baseline Evaluation of 
Eddy Current Testing for PWSCC 
Susceptible Materials

September 2019 ML19267A244

PIONIC Atlas Information Tool December 2021 N/A

PNNL-33733: PIONIC NDE Modeling 
and Simulation Exercise

December 2022 ML22348A127

Evaluate Advanced Phased Array 
Ultrasonic Techniques

PNNL-xxxx: Evaluation of Advanced 
Phased Array Techniques

In review process TBD

Automated Data Analysis “Machine Learning for Ultrasonic NDE 
of Welding Defects: A Systematic 
Review” published in online version of 
Journal Ultrasonics on Sept 20, 2022. 
Print version to be in Volume 127, 
January 2023, 106854.

October 2022 ML22284A071



2023 – 2027 Planned NDE Program
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• Determine the capabilities and limitations of ultrasonic modeling
– Understand circumstances under which models can be used to determine 

if a postulated inspection will be effective 
– Identify the technical gaps in ultrasonic modeling and describe effective 

uses of ultrasonic modeling

• Determine usefulness of simulated and digitally modified flaws 
for training and qualification
– Review current capabilities of software tools that industry is using to 

modify volumetric ultrasonic data
– Assess the virtual and synthetic flaws being used to create mockups for 

training and testing purposes. 
– Identify the circumstances under which these capabilities may be used (or 

should not be used), which processes need to be controlled when using 
virtual and synthetic flaws, gaps in the technology, etc. 



2023 – 2027 Planned NDE Program
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• Evaluate advanced nondestructive examination 
techniques
– Complete the assessment of TFM, FMC and PWI
– Evaluate other new techniques such as pulse compression UT and 

spectral imaging
– Assess new developments in obtaining and analyzing data such as 

improvements in cyber-physical systems and automated data collection
• Automated data analysis

– Complete evaluation of how an automated data analysis algorithm 
addresses flaw discrimination, detection and characterization in 
comparison to that of an experienced data analyst

– Use statistical analysis to quantify the differences between the automated 
data analysis and the experienced analyst

– Identify technology gaps



2023 – 2026 Planned NDE Program
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• NDE of novel materials
– Evaluate the capabilities and limitations of the state-of-the-art NDE 

methods for examining novel materials
– Initial work will focus on the Carbon Fiber Reinforced Polymer Composites

• NDE of Advanced Manufacturing Technologies (AMT) 
Components
– Conduct laboratory testing to evaluate the effectiveness of the NDE 

methods for components fabricated by AM 
– Develop understanding of what NDE methods and techniques may be 

successfully applied to AMT-fabricated components



Modeling In Industry: Example
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• Arkansas Nuclear One, Unit 2 (see ML13113A218)
– Relief request submitted regarding ultrasonic coverage of dissimilar metal welds
– The licensee estimated 73.8% coverage
– NRC requested that PNNL apply modeling and simulation with respect to the 

coverage claims
– The licensee sketch was more conservative than the PNNL model
– Simulations predicted that the inspection volume would have essentially full 

coverage, but that coverage would come at low angles of about 20°-25°. Therefore, 
flaw detection in the weld using the proposed approach would be challenging.

– Simulations confirmed that coverage in the inspection area was not expected to be 
adequate.

Licensee-calculated volumetric coverage PNNL-calculated volumetric coverage Simulated sound-beam profiles
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Public comment period
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New action items
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Feedback on this meeting:  strengths and opportunities
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Closure

 Any final discussion

 Adjourn
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