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Background 

There are many NDE examinations being performed that are 
considered to have low value due to the history of few or no 
relevant indications being identified and therefore no nuclear 
safety benefit
Many of these examinations also have a high outage impact 

due to personnel safety and radiation dose concerns, and 
outage schedule associated with preparation (scaffolding, 
insulation removal, weld surface preparation, insulation 
reinstallation, and scaffold removal) and performing the 
examinations
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Project Objective and Scope

Objective
– Develop a technical basis for optimization of selected examinations 

requirements
Scope 

– (1) Gather Information
– (2) Conduct Research
– (3) Enable Implementation
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(1) Gather Information

Scope
– Survey conducted in 2016
– Conducting research on the top 5 ranked examinations (2017-2018) 
 Class 1 and 2, Non‐Reactor Vessel Nozzle Inside Radius Sections
 Class 1 and 2, Non‐Reactor Vessel Nozzle‐to‐Vessel Welds
 Class 1 and 2, Non‐Reactor Vessel Welds
 Reactor Vessel Interior Inspections
 Class 1 and Class 2 Pressure Retaining Bolting greater than 2” in Diameter
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(2) Conduct Research

 Identification of Applicable Components
Original Basis for Examination
Degradation Mechanisms – Relevancy and/or Mitigation
Operating Experience, Examination Data, and Results (Fleet 

Survey)
Perform fracture mechanics calculations, engineering 

evaluations, and apply acceptance criteria 
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(3) Enable Implementation 

Based on research results,
– Provide input to ASME Code Committees
– Develop a generic relief request template that could be used while 

Code changes are processed
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Outline

1. Scope and Goal of Project
2. Components Considered
3. Current Inspection Requirements
4. Previous Technical Bases
5. Overall Technical Approach
6. Project Tasks
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Scope and Goal of Project

Scope
– The project scope covers three items:
 Item #1 - Optimization of Class 1 and 2, Non‐Reactor Vessel Nozzle Inside 

Radius Sections, Volumetric Examinations
 Item #2 – Optimization of Examination Requirement for Class 1 and 2, 

Non‐Reactor Vessel Nozzle‐to‐Vessel Welds, Volumetric Examinations
 Item #3 – Optimization of Examination Requirement for Class 1 and 2, 

Non‐Reactor Vessel Welds, Volumetric Examinations
– A similar technical approach will be used for all three items
Goal

– Develop technical bases to support optimized examination requirements
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Components Considered
ASME Code Class 1 ASME Code Class 2

Item Description Item Description
B3.160 Heat exchanger nozzle inside radius C2.22 Non-reactor pressure vessel nozzle inside radius

B3.110 Pressurizer nozzle-to-vessel welds C2.21 Nozzle-to-shell (nozzle-to-head or nozzle-to-nozzle)

B3.130 Primary side SG nozzle-to-vessel welds C2.32 Nozzle-to-shell (nozzle-to-head or nozzle-to-nozzle) 
when inside of vessel is accessible

B3.150 Primary side HX nozzle-to-vessel welds

B2.11

Non reactor vessel welds (pressurizer, 
primary side SG head and shell welds)

circumferential
longitudinal
meridional

tubesheet-to-head
tubesheet-to-shell

C1.10 Vessel shell circumferential welds

B2.12 C1.20 Head circumferential welds

B2.21 C1.30 Tubesheet-to-shell welds

B2.22

B2.31
B2.32
B2.40
B2.51
B2.52
B2.60
B2.70

B2.80

EPRI Project Item 1
(refer to Scope)

EPRI Project Item 2
(refer to Scope)

EPRI Project Item 3
(refer to Scope)
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Current Inspection Requirements

Components under consideration require 100% inspection
– Most components are 100% inspected once every 10 years
– Some components are 100% inspected in first interval, followed by sampling in 

subsequent intervals
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Previous Technical Bases

Several previous technical bases used methodologies that are 
available for use to optimize examination requirements for 
components while maintaining plant safety
– Reactor Pressure Vessel (RPV) Nozzle-to-Vessel Welds and Nozzle Inner 

Radii
 BWRVIP-108 for BWR nozzle inner radii and nozzle-to-shell welds (also a follow-on Code 

action) 
 PWR Code action (i.e., includes WCAP-15262 for PWR nozzle inner radii, etc.)

– RPV Shell Welds
 BWRVIP-05 for BWR RPV circumferential welds
 WCAP-16168-NP-A, Rev. 3 for PWR RPV welds

– RPV Threads-In-Flange
 EPRI Report 3002007626 for RPV thread-in-flange examinations
 To-date, 2 utilities have been granted relief from these inspections for the current interval
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Overall Technical Approach

 Take an inventory of the various components in the fleet and select 
representative (bounding) configurations for evaluation
Use a combination of deterministic and probabilistic fracture 

mechanics principles to show that the proposed changes to current 
inspection requirements will not significantly change risk or impact 
plant safety
Make use of existing software (FAVOR, VIPERNOZ, xLPR and 

Beyond-PRAISE) to perform the evaluation
– Make use of software that has been used in NRC-approved submittals
– The selected software may need some modification/updating to make it more 

project specific and reflect current standards



14
© 2017 Electric Power Research Institute, Inc. All rights reserved.

Project Tasks
Task No. Task Description

1 Review of Previous Related Projects
2 Review of Inspection History and Examination Effectiveness
3 Survey of Components and Selection of Representative Components for Analysis
4 Evaluation of Potential Degradation Mechanisms
5 Material Properties, Operating Loads and Transients
6 Component Stress Analysis
7 Probabilistic Fracture Mechanics (PFM) Evaluation
8 Deterministic Fracture Mechanics (DFM) Evaluation
9 Recommendations for Alternate Inspection Criteria 

10 Prepare 3 Reports (1 for each Item)
11 Prepare 3 Section XI Code Cases (1 for each Item)
12 Pilot Plant Study
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Task Description
(Task 1 - Review of Previous Related Projects)

Summarize previous related work performed by industry (i.e., such as 
Previous Technical Bases that are available)
Describe the bases why alternate exam requirements were 

reasonable
– Impact on safety
– Impact on risk
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Task Description
(Task 2 - Review of Inspection History and Examination Effectiveness)

Discuss prior inspection results obtained by a survey of utilities
Determine if there are any findings that may have a bearing on 

alternate exam requirements
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Task Description
(Task 3 - Survey of Components and Selection of Representative Components for Analysis)

 Take inventory of affected components in the fleet considering
– Sizes
– Materials
– Fabrication processes
Select representative (bounding) components for analysis and 

provide basis for selection
– Use an approach similar to that used in BWRVIP-108 for BWR nozzles
– May require plant-specific applicability check
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Task Description
(Task 4 - Evaluation of Potential Degradation Mechanisms)

Discuss potential degradation mechanisms for the components 
selected in Task 3
 Identify mechanisms that are potentially active for evaluation
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Task Description
(Task 5 - Material Properties, Operating Loads and Transients)

Determine material properties for the components selected in Task 3
Determine bounding loads for the components selected in Task 3
 Identify bounding transients for component stress and fracture 

mechanics analyses
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Task Description
(Task 6 - Component Stress Analysis)

Use finite element analysis (FEA)
– Develop FEA models for the components selected in Task 3
– Perform stress analysis with bounding loads from Task 5
– Determine critical locations in each component for fracture mechanics 

assessment



21
© 2017 Electric Power Research Institute, Inc. All rights reserved.

Task Description
(Task 7 - PFM Evaluation – 1/2)

 Perform Probablistic Fracture Mechanics (PFM) Evaluation
 Key considerations:

– Flaw size distribution
– Stress Intensity Factor Solutions
– Degradation Mechanisms
– Inspection
– Component dimensions
– Operating pressure, temperature, thermal and residual stresses
 Key assumptions:

– Fixed aspect ratio (a/c) vs. natural crack growth
– K solutions for one size (Ri/t)
– Epistemic/aleatory treatment of uncertainty
– Preliminary investigation will study the effects of the above three assumptions
– Change in failure probability will be used as the acceptance criteria
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Task Description
(Task 7 - PFM Evaluation – 2/2)

 Output:
– Probability of failure
– Assessment of change in risk
 Tools for Implementation (possible candidates):

– VIPERNOZ
 Developed under BWRVIP-108 program and endorsed by NRC

– FAVOR
 NRC-sponsored software developed by Oakridge National Laboratory

– Beyond-PRAISE
 SI-developed software derived from the NRC-sponsored PRAISE Code

– xLPR
 NRC/EPRI-developed software for Leak Before Break (LBB) application

– Some hybrid use of these codes
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Task Description
(Task 8 - DFM Evaluation)

Use Deterministic Fracture Mechanics (DFM) to provide “sanity 
check” of the PFM analyses:
– Objective is to determine the operating period with an assumed hypothetical 

flaw
– Establish initial flaw sizes from previous inspections performed and techniques 

used
– Determine allowable flaw sizes
– Perform crack growth evaluation of critical locations identified in Task 6
– Determine safe operating period
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Task Description
(Task 9 – Evaluate Alternate Inspection Criteria)

Use the results of the Task 7 PFM and Task 8 DFM studies to 
propose optimized inspection requirements
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Task Description
(Task 10 - Prepare 3 Reports (1 for each Item))

Prepare detailed reports
– Prepare 3 separate technical basis Topical Reports for the 3 Project Items
– Each report will have 10 sections that follow the Project Task Descriptions
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Task Description
(Task 11 - Prepare 3 Section XI Code Cases (1 for each Item))

Prepare ASME Section XI Code Cases
– Prepare separate Code Cases for the Project Items being proposed for 

alternate inspection requirements in Task 9
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Task Description
(Task 12 – Pilot Plant Study)

Perform a pilot plant study to demonstrate an application of how the 
optimized examination requirements will be implemented by licensees
– Develop a generic Relief Request template for the Pilot Plant(s) for the Project 

Items being proposed for alternate inspection requirements in Task 9
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Outline

Background
Project Objectives
Project Scope
Planned Approach
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Background—Introduction

ASME Section XI, Table IWB-2500-1, Category B-N-1, Item 
B13.10
– VT-3 visual exam of the accessible areas of the reactor vessel 

interior once per inspection period (3-1/3 years on average)
– Includes the spaces above and below the reactor core that are 

made accessible for examination by removal of components during 
a normal refueling outage

Required for both PWRs and BWRs
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Background—Function of Reactor Vessel Cladding

 The stainless steel cladding provides protection against corrosion
Specifically, under normal operating conditions, low-alloy steel 

corrosion rates are extremely low, but the cladding is needed to 
maintain the primary water chemistry:
– The cladding prevents the primary coolant from becoming contaminated with 

active corrosion products from the ferritic base metal
– The cladding minimizes the buildup of corrosion products in the reactor coolant 

system (IAEA-TECDOC-1120, October 1999)
 The concern for damaged or missing cladding is not relevant to the 

need to maintain the primary water chemistry because of the small 
fraction of surface area that could plausibly be affected
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Background—Purpose of VT-3 Exam of B-N-1
 The intent of the VT-3 exam as stated in ASME Section XI, IWA-2213 is to:

– “determine the general mechanical and structural condition of components and their 
supports by verifying parameters such as clearances, settings, and physical 
displacements; and to detect discontinuities and imperfections, such as loss of 
integrity at bolted or welded connections, loose or missing parts, debris, corrosion, 
wear, or erosion.” 

 The relevant ASME acceptance criterion for the B-N-1 VT-3 exam is 
“corrosion or erosion that reduces the nominal section thickness by more than 
5%” per IWB-3142 and IWB-3520.2
 The VT-3 exam is not intended to reliably detect cracks
 The VT-3 B-N-1 exam is not credited in reactor vessel integrity assessments:

– Determining allowable pressure-temperature (P-T) limits (Section XI, Appendix G)
– Evaluating screening limits for pressurized thermal shock (10CFR50.61 and 

10CFR50.61a)
 Thus, the primary objective of the VT-3 B-N-1 exam is detection of damaged 

or missing sections of cladding and any discernible low-alloy steel corrosion
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Project Objectives

Assess the reduction in thickness of the reactor vessel low-alloy steel 
(LAS) in areas of damaged or missing cladding
Compare with limits for acceptable wall loss to determine required 

interval for B-N-1 VT-3 exam
Produce the following documents to facilitate implementation of the 

technically-based optimized interval:
– EPRI technical basis report,
– Standardized relief request template (if warranted by results), and
– Provide input to the ASME Code committee (if warranted by results)
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Project Scope

 The scope of the planned work is exclusive to the reactor vessel 
cladding and underlying LAS material
– The reactor vessel closure head is not included in the scope of the B-N-1 

examination category
– Examination of internals, core support structures, and interior attachments will 

continue to be addressed elsewhere (MRP internals guidance, PWROG, 
BWRVIP, ASME Exam Categories B-N-2 and B-N-3, etc.)
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Planned Approach / Work Plan

1. Review existing ASME requirements, MRP/BWRVIP guidance, 
technical basis, and regulatory decisions

2. Review relevant operating experience and examination data
3. Determine chemical environments and duty times for exposed LAS
4. Apply laboratory data to assess corrosion rates and cumulative 

amount of corrosion
5. Compare results with acceptable wall loss
6. Conclude the acceptable interval between VT-3 exams
7. Produce documentation
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Review Operating Experience

 Include experience for:
– Damaged, missing, or intentionally removed cladding
– Underclad corrosion of LAS material
Consider experience for reactor vessels and other components

– Because of differences in environmental conditions, experience for steam 
generator channel heads and locations with ongoing oxygen ingress is not 
applicable to reactor vessels

– Significant underclad corrosion has been reported in cases with evaporation-
driven concentration of the boric acid component of PWR coolant and in areas 
with significant air in-leakage during normal operation
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Determine Relevant Chemical Environments

 The applicable PWR environments are:
– Normal operation
 Very low oxygen concentration, near-neutral pH, about 545–625°F
 Extremely low corrosion rate

– Refueling water
 Aerated, 2000-2200 ppm B, near 100°F
 Somewhat higher corrosion rate, but low duty cycle

– Startup conditions
 Low oxygen concentration
 Low duty cycle

 An assessment will be performed to determine if BWR environments are 
bounded by the corresponding PWR environments due to the lack of boric 
acid in BWRs
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Relevant pH Values for PWRs

Boric Acid Corrosion of Carbon and Low Alloy Steel Pressure-Boundary 
Components in PWRs, EPRI, Palo Alto, CA: 1988. NP-5985. 

[Freely available at www.epri.com] 

2,000-2,200 ppm B typ. for refueling water
at 25°C and 0 ppm Li, pH = 4.7-4.64

R. Jones and G. White, “Boric Acid Corrosion: 
Revision to BAC Guidebook,” Industry-NRC 2012 

Meeting BAC Testing Program, February 29, 2012. 
[NRC ADAMS Accession No.: ML120690185]

pH, which is a key factor for LAS corrosion, is readily available for PWRs
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Assess Applicable Corrosion Rates

 Relative effects:
– Low pH is key to drive active, acid corrosion
– At near-neutral pH values, there is a large reduction in corrosion rate for deaerated

versus aerated conditions
– There is a tendency for higher corrosion rate at higher temperature due to thermal 

activation of chemical processes
– As temperature increases in PWRs, boric acid becomes a weaker acid, resulting in a 

tendency toward higher pH at higher temperatures for a given boron concentration
– pH can decrease if moderate evaporation occurs and the PWR solution becomes 

concentrated
 Somewhat higher corrosion rates for refueling and startup environments
 Consider both general corrosion and crevice corrosion
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Previously Developed Dependences for LAS Immersion

LAS corrosion rate depends on pH, oxygen level, and temperature
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Determine Acceptable Wall Loss

 There are multiple methods 
available to determine the 
acceptable amount of wall loss:
– Design minimum required wall 

thickness
– Unreinforced opening in vessel shell 

(ASME Section III, NB-3332.1)
– Local membrane stress requirements 

(NB-3324)
– Reinforced opening in vessel shell 

(NB-3332.2). 
Boric Acid Corrosion Guidebook, Revision 2: Managing Boric Acid 

Corrosion Issues at PWR Power Stations (MRP-058, Rev 2), EPRI, 
Palo Alto, CA: 2012. 1025145.
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Outline

Background
– Relevant Degradation Mechanisms
– Preliminary Summary of Operating Experience
– Potential for Inspection Optimization
Project Objectives
Planned Approach

– Development of Technical Basis
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Background—Introduction

Volumetric examinations are required for Class 1 and Class 
2 bolts/studs greater than 2 in. (50 mm)
Section XI requires volumetric examination every Code 

interval
– Only one bolted connection of a given type among a group of 

components is inspected—except for certain Class 1 components:
– All bolted connections of the RPV, pressurizer, and steam 

generators are inspected every interval (usually 33% examined 
each period)

Relevant degradation mechanisms being addressed through 
preventative measures and other licensee activities
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Background—Relevant Degradation Mechanisms
(NUREG-1801 GALL Report, NUREG/CR-6923)
 Fatigue

– Original primary concern for Section XI inspections
 Stress corrosion cracking

– Hydrogen embrittlement of high strength (>150 ksi σy) material
– Lubricants containing sulfur
– Preventative measures: lubricant control, material selection, tensioning 

procedures
 Boric acid corrosion (PWR RCS components only)

– Predicated on leakage; visually apparent due to boric acid crystals
– Preventative measures: boric acid corrosion control programs, leakage 

reduction through procedural and training improvements
 Steam cutting

– Predicated on leakage
– Preventative measures: leakage reduction through procedural and training 

improvements
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Background—Potential for Inspection Optimization

OE indicates preventative measures are addressing relevant 
degradation mechanisms
– Supported by expert panel opinions in NUREG/CR-6923
 In non-leaking connections, possible degradation 

mechanisms are fatigue and stress corrosion cracking (SCC)
– Degradation caused by leakage is visually detectable
– SCC addressed by preventative measures
– Fatigue can be assessed by evaluation
Class 1 and Class 2 joints are generally flaw tolerant

– Remaining bolts are stable following failure of any single bolt
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Project Objectives

Closure stud and Threads in Flange stud hole examination 
volume (same as ASME Code Section XI, Figure IWB-2500-12)

Nondestructive Evaluation: Reactor Pressure Vessel Threads in 
Flange Examination Requirements. EPRI, Palo Alto, CA: 2016. 

3002007626. [Freely available at www.epri.com] 

 Develop a technical basis for 
optimization of examination 
requirements for large-diameter bolts 
and studs
 Recommend revisions to Table IWB-

2500-1 (Category B-G-1) and to Table 
IWC-2500-1 (Category C-D) that can be 
implemented by relevant ASME Code 
Committees as an ASME Section XI 
Code Case
 Provide a standardized template to 

justify relief through bounding technical 
basis
– Streamline both the request and review 

processes
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Planned Approach—Summary
1. Gather component information, operating conditions and loads, 

and examination results (EPRI fleet survey)
2. Review other programs that may also address the issue (e.g. 

operator walk-downs, maintenance activities)
3. Develop technical basis for optimized inspection requirements 

using a few cases with bounding geometries and operating 
conditions

– Clearly defined criteria for determining whether a component is 
considered bounded

– Work with lead site(s) to ensure loadings and bounding criteria are 
appropriate

4. Provide input to relevant ASME Code Committees
5. Develop standardized relief request template
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Planned Approach—Technical Basis

Fatigue is the degradation mechanism requiring additional 
consideration in the absence of leakage for bolts and studs
– Leakage is unlikely given other procedural controls in place
– Lack of other recent OE combined with preventative measures in 

place for other mechanisms
Two technical basis documents will be developed

– RPV Closure Studs
– Other Category B-G-1 and Category C-D components 
RPV closure studs considered separately due to

– High safety significance
– Unique design basis
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Planned Approach—Technical Basis

Develop bounding cases
– Assess loading conditions: tensioning/preload, heatup (and other) 

transients, operating conditions
– Assess parameter limits that qualify a site for analysis results 

applicability
Perform stress analysis

– Evaluate fatigue usage
Fatigue crack growth assessment
Flaw stability assessment
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Planned Approach—Technical Basis
Bounding Cases for RPV Closure Studs

Separate bounding cases will be evaluated for (a) one PWR 
geometry and (b) one BWR geometry
– Differences in head shell diameter and thickness lead to different 

membrane and bending stress in the stud
EPRI has previously gathered information across the fleet for 

RPV closure geometry and stresses during stud tensioning
Leverage the results of prior analyses:

– RPV heads remain leak-tight following failure of any single reactor vessel 
stud and select combinations of multiple studs

– The stud tensioning procedure acts as a proof test of the stud because it 
tensions the stud to at least 30% greater than its retained preload
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Planned Approach—Technical Basis
Bounding Cases for Non-RPV Bolts and Studs

Separate bounding cases will be evaluated for (a) bolted 
closures and (b) bolted joints
– Differences in bolt stresses due to flange deflection behavior
– Different loading considerations
Key aspect will be gathering information on the full range of 

Category B-G-1 and C-D components
– All plants have RPV studs (B6.20) and pump studs (B6.180) 

greater than 2 in. (50 mm) in diameter
– Other inspection items are only present in subset of plant designs
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