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PRODUCT DESCRIPTION
For dry cask storage systems (DCSSs) using welded austenitic stainless steel canisters, a
potential degradation mechanism that has been proactively identified by industry and regulatory
assessments is stress corrosion cracking caused by deposition of chloride salts on the canister
surface. This report builds upon prior EPRI work to assess the susceptibility of the welded
stainless steel canisters used in DCSSs to aging-related degradation mechanisms, specifically
chloride-induced stress corrosion cracking (CISCC). The report provides guidance and
recommendations for the development of an aging management program to address the potential
for CISCC of austenitic stainless steel canisters, with emphasis on user evaluation of additional
information and experience as it becomes available.
Background
Instances of CISCC in atmospherically exposed stainless steel have been observed in a range of
applications, including plant piping at seacoast nuclear power plants in the United States and
internationally. However, cracking has not yet been detected in any dry cask storage canisters.
Objectives
•

To provide guidance and recommendations for development of an aging management
program to address the potential for CISCC of stainless steel canisters in DCSSs.

•

To ensure that guidance 1) reflects the susceptibility of a given independent spent fuel
storage installation (ISFSI) as well as individual canisters stored at the installation, and 2)
adapts to new information regarding this susceptibility as it becomes available.

Approach
The aging management guidance in this report is based on the following inspection framework:
1) perform periodic visual examinations of the canister surface for indications of corrosion or
degradation, and 2) perform surface or volumetric examinations for the presence of cracking
only in areas identified to be of interest following visual examination. Initial sample inspections
are performed on a limited number of canisters at a site. The number of canisters examined in
subsequent sample inspections and the frequency of those inspections is chosen based on site and
industry inspection results. Operating experience is disseminated throughout the industry using
the ISFSI Aging Management Database developed and maintained by the Institute of Nuclear
Power Operations.
Results
Recommendations are provided for determining what canister and site parameters should be
monitored in an aging management program to address potential CISCC of welded stainless steel
canisters used in DCSSs. A graded approach toward inspection frequency, methods, and sample
size is recommended and adjusted based on experience. If examinations detect the presence of
v

corrosion, the report includes guidance for flaw acceptance, flaw evaluation, and interfacing with
applicable corrective action programs. The appendices show that sample inspections can detect
cracking in a population before cracks grow through-wall and that variations in humidity at a site
can be accommodated by the existing susceptibility ranking for ISFSIs.
The guidance is developed in accordance with technical analyses, EPRI’s insight gained in
previous work on this topic, and consensus developed within the project advisory panel. This
report also documents a probabilistic assessment used to evaluate the recommended aging
management approach and describes applicable inspection, mitigation, and remediation
techniques. While techniques are not yet fully developed and demonstrated, this is an area of
active research that will continue under separate EPRI projects as well as outside of EPRI.
Applications, Value, and Use
This guidance assists licensees in developing appropriate approaches for managing the potential
for aging-related degradation of DCSSs by CISCC of the canister external surfaces. The
guidance in this report is designed for use during the development of and any revisions to an
aging management program to address the potential for CISCC of DCSS canisters.
Keywords
Dry cask storage system (DCSS)
Chloride-induced stress corrosion cracking (CISCC)
Aging management program
Dry shielded canister (DSC)
Multi-purpose canister (MPC)
Welded canister
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EXECUTIVE SUMMARY
Deliverable Number: 3002008193
Product Type: Technical Report

Aging Management Guidance to Address Potential Chloride-Induced Stress Corrosion
Cracking of Welded Stainless Steel Canisters
PRIMARY AUDIENCE: Licensees having an independent spent fuel storage installation (ISFSI) and Certificate
of Compliance holders
SECONDARY AUDIENCE: Industry personnel
KEY RESEARCH QUESTION
As the duration of dry cask storage increases, the potential for aging-related degradation needs to be
effectively managed. Chloride-induced stress corrosion cracking (CISCC) has been identified as a potential
degradation mechanism for welded canisters fabricated from austenitic stainless steel that confine the fuel
stored in some dry cask storage systems (DCSSs). This report provides guidance for developing an aging
management program that is appropriate, considering the susceptibility of specific sites and canisters to
CISCC and the consequences associated with through-wall cracking.
RESEARCH OVERVIEW
The report recommends aspects of an aging management program (including inspections) to develop a
graded approach to aging management. The developed approach will be consistent with the level of risk to
the public associated with dry cask storage and the specific susceptibility ranking of the ISFSI and its
canisters. The guidance is developed using technical analyses, EPRI’s insight gained in previous work on
this topic, and consensus developed within the project advisory panel. The aging management guidance in
this report is based on the following framework: 1) perform periodic visual examinations of the canister
surface, and 2) examine for the presence of cracking only in areas near welds and identified to be of interest
following visual examination. Initial sample inspections are performed on a limited number of canisters at a
site. The number of canisters examined in subsequent sample inspections and the frequency of those
inspections is chosen based on site and industry inspection results. Industry operating experience is shared
using the ISFSI Aging Management Database developed and maintained by the Institute of Nuclear Power
Operations.
KEY FINDINGS
•
•
•
•

This report presents recommendations regarding the performance of sample inspections of
canisters, including the inspection frequency, methods, and sample size (Section 4). Specific
recommendations are also offered for parameters that should be monitored (Section 3).
If examinations detect the presence of corrosion within 50 mm of welds or of cracking, acceptance
and evaluation guidance is available in Section 5. Section 6 presents guidance for developing
appropriate corrective actions and expanding sample size, as needed.
The probabilistic assessment in Appendix A provides a technical evaluation of potential inspection
strategies for CISCC.
Inspection, mitigation, and remediation technologies that may be considered for application to
CISCC of stainless steel canisters are discussed in Appendix C and Appendix D. Development and
demonstration of such technologies is currently an area of active research both within and outside of
EPRI.
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EXECUTIVE SUMMARY

WHY THIS MATTERS
Effective aging management of dry cask storage systems and their canisters is critical to ensure that they
are able to perform their design function for the duration of interim storage. This guidance assists licensees
in developing appropriate approaches for the inspection, evaluation, and remediation of canister external
surfaces.
HOW TO APPLY RESULTS
The guidance in this report is designed for use during the development of, or any revisions to, an aging
management program addressing the potential for CISCC of DCSS canisters. Aging management programs
are described in site license renewals and Certificate of Compliance renewals, and the principles of
operations-based aging management include periodic review of these programs.
LEARNING AND ENGAGEMENT OPPORTUNITIES
•
•

User training material is to be made available to EPRI members only.
American Society of Mechanical Engineers (ASME) Boiler & Pressure Vessel Code Section XI Task
Group on Inservice Inspection of Spent Fuel Storage and Transportation Containments

EPRI CONTACTS: Shannon Chu, Senior Technical Leader, schu@epri.com
PROGRAM: Used Fuel and High-Level Waste Management Program 41.03.01
IMPLEMENTATION CATEGORY: Reference
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Electric Power Research Institute
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800.313.3774 • 650.855.2121 • askepri@epri.com • www.epri.com
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ASME
ASTM
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CAP
CFR
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CISCC
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CRIEPI
DCSS
DOE
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INPO
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Absolute Humidity
Aging Management Program
Argonne National Laboratory
American Society of Mechanical Engineers
ASTM International
[ASME] Boiler & Pressure Vessel Code
Boiling Water Reactor
Corrective Action Program
[U.S.] Code of Federal Regulations
Crack Growth Rate
Chloride-Induced Stress Corrosion Cracking
Certificate of Compliance
Cumulative Probability of Leakage
Central Research Institute of Electric Power Industry
Dry Cask Storage System
[U.S.] Department of Energy
Deliquescence Relative Humidity
Emergency Core Cooling System
Electromagnetic Acoustic Transducers
Electric Power Research Institute
Eddy Current [Testing] Examination
Failure Modes and Effects Analysis
Friction Stir Welding
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Institute of Nuclear Power Operations
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Independent Spent Fuel Storage Installation Aging Management INPO Database
Japanese Industrial Standards
Low Plasticity Burnishing
Nondestructive Examination
Nuclear Energy Institute
Nuclear Regulatory Commission
NRC Technical Report Designation
Outer Diameter
Operating Experience
Pacific Northwest National Laboratory
Probability of Detection
Pitting Resistance Equivalency Number
Pressurized Water Reactor
Quality Assurance
Relative Humidity
Regulatory Issue Resolution Protocol
Rating Number [of surface condition]
Reactor Pressure Vessel
Refueling Water Storage Tank
Stress Corrosion Cracking
Solution Heat Treatment
Stainless Steel
United States Air Force
Ultrasonic [Testing] Examination
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Visual examination defined by ASME Boiler & Pressure Vessel Code,
Section XI, IWA-2211
Visual examination defined by ASME Boiler & Pressure Vessel Code,
Section XI, IWA-2213
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INTRODUCTION
1.1

Background

Dry cask storage systems (DCSSs) are used to store used nuclear fuel prior to final geologic
storage or reprocessing. A large portion of the DCSS systems used throughout the world employ
a ventilated concrete overpack with a welded stainless steel canister that confines the used
nuclear fuel. Most DCSSs are stored at independent spent fuel storage installations (ISFSIs) that
are co-located with operating or shutdown nuclear power plants. In the U.S., these facilities are
licensed by the U.S. Nuclear Regulatory Commission (NRC) under 10 CFR 72 with a license
term of up to 40 years, prior to renewal. Historically, the license period was 20 years, so many
licensed ISFSIs in the U.S. have an initial license period of 20 years with renewal periods of up
to 40 years.
For DCSSs using welded stainless steel canisters, a potential degradation mechanism that has
been proactively identified by industry and regulatory assessments is stress corrosion cracking
(SCC) caused by deposition of chloride salts on the canister surface ([1], [2], [3]). Some
instances of chloride-induced stress corrosion cracking (CISCC) have previously been observed
in a range of applications for atmospherically exposed stainless steel, including plant piping
fabricated with austenitic stainless steel at seacoast nuclear power plants in the U.S. and
internationally ([4], [5]). Operating experience and laboratory testing has shown that CISCC in
atmospheric marine environments rarely occurs without being accompanied (and preceded) by
rust staining of the surface and by localized corrosion, such as pitting ([6], [7]). Visual inspection
of the surface for these accompanying forms of corrosion is a viable way to screen for the
potential presence of CISCC degradation. Other non-destructive examination (NDE) techniques
would be used to confirm the presence or absence of cracking.
In the U.S., the industry and regulator initiated a plan using the Regulatory Issue Resolution
Protocol (RIRP) [8] to develop sufficient information to be able to assess the susceptibility of
welded stainless steel canisters to aging-related degradation by CISCC. In support of this effort,
EPRI has developed a series of reports and technical updates that provide a technical basis for
determining the susceptibility of canisters and ISFSIs. A literature review was performed and
published as an EPRI technical update [6], and it provided the current state of knowledge
regarding atmospheric corrosion of stainless steel, chloride-induced stress corrosion cracking,
and atmospheric conditions relevant to dry cask storage. Based on the literature review, a failure
modes and effects analysis (FMEA) was performed [1], and it concluded that a tight throughwall crack growing by CISCC was the most likely way in which the canister could be penetrated.
The FMEA further concluded that the locations of greatest susceptibility were regions of the
surface near welds that had elevated aerosol deposition rates and lower surface temperatures (i.e.
locations more likely to support deliquescence of chloride salts) but that the consequences of a
tight through-wall crack from SCC were relatively low. The FMEA report also included a
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scoping assessment of the residual stresses in the canister shell and a review of the welded
stainless steel canister designs licensed for use at the time.
EPRI published a flaw growth and flaw tolerance assessment technical update [9] that
quantitatively assessed three aspects of the most likely degradation mode from the FMEA:
(1) growth of a crack from initiation to through-wall, (2) structural tolerance of welded stainless
steel canisters to large axial and circumferential cracks, and (3) release of helium backpressure
and ingress of ambient air through a crack in a canister shell.
Building on the prior work, the EPRI Susceptibility Assessment Criteria report [10] was
published to provide criteria with which to assess the relative susceptibility to the occurrence of
CISCC of individual canisters and of ISFSI locations. The report also includes guidance for the
use of the rankings provided by the susceptibility assessment criteria. The publishing of the EPRI
Susceptibility Assessment Criteria report marked the last major milestone in the RIRP closure
plan, and resulted in the successful closure by the industry and NRC of the RIRP on canister
CISCC [11].

1.2

Objective

This aging management guidance report guides licensees on how to develop a learning aging
management program that is appropriate for the susceptibility of their site and canisters in light
of the consequences associated with through-wall cracking. The appendices provide supporting
information to assist users of this guidance in developing comprehensive and appropriate
strategies to manage CISCC of DCSS canisters.

1.3

Scope

This report provides guidance for the development of an aging management program (AMP) to
address the potential for the degradation of external surfaces of austenitic stainless steel canisters
due to chloride-induced stress corrosion cracking. As discussed in the background material
(Section 1.1), CISCC has been identified as the most likely and limiting degradation mechanism
that could lead to through-wall penetration of the austenitic stainless steel canister during storage
[1]. Thus, other atmospheric corrosion mechanisms (e.g. pitting) are conservatively addressed by
an AMP developed to address CISCC. At sites with low susceptibility to chloride-induced
degradation, performing a limited set of inspections provides sufficient monitoring to address
unidentified or unanticipated degradation mechanisms.
The guidance in this report applies to all licensed dry cask storage systems with welded
austenitic stainless steel canisters for which an AMP is needed. An AMP is not needed if a timelimited aging analysis demonstrating that the design function will be maintained for the period of
license renewal is accepted by the regulator.
The scope of this guidance has been developed based on the conditions experienced by the
canisters during storage. Therefore, this guidance does not address the transportation of DCSS
canisters. Additionally, this guidance does not address evaluations of canisters prior to entering
service (i.e., preservice inspections).
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1.4

Approach

The main body of this report provides guidance for aging management of welded austenitic
stainless steel canisters. The report defines appropriate aspects of an aging management program
(including inspection approaches) that applies learning AMP principles. The appendices of this
report provide additional information to support the development of an effective AMP. For
example, Appendix C provides information on techniques to prevent, address, or remediate any
detected degradation. Similarly, Appendix D describes the work that has been performed to
develop and deploy NDE for detection of cracking in DCSS canisters. Throughout the report and
in Appendix A, available technical bases are described for the guidance provided.
The aging management guidance in this report is based on the following framework: (1) perform
periodic visual inspections of the canister surface then (2) follow up in areas identified to be of
interest by the visual examination with NDE techniques capable of detecting cracking. After a
period of storage, initial inspections are performed on a small number of canisters in a
population. The recommended frequency of subsequent sample inspections is based on the
results of prior inspections of that population. At sites where degradation has been detected, the
corrective action program is used to determine the appropriate number of canisters to inspect in
subsequent sample inspections; industry operating experience collected by the Institute of
Nuclear Power Operations (INPO) in the ISFSI Aging Management INPO Database (ISFSI
AMID) should also inform this process.

1.5

Report Structure

As discussed above, the approach of the report is to provide guidance for the development of
effective aging management for canisters. Consequently, the sections of this report are organized
to correspond with the key sections of aging management programs for which they provide
guidance, as shown in Table 1-2. Similarly, Table 1-1 shows how the guidance provided in the
sections of this report correspond to the standard articles in Section XI of the American Society
of Mechanical Engineers (ASME) Boiler & Pressure Vessel Code (BPVC) [12] or a Section XI
Code Case.
The main body of the report is organized as follows:
Section 1:

Introduction
The introduction describes the overall approach to this deliverable and provides
the scope of the document and its applicability.

Section 2:

Aging Management Strategy Development
This section describes the overall structure and approach that are recommended
for an AMP. The section also provides an overview of the technical approach to
CISCC susceptibility.

Section 3:

Monitoring and Trending Recommendations
This section provides guidance on the monitoring and trending of key parameters
that characterize canister condition. As noted in Table 1-2, these topics
correspond with two of the sections of an AMP. This section also lists additional
parameters that, while not necessary, can provide additional context for inspection
results.
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Section 4:

Inspection Program Guidance (Detection of Aging Effects)
This section provides guidance for the scheduling and performance of inspections.
Guidance for inspection scope, timing, and sample size are provided.

Section 5:

Recommended Acceptance Criteria
This section outlines recommended acceptance criteria for both visual and nonvisual examinations. The acceptance criteria include flaw evaluation methods for
detected cracking.

Section 6:

Guidance for Corrective Actions
If a canister is found to be in a degraded condition, the licensee Corrective Action
Program will be engaged to address the degradation. This section provides
guidance on key considerations that are specific to the aging management
approach taken for dry cask storage canisters.

Section 7:

References
This section provides the works cited.

This report also includes a number of appendices to support users in developing an appropriate
aging management strategy:
Appendix A: Probabilistic Confinement Integrity Assessment of Welded Stainless Steel
Canisters
This appendix documents a probabilistic assessment that models CISCC
degradation and sample inspections. The model is used to explore how
inspections affect probability of a through-wall crack, subject to some key
assumptions. The results of this assessment provide a basis for optimizing
inspection scope and frequency.
Appendix B: Atmospheric Data Assessment
This appendix considers variation in humidity among years and among nearby
locations. Publicly available data from climate monitoring stations are analyzed
and summarized.
Appendix C: Remediating Actions and Available Mitigation Technologies
A number of commercially available technologies show promise for the
mitigation of canister susceptibility to CISCC or remediation of cracked canisters.
This appendix summarizes a number of such technologies and provides references
for additional information.
Appendix D: DCSS Canister Inspection Techniques
This appendix provides references to recent advances in developing and
demonstrating NDE techniques capable of performing inspections of dry cask
storage system canisters. References are also provided for delivery tools that have
been developed and demonstrated for performing NDE to detect the presence of
CISCC in the canister.
Appendix E: Example Aging Management Program
This appendix provides an example of an AMP developed using the
recommendations of this report.
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Appendix F: Resolution of NRC Staff Comments on Susceptibility Assessment Criteria
Report (EPRI 3002005371)
As part of the regulatory issue resolution protocol (RIRP) process, the NRC Staff
provided comments on the EPRI Susceptibility Assessment Criteria report. This
appendix repeats EPRI’s responses to these comments that have previously been
sent to the NRC and, where applicable, links to an applicable section of this report
addressing the NRC Staff comment.
Appendix G: Glossary
The glossary defines terminology used throughout the report.
Table 1-1
Comparison of this Report’s Structure with ASME Section XI [12] Subsection Structure
and Code Case Structure
Article

Article Number

EPRI AMP Guidance §

Scope and Responsibility

1000

1.3

Examination and Inspection

2000

3, 4

Acceptance criteria

3000

5

Repair/Replacement Activities

4000

6, Appendix C

Table 1-2
Comparison of this Report’s Structure with Aging Management Program Structure
AMP Item

EPRI Example AMP
Appendix §

EPRI AMP Guidance
Report §

Scope of program

E.1

1.3

Preventative actions

E.2

Appendix C

Parameters monitored or inspected

E.3

3

Detection of aging effects

E.4

4

Monitoring and trending

E.5

3

Acceptance criteria

E.6

5

Corrective actions

E.7

6

Confirmation process

E.8

-

Administrative controls

E.9

-

Operating experience

E.10

(Summary of events
provided in Section 3.2 of
Reference [6])
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AGING MANAGEMENT STRATEGY DEVELOPMENT
2.1

Aging Management Strategy

The aging management strategy for CISCC of canisters should be effective, while taking an
approach that balances the implementation burden with the level of risk (both susceptibility to
degradation and severity of potential consequences). A graded approach, where a range of
different aging management actions may be appropriate depending on the level of risk, is
recommended given the large range of potential canister susceptibilities and associated
consequences of a through-wall flaw. This report identifies the scope and frequency of
inspections using learning aging management principles to provide a graded approach.
In general, the provided guidance assumes that an aging management program will have the
following aspects:
•

An initial 20-year period of storage, where design function is expected to be unaffected and
inspections are not recommended. After the initial period of storage, sample inspections are
performed to detect aging-degradation caused by CISCC.

•

To optimize sample inspections, identify the sampling population: the canisters at one site
having the same license that are more likely to experience degradation (the selection is based
on canister susceptibility rank value, see Section 4.3.1) and, therefore, should be considered
for inspection. Prioritizing higher susceptibility canisters for inspection optimizes the use of
inspection resources while maximizing the benefit of sample inspections (see Section A.4.1.7
for a probabilistic modeling sensitivity study indicating the benefits of prioritization).

•

Perform inspections by visually examining a limited number of the most susceptible canisters
from the sampling population. This inspection looks for the presence and prevalence of any
visual indications of potential degradation. If visual indications of corrosion are present in a
susceptible area, surface or volumetric examinations for the presence of cracking are
performed.

•

If degradation is detected, especially the presence of service-related cracking, it is promptly
entered into the licensee’s Corrective Action Program (CAP) and is evaluated, appropriately
monitored, and trended.

•

If degradation is detected, the licensee’s CAP determines the appropriate scope of sample
inspection given industry experience and the results of prior inspections. An expanded
sample size can help to determine the extent of condition and to ensure that populations
subject to aging-related degradation by chlorides are more thoroughly evaluated.
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•

The ISFSI Aging Management INPO Database (ISFSI AMID) compiles industry experience
to be leveraged using learning aging management principles to improve inspections
throughout the industry. Inspection and monitoring results should be submitted to the ISFSI
AMID.

Additional monitoring of the canister or site environment may be beneficial at any site,
regardless of susceptibility level, to improve the understanding of local site conditions. Such data
provides context for comparisons among sites using the ISFSI AMID.

2.2

Degradation Mechanisms Addressed by Aging Management
Guidance

The guidance in this document applies to an AMP addressing chloride-induced corrosion and
SCC of dry cask storage canisters.
Chloride-induced degradation occurs because halogen ions, such as chloride, are capable of
interrupting the stability of the oxide layer at the surface of stainless steels. In an aqueous
chloride solution, an oxygen concentration cell can develop where the material is oxidized at the
anode (such as the tip of a crack or pit) and oxygen is reduced in the cathodic region at the
surface that surrounds the localized attack and that is covered by the aqueous film. When this
oxygen concentration cell is sustained and the surface is unable to passivate, the localized
corrosion continues to propagate.
Chloride-induced degradation typically exhibits one of three general morphologies: (1) SCC
where the material cracks but does not have bulk material dissolution, (2) pitting where the
material experiences bulk dissolution in a localized region, and (3) crevice corrosion where bulk
dissolution occurs within a pre-existing crevice but generally does not dissolve material at the
crevice opening. The three different morphologies occur due to the different mechanisms of
SCC, pitting, and crevice corrosion that are described in the following subsections.
The canister FMEA [1] concluded that chloride-induced stress corrosion cracking is the most
likely aging-related degradation mechanism to lead to loss of confinement function for welded
austenitic stainless steel canisters. Efforts to manage the aging-degradation of canisters are
proactive and based on studies that identify CISCC as a possible mechanism; CISCC has not yet
been observed to be an active degradation mechanism in the DCSS canister environment.
2.2.1

Chloride-Induced Stress Corrosion Cracking

Stress corrosion cracking is a form of localized corrosion that results in the cracking of materials
under constant tensile stresses, even at stress levels below the material yield strength. While most
SCC occurs in immersed conditions, it can also occur under atmospheric conditions if there is a
source of water that can support aqueous conditions at the material surface. For austenitic
stainless steel canisters, deposition of chloride aerosols (e.g., from sea spray) can provide a
source of chlorides while deliquescence (the absorption of water vapor by salts) can provide a
source of aqueous conditions if the humidity is high enough. Susceptibility to atmospheric
CISCC is primarily influenced by the following:
•

Alloy and microstructure of the component

•

Tensile stress (e.g., weld residual stress or operating stresses)
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•

Environment
–

Chloride contamination (e.g., deposition of chloride aerosols)

–

Aqueous conditions (e.g., deliquescence)

–

Temperature

Section 4.2.1 of the canister FMEA [1] and Section 2 of the Susceptibility Assessment Criteria
report [10] provide more comprehensive discussions on the factors that contribute to the
occurrence of CISCC under atmospheric conditions. The effects of these factors on susceptibility
to CISCC are summarized in the subsections below.
2.2.1.1

Alloy and Processing Effects on CISCC Susceptibility

The austenitic stainless steel alloys which are used for the DCSS canister shell and external lids
are Type 304, Type 316, their low-carbon variants (Type 304L and 316L) and their low-carbon
variants with nitrogen addition (Type 304LN and 316LN). While CISCC can occur in all of these
alloys, some of the alloys are less susceptible ([6] and [7]). Type 316 stainless steel (and its
variants) is more resistant to initiation of CISCC and chloride-induced localized corrosion than
Type 304 (and its respective variants). The addition of molybdenum in Type 316 promotes the
oxidation of chromium [13] and, hence, the stability of the passive oxide layer at the material
surface. A breach in the passive oxide layer is needed to initiate CISCC or chloride-induced
localized corrosion, so enhancing the stability of the passive oxide layer improves the corrosion
resistance.
The addition of nitrogen (–N) increases the tensile strength of the material and increases
resistance to pitting. Ensuring a low carbon content (–L) reduces the degree of sensitization in
the heat affected zone developed by welding. Many modern stainless steels are dual certified
(e.g., Type 304/304L) and meet both the lower carbon content of the –L grade and the higher
tensile strength of the standard grade.
The degree of sensitization and level of cold work affect the susceptibility of 300-series stainless
steels to CISCC. Cold work is plastic deformation of a metal at temperatures well below the
recrystallization temperature. Cold work appears to accelerate the atomic-scale processes
involved in SCC (e.g. grain boundary migration and carbide coverage) and results in increased
crack growth rates ([14] and [15]). Sensitization results from the precipitation of chromium
carbides at grain boundaries, reducing the chromium concentration at the grain boundaries and
increasing susceptibility to intergranular SCC. Because sensitization results from the exposure to
elevated temperatures in the range of about 427°C to 816°C (800°F to 1,500°F) [16], a thin band
adjacent to the weld with modified microstructure including chromium carbide precipitation—
known as the heat affected zone (HAZ)—is created by welding processes. The degree of
sensitization within the HAZ can be managed with low heat input welding, as discussed in
Regulatory Guide 1.44 [16], and by the use of low-carbon alloys (i.e. –L grade).
The processing steps used to fabricate and form the canister can impact the level of cold work,
sensitization, and residual stress in the material. If they are available, fabrication records may
indicate the material processing that the canister material underwent. Discussion on the use of
available fabrication records to assess canister susceptibility is provided in Section 2.4.3.

2-3

Aging Management Strategy Development

Similarly, the surface finish and the technique used to obtain the surface finish can promote
initiation of chloride-induced degradation by creating a thin layer of heavily cold worked
material with elevated tensile residual stresses. Porosity at the material surface or similar
features, if present, can act as locations for oxygen concentration cells to develop or concentrate
aggressive species. While controlled grinding of the surface can remove surface defects such as
porosity, heavy grinding can induce additional cold work and have a detrimental effect on the
susceptibility to CISCC (if tensile stresses are present). In general, it is found that polished
surfaces are less susceptible than ground or as-machined surfaces [7].
2.2.1.2

Effect of Stress on CISCC Susceptibility

For SCC of any kind to occur, the total stress state (applied plus residual stress) of the material
needs to be tensile. While SCC is a stochastic process, the susceptibility to SCC (and therefore
the likelihood that SCC will occur) increases with increasing magnitude of tensile stress.
However, SCC has also been observed to result from stresses below yield strength. These general
concepts for SCC have also been found to apply specifically to CISCC.
In laboratory testing, the growth rate of atmospheric CISCC tends to not have a strong
dependence on the crack tip stress intensity factor for moderately high values. This indicates that
atmospheric CISCC tends to have a very large “plateau” region in the relationship between stress
intensity factor and growth rate [14]. For stresses less than half of the yield strength, there is a
marked increase in time to crack initiation with decreasing stress; an effect which is more
pronounced at lower temperatures ([6] and [17]). In low pressure piping and storage tank
applications, weld residual stress (WRS) has been sufficient to cause CISCC.
2.2.1.3

Effect of Environment on CISCC Susceptibility

For atmospheric CISCC, the three main environmental factors are: (1) presence of concentrated
chlorides, (2) temperature, and (3) aqueous conditions. Locally concentrated chlorides break the
protective oxide layer at the surface of the stainless steel, and aqueous conditions permit the
electrochemical reaction of corrosion to occur. Elevated temperatures improve the kinetics of the
electrochemical reactions, increasing the rate at which corrosion can occur.
The most applicable chloride source for canisters is the deposition of chloride aerosols from
marine or manmade (e.g., road salt) sources. The susceptibility assessment criteria for ISFSI
locations (ZISFSI rank) [10] are designed to capture the effect of the most common sources of
chloride aerosols. The ZISFSI rank is also designed to capture the likelihood that aqueous
conditions are present on the canister surface. The overpack geometry shelters canisters from
rain and other external sources of water, so the hygroscopic absorption by salts of water vapor
from air (deliquescence) is expected to be the source of sustained aqueous conditions.
Deliquescence is controlled by the relative humidity at the surface and the salt mixtures present
on the canister surface. The relative humidity at the canister surface is, in turn, set by the canister
surface temperature and the atmospheric absolute humidity (AH). While higher surface
temperatures accelerate the mechanism of CISCC, they also reduce the relative humidity at the
surface so that conditions sufficient to cause deliquescence occur less frequently. Additional
discussion of the interplay between deliquescence and CISCC growth is found in the EPRI Flaw
Growth and Flaw Tolerance Assessment report [9].
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2.2.1.4

Typical Morphology of CISCC

The typical morphology of CISCC is a tight branching crack with a primary orientation
perpendicular to the direction of the highest tensile principle stress. Depending on material
condition, the SCC may be intergranular (propagating along the grain boundaries of the material;
typically occurs in sensitized material) or transgranular (propagating through the material
without following grain boundaries; prototypical of low temperature CISCC).
The very tight and tortuous morphology of CISCC cracking means that through-wall cracking
provides a flow path with a high flow resistance. This means that a leak would be relatively slow
and unlikely to release particulates from within the canister. However, the tight morphology also
makes direct visual identification of CISCC cracking difficult without high magnification.
Atmospheric CISCC typically initiates at a location of pitting or crevice corrosion and
propagates along the surface and into the material. The transition from blunt dissolution of
material (i.e., pitting or crevice corrosion) to cracking typically occurs once the flaw depth is
great enough that limitations of cathodic current in the electrochemical corrosion cell or an
elevated stress intensity factor causes the rate of crack propagation to be faster than that of blunt
dissolution ([18] and [19]).
2.2.2

Atmospheric Pitting of Stainless Steel

Pitting occurs due to dissolution of metal through localized breaks in the passive oxide layer on
stainless steel. While the environmental conditions that cause CISCC can also cause pitting,
pitting can occur in the absence of tensile stress and under a wider range of environmental
conditions. The corrosion products associated with pitting of the surface are more readily
detectable by visual observation than a tight SCC flaw, and they are typically evident prior to
and concurrent with cracking. The following discussion on pitting is repeated from Section 4.2.2
of the EPRI FMEA report [1]:
“Pitting corrosion occurs by local dissolution of metal through a void or break in the
passive oxide layer that is caused by an aggressive anodic species (typically chlorides)
and stabilized by local depletion of oxygen and acidification which lead to a high
corrosion potential. In pitting corrosion, the local dissolution and acidification is due to
the anodic half reaction occurring in the pit and the cathodic half reaction through the
surrounding passive layer. For austenitic stainless steels, typical aggressive species are
halogen ions (e.g., chloride), reduced sulfur species (e.g. sulfides), and manganese
oxides. Iron contamination of the surface has the potential to accelerate pitting by
disrupting the passive layer and allowing local attack of the metal.
Pitting corrosion is less likely to cause through-wall penetration than CISCC, but it
provides a feasible mechanism for wider penetrations that could release particulates from
the canister interior. On austenitic stainless steels, pits can form under conditions similar
to those which result in CISCC initiation, and pits often serve as a site of SCC initiation
due to the chemical concentrating effect of the anodic reaction occurring inside an
occluded area and the stress concentrating effect of the pit. In most atmospheric
experiments and experience, pitting remains superficial and its depth grows at a rate
which is much lower than SCC under similar conditions.
Pitting does not require stressed material and is observed in a slightly wider range of
environmental conditions than SCC, so pitting is likely to initiate before SCC over a
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larger area of the surface but grow more slowly. Typically, Type 316 is less susceptible
to pitting than 304.”

However, pitting can serve as an initiation site for CISCC, as seen in Figure 2-1. The transition
from blunt dissolution of material by pitting to cracking by CISCC occurs as the stress
concentration at the bottom of the pit causes growth by SCC to become faster than growth by
pitting. In literature (e.g., [20] and [21]), austenitic stainless steels do not typically develop
pitting deeper than 1.0 mm under atmospheric exposure of a few decades, excluding locations
subject to splashing or immersion. The transition from pitting to cracking occurs once the pit
depth is great enough that limitations of cathodic current in the electrochemical corrosion cell or
an elevated stress intensity factor causes the rate of crack propagation to be faster than that of
blunt dissolution by pitting ([22] and [23]). For stainless steel piping at one plant, CISCC
initiating at the bottom of pits was apparent after removal of 100 to 250 µm of the surface [24].
One aspect of the recommended acceptance criteria for visual inspections in Section 5.1 is the
detection of pitting. In atmospheric pitting of stainless steels, pits tend to be surrounded by a
visible red-orange or brown (iron oxide) corrosion product and to be relatively shallow (about
1 mm depth or less). Thus, through-wall pitting is not a viable aging-degradation mechanism.
Because they are focused on preventing through-wall pitting, the pitting acceptability limits of
ASTM G-46 [25] and the ASME piping fitness for service guidelines [26] are not relevant
acceptance criteria for visual examinations to screen for the presence of atmospheric CISCC.
Particularly for canisters with a mill finish external surface, there is the potential that features on
the as-received surface will closely resemble pitting. Having records from a receipt inspection or
other preservice inspection could demonstrate that such features are fabrication-related and not
corrosion pitting. However, such fabrication defects could also serve as an initiation site for
localized corrosion, effectively becoming corrosion pits.

Figure 2-1
Pit (on Left) Serving as Initiation Point for CISCC (Red Circle) [27]
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2.2.3

Crevice Corrosion of Atmospherically Exposed Stainless Steel

The following discussion on crevice corrosion is repeated from Section 4.2.3 of the EPRI FMEA
report [1]:
“Similar to pitting corrosion, crevice corrosion consists of local base metal dissolution
due to a separation of anodic and cathodic corrosion reactions. For crevice corrosion, this
separation results from a geometric partitioning of the active dissolution site from the
bulk of the aqueous solution. This limits the diffusion of oxidizing species in the crevice,
leading to a locally low pH. Crevice geometry can be created where two parts touch, in
the small microcrevices formed by grinding, or under a solid deposit that prevents the
steady transport of oxygen or ionic species. As with pitting, crevice corrosion can serve
as a location for SCC initiation due to the concentrating effect of the occluded area.
Atmospheric testing in marine environments and, to a reduced extent, in industrial
environments showed pitting and SCC could initiate more rapidly in occluded areas than
bold exposure but did not exhibit true crevice corrosion due to restricted ionic transport.
Similarly, there are examples of OE for crevice geometry (e.g. pipe support clamps)
acting to concentrate chlorides and cause SCC, even in environments within containment.
Crevice corrosion may occur at very high relative humidity values that have reduced risk
of SCC because of dilution of the deliquescent brine and runoff which provide water to
wet a built-in crevice, such as at a support rail.”

Atmospheric corrosion in crevices rarely develops with the same morphology as crevice
corrosion in immersed conditions. This is due to the limited volume of electrolyte and smaller
cathodic area associated with atmospheric corrosion. Under atmospheric conditions with limited
electrolyte, crevice corrosion is able to promote the initiation of CISCC but is not a corrosion
mechanism able to grow through-wall in a canister.
Because of the inherently hidden nature of crevices, the visual detectability of corrosion
occurring in a crevice will depend on whether corrosion products are visible at the mouth of the
crevice. As noted in Appendix D, some NDE techniques do not require direct access to the area
being examined and could detect cracking underneath a support that is acting as a crevice.

2.3
2.3.1

Influence of DCSS Design on Aging Management Strategy
Canister Orientation

The canisters used in DCSSs can be categorized into two groups: horizontal canister systems and
vertical canister systems. The canister orientation is the orientation of the central axis of the
canister when in storage. All canisters are loaded with fuel while submerged in the spent fuel
pool and within a transfer cask. The canister lid is placed on the canister, and the transfer cask
with the loaded canister is removed from the pool for the lid to be welded in place. Figure 2-2
provides examples of both a DCSS with a vertical canister and a DCSS with a horizontal
canister.
The canister orientation affects what regions are cool enough to support deliquescence and what
regions experience the most chloride aerosol deposition. On horizontal canisters, the underside
and lids are the cooler surfaces, while the upper parts of the shell support the highest aerosol
deposition rates. On vertical canisters, the bottom part of the shell is the coolest while the top lid
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supports the highest aerosol deposition rates. Additional discussion of the relative susceptibility
of different canister surfaces is provided in the FMEA [1].

Figure 2-2
Example Vertical (Left) and Horizontal (Right) Dry Cask Storage Systems [28]

2.3.2

Access Limitations due to Overpack Geometry

Horizontal canisters—such as those from AREVA/Transnuclear—are stored in a reinforced
concrete overpack that is loaded from the front. The canister is supported by a pair of rails that
the canister slides along as it is inserted into the overpack. These rails contact essentially the full
length of the canister and limit the area directly accessible for inspection at two regions on the
canister underside. In some designs, a heat shield surrounds (but does not contact) the top of the
canister to limit the concrete temperature and may make access more difficult. Access to the
canister is provided through inlets near the bottom (on the side or front, depending on design)
and outlets at the top (on the sides or on the top surface) of the overpack.
Vertical canisters—such as those from Holtec, NAC, and FuelSolutions 1—are stored in a
reinforced concrete overpack which sometimes has guide rails along the interior to aid in canister
insertion and impact absorption. The width, vertical extent, and number of guide rails varies with
the design, but the guide rails generally limit the ability to directly examine 16 or more locations
around the circumference of the canister for most of the canister length. More direct access to the
canister is provided through two to four ventilation outlets at the canister top, but access from the
two to four inlets at the bottom is also a possibility. DCSS designs that store the canister
subgrade (underground) do not have as many or as large guide rails and do have a different inlet
and outlet vent configuration.
For both orientations, air flow within the overpack is driven by stack effect— natural convection
driven by the buoyancy of the air heated within the overpack and the height difference between
ventilation inlets and outlets. Additionally, access to both orientations generally requires

1

Only one ISFSI has been identified that uses a FuelSolutions design canister fabricated using austenitic stainless
steel (NRC docket number 7201026); their other designs use a carbon steel canister.
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removing debris screens and sometimes removing an outlet shield (typically by grinding) from
one of the ventilation openings.
Given the structures present around a stored canister, parts of the surface are inaccessible for
remote visual observation. Section A.3.3.2 discusses the overall fraction of exterior welds
adjoining the shell that are expected to be inaccessible.
2.3.3

Canister Shell Weld Configuration

The canister shell is formed by rolling plate stock to form a cylinder, with the seam joined using
a single-V or double-V groove weld. Canister shells are typically fabricated from ASME SA-240
[29] plate material (Type 304, 304L, 304LN, 316, 316L, 316LN, or dual certified) with welds
typically using 308/308L or 316/316L filler material, depending on the base metal. Canisters are
not required to be ASME N-stamped vessels but are built using ASME Section III [30] with
exceptions listed in their respective final safety analysis reports, as updated. Depending on the
fabricator, the shell typically consists of two rolled and welded cylindrical segments that are
welded together with a circumferential weld. Example configurations of the axial weld (seam
weld) and circumferential weld (girth weld) are shown in Figure 2-3. One canister design also
has a full penetration weld near the top of the shell; this weld attaches a thicker ring to which the
top lid is welded (right side of Figure 2-3).
Additionally, the interior of the shell can contain attachment fillet welds to support and secure
the canister internals in place. These ID fillet welds are not exposed to the ambient environment
and their azimuthal location is not readily determined by visual examination of the canister
exterior. It is expected that the residual stresses induced by these welds at the canister surface
will be lower than the welds discussed above because the characteristic size (e.g., fillet leg
length) of these welds is smaller, because they are partial-penetration welds, and because the
weld length tends to be shorter.
The ends of the shell are sealed off by welded lids on the top and bottom. The top closure must
have redundant welds, and systems use either two top lids or a top lid and a welded ring to
provide the redundancy. Examples of weld configurations for the top and bottom lids are shown
in Figure 2-4 and Figure 2-5. Welds to the canister lids that do not involve the shell are of
reduced concern because CISCC would take longer to create a path between the canister exterior
and interior. CISCC propagating through the seal weld would need to reinitiate in the redundant
weld, and even CISCC propagating through a single top lid (such as the right two illustrations in
Figure 2-4) would need to grow to a depth more than ten times greater than the shell thickness. 2

Lids thinner than ten times the shell thickness either are bottom lids that are welded to the shell (two or more times
shell thickness) or are fully redundant as illustrated at the left of Figure 2-4 (combined thickness of more than ten
times shell thickness).
2
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Additional Ring
Girth Weld

Some shells have a
thicker ring welded
to top of the rolled
segments of shell
Seam Weld

Figure 2-3
Example Configurations of Shell Welds (Not to Scale)

Figure 2-4
Example Configurations of Top Lid-to-Shell Closure Welds (Not to Scale)

Double-V

Single-V

Shield
Region

Shield
Region

Stub Runner

Figure 2-5
Example Configurations of Bottom Lid-to-Shell Welds (Not to Scale)

2.4

Method for Prioritization of Aging Management Efforts: Susceptibility
Assessment Criteria

The rankings from the Susceptibility Assessment Criteria Report (EPRI 3002005371) [10] are
used in this report to assess the relative susceptibility of different canisters at an ISFSI when
determining which canisters to examine and when to perform the initial inspection.
2.4.1

Criteria for ISFSI Ranking

The ISFSI rank is a relative measure of how much the environmental conditions at a given
location promote susceptibility to CISCC and has a value between 1 and 10. The following quote
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from the EPRI Susceptibility Assessment Criteria report [10] summarizes the purpose and form
of the ISFSI ranking criteria:
“The ISFSI ranking criteria are designed to assess the extent to which a given
environment affects the propensity for CISCC. The ranking is primarily based on the
concentration of chloride aerosols adjusted to consider the ambient absolute humidity.
The criteria are designed to be implemented without requiring the collection of additional
monitoring data.
The distance from sources of chloride aerosols is used as a proxy for atmospheric
chloride aerosol concentration due to the reduction in concentration with distance. The
primary ranking criterion is distance from oceanic and local marine aerosols. Additional
adjustments are made for other sources such as cooling towers and salted roads.
A minor adjustment to the ISFSI ranking is made for climates with higher absolute
humidity, which have the potential for deliquescence of deposited salts at higher
temperatures (i.e. over more of the canister at higher decay heat loadings). Using the
mean yearly absolute humidity captures the key effects of climate on susceptibility to
CISCC.”

To obtain the ISFSI rank (ZISFSI) of a given location, the sum of the four chloride ranking criteria
in Table 2-1 are added with the absolute humidity (AH) criterion in Table 2-2. ZISFSI is designed
to be truncated at the bounds of 1 and 10 if the sum of the ranking criteria is outside those
bounds. For additional details on the calculation of the ISFSI rank, refer to the EPRI
Susceptibility Assessment Criteria report [10].
Since they are intended as relative rankings, the ISFSI and canister ranks should be determined
using best-estimate values. Conservatism is already built into recommendations for considering
inspection results at one site to be bounding for another site. Following the first inspection of a
population, the ISFSI rank has a significantly reduced influence and the inspection results are
used instead to characterize site susceptibility.
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Table 2-1
Summary of Atmospheric Chlorides Starting Value and Ranking Adjustment Factors (from
EPRI Susceptibility Assessment Criteria Report [10])
Feature of Interest
in Criterion

Distance from Feature to
Location Being Ranked

Contribution to ZISFSI

Less than 90 m

9

90 m to 1 km

8

1 km to 5 km

5

5 km to 20 km

2

More than 20 km

1

Maximum elevation
between the ISFSI and
marine shore of >90 m,

-1

Marine Shore
(Section 3.2.1 of
[10])

Elevation
(Section 3.2.2 of
[10])

Cooling Tower
(Section 3.2.2 of
[10])

AND
< 5 km to marine shore
Otherwise

0

> 1000 m

0

≤ 1000 m (Non-saline)

+1

≤ 1000 m (Low-saline)

+2

≤ 1000 m (Saline)

+3

> 200 m

0

≤ 200 m

+2

Salted Highway
(Section 3.2.2 of
[10])

Table 2-2
Ambient Climate Ranking Adjustment Factor (Reproduced from EPRI Susceptibility
Assessment Criteria Report [10])

2.4.2

Annual Average AH
(g/m3)
(See Section 3.3 of [10])

Contribution to ZISFSI

<8

-1

8 to 12

0

12 to 15

+1

> 15

+2

Criteria for Canister Ranking

The following quote from the EPRI Susceptibility Assessment Criteria report [10] summarizes
the purpose and form of the canister ranking criteria:
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“The canister ranking criteria are designed to assess the susceptibility to CISCC implied
by the conditions affecting a specific canister at an ISFSI. The four data needed to rank
each canister are the canister decay heat loading at the time of the evaluation, the ISFSI
ranking factor (ZISFSI), the storage duration, and the canister shell material alloy.
In calculating the canister susceptibility criteria, different ranking parameters are
developed for horizontal and vertical canister systems, due to the many differences in
expected deposition patterns and temperature profiles. The total decay heat of stored fuel
assemblies in the canister at the time of the evaluation is used to assess the portion of the
surface where deliquescence of accumulated salts is feasible.
The deposition factor combines the ISFSI ranking factor and the canister storage duration
to assess the level of deposit accumulation that is expected to have occurred on the most
susceptible regions of the canisters. The material alloy factor provides credit for alloys
with improved resistance to CISCC initiation.
Both the deposition and decay heat factors change over time, providing insight into how
the canister ranking increases as the canister cools and accumulates deposits. The canister
rank should be calculated for the storage duration at which the ranking is to be used (e.g.,
the time of a hypothetical inspection).
The relative ranking of canisters at a given ISFSI can be used to identify a canister or
canisters for initial inspection and to prioritize additional canisters, should an extent of
condition inspection need to be performed.”

Similar to the ISFSI ranking criteria, the canister ranking criteria are designed to be applied
primarily using readily available data. To obtain the canister rank (HCAN for a horizontal canister
and VCAN for a vertical canister), the three ranking criteria in Table 2-3 are added together. For
additional details on the calculation of the canister rank, refer to the EPRI Susceptibility
Assessment Criteria report [10]. The susceptibility of a horizontal canister with a given value of
HCAN is not related to the susceptibility of a vertical canister with the same numeric value of
VCAN.
Section 2.4.3 below describes how other canister characteristics contribute to susceptibility and
can be used to differentiate among canisters with the same canister rank.
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Table 2-3
Summary of Canister Ranking Factors (Reproduced from EPRI Susceptibility Assessment
Criteria Report [10])
Value

HCAN or VCAN Value

XCl < 1.5

+1

1.5 ≤ XCl < 2.5

+2

2.5 ≤ XCl < 4

+3

4 ≤ XCl < 5

+4

XCl ≥ 5

+5

316L(N)

0

316

+1

304L(N)

+2

304

+3

Parameter

Deposition Factor
(Section 4.3 of [10])
3

Canister Alloy 4
(Section 4.4 of [10])

Current Total Decay
Heat Load
(Section 4.5 of [10])

Additional Factors
(Section 4.7 of [10])

2.4.3

Horizontal
Canister
(HCAN)

Vertical
Canister
(VCAN)

–

> 20 kW

> 16 kW

0

9 to 20 kW

6.5 to 16 kW

+1

< 9 kW

< 6.5 kW

+2

See Section 2.4.3

Identify priority canister from
among those with the same
rank

Prioritization Among Canisters with the Same Rank

Since the canister ranking values are discrete and can saturate over time, multiple canisters may
have the same rank at any given time. The factors below are summarized from Section 4.7 of
Reference [10] and can be used to differentiate among these canisters when choosing canisters to
be included in the sample for examination.
1. Canisters should first be prioritized in accordance with the canister rank, as described in
Section 2.4.2 above.

3

The chloride accumulation parameter (XCl) is defined by Equation [4-3] of Reference [10]:

X Cl =

Storage Duration

10 
11 − Z ISFSI +

Z ISFSI 


Dual certified materials count as the more corrosion-resistant alloy (e.g., 304/304L counts as 304L). The limiting
(i.e., highest value) alloy is used if the canister shell and atmospherically-exposed lids are made of different
materials.
4
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2. Canisters should next be prioritized using any contributing factors implicated by operating
experience for CISCC documented in the ISFSI AMID, if any have been documented.
3. If additional information on canister fabrication is available or if environmental conditions
vary among canisters on the ISFSI pad (i.e. microclimate effects), such information should be
used to set priorities, as described in more detail below.
4. Where the above bullets do not apply, priority among canisters with the same rank should
default to the canister(s) with the longest duration of storage after loading. Because a few
months difference in storage duration has a minor effect after twenty or more years, canisters
loaded within the same campaign can be prioritized by heat load, with the lowest heat load
having the highest priority.
The amount of detail in and ease of access to fabrication records for each canister will vary
across vendors and licensees. If detailed canister fabrication records are available, certain
fabrication processes can have a significant effect on the level of residual stress in the material or
on the material condition. Such factors have been implicated in OE as contributing to outer
diameter-initiated SCC in plant piping. Examples of fabrication anomalies that would justify the
prioritization of a canister include:
•

The presence of weld repairs, temporary welded attachments on the canister exterior, or
excessive weld deformation
–

•

Excessive weld discoloration or high heat input welding
–

•

These conditions may indicate the material has a greater degree of sensitization

Heavy or abusive grinding
–

•

All of these factors tend to result in higher tensile residual stresses

Localized grinding marks on the canister outside surface may increase the susceptibility
to CISCC themselves through elevated cold work or may indicate the location of a
temporary attachment weld that was subsequently removed

Poor surface condition
–

Poor surface condition can be indicative of high surface cold work and surface flaws can
act as microcrevices that can concentrate solutions

–

Large amounts of porosity at the material surface or inclusions could provide an occluded
location for crevice conditions to develop

–

Iron contamination of the surface has the potential to accelerate pitting by disrupting the
passive layer and allowing local attack of the metal

The following factors are expected to have a less of an effect on CISCC susceptibility but may
affect the prioritization if there are a number of canisters emplaced within a similar time frame
and with similar decay heat levels.
•

The canister history prior to storage on the ISFSI pad can also indicate different levels of
susceptibility to CISCC, if detailed records were kept:
–

Canisters that are stored outside at a moderate to high ZISFSI location with minimal
protection from chloride deposition for more than a year (the duration of pre-loading
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storage is less important than a similar difference in storage of the loaded canister in the
overpack) could accumulate some damage to the passive oxide layer.
–

•

When inserting the canister into the overpack, insertion difficulties at installation could
indicate that the canister surface has been scraped, causing localized cold work and
possibly embedding iron (if scraped by carbon steel).

Minor differences in the environmental conditions (specifically, chloride aerosols) could
occur for canisters stored on different parts of the ISFSI pad with a nearby source of chloride
aerosols:
–

Canisters on the edge of the pad closest to a local source of chlorides

–

Canisters on the edge of the pad pointing into the prevailing wind direction and with
vents oriented toward the prevailing wind direction

2.5

Summary of Analyses Supporting the Aging Management Guidance

The AMP guidance in the subsequent report sections is informed by the results of the Failure
Modes and Effects Analysis report [1], deterministic analyses [9], and probabilistic analyses
(Appendix A of this report). The Susceptibility Assessment Criteria [10], as repeated in Section
2.4 above, are also used in the development of the AMP guidance.
Reference [1] provides a basis for the scoping of the AMP as well as the parameters monitored
or inspected. The recommendations for detection of aging effects and for monitoring and
trending are influenced by the combination of deterministic analyses, probabilistic analyses, and
susceptibility assessment criteria. The models of Reference [9] are considered in developing the
recommended flaw acceptance criteria. There is an on-going EPRI effort to evaluate the
consequences of through-wall penetration by CISCC [31].

2.6

Learning Aspects of Aging Management Guidance

Over time, performing inspections will result in greater understanding of the practical factors that
cause susceptibility to CISCC and additional research will result in enhanced understanding of
CISCC initiation and growth. The learning aging management framework, as developed by
NEI 14-03R2 [32], provides a mechanism to periodically review the state of the art and revise
the AMP to incorporate additional knowledge. These “tollgate” reviews of aging-related dry cask
storage operational experience, research, monitoring, and inspections provide an opportunity for
licensees to adjust, when warranted, the content of an AMP to reflect the aggregate knowledge
that has developed since the prior review. AMPs should be updated to reflect industry best
practices and the availability of new industry guidance, including the development of consensus
codes and standards (e.g., ASME Code Case N-860 on canister inspection being drafted at the
time of writing).
The guidance in this report is designed to be compatible with an operations-based approach to
aging management programs. The collection of site-specific environmental monitoring data may
permit an adjustment to the ISFSI rank (ZISFSI) of a site per Section 5.3 of the EPRI Susceptibility
Assessment Criteria report [10]. Alternatively, successive examinations without detections of
degradation may provide sufficient basis for a reduction in the inspection frequency and scope.
The sample inspections recommended by this report are designed to be proportional to the
2-16

Aging Management Strategy Development

susceptibility of canisters in a population to CISCC, as demonstrated by prior examination
results. Lessons learned by other licensees are directly incorporated through the use of a fleet
canister rank and by reviewing best practices in the ISFSI AMID during canister inspection
planning.
Operating experience should be submitted in a timely manner to the ISFSI Aging Management
INPO Database (ISFSI AMID) maintained by Certificate of Compliance (CoC) holders per NEI
and INPO guidance. As stated in Section 6.3, EPRI recommends that licensees should report the
outcome of all inspections—both positive and negative. The availability of this information
assists other licensees in assessing the relevance of that operating experience to their population
of canisters. The information will also help the industry validate the Susceptibility Assessment
Criteria approach.

2.7

Comparison with Other Aging Management Program Guidance

The Nuclear Energy Institute (NEI) has published a framework for the development of
“learning” aging management programs, NEI 14-03R2 [32]. The key aspect of the learning aging
management concept is periodic reviews of operating experience, research, monitoring, and
inspection results to determine whether the existing AMP is sufficient or if an adjustment (for
example in scope or frequency of inspection) is justified. NEI 14-03R2 [32] is under NRC
review for proposed NRC endorsement.
The NRC standard review plan for license and CoC renewal [33] includes criteria for NRC Staff
review of an AMP designed to manage CISCC of austenitic stainless steel canisters. Section 3.6
of the review plan identifies elements that an acceptable AMP should include. Additionally,
guidance is provided for NRC Staff review of learning AMPs, and the NRC will inspect the
periodic “tollgate” reviews and any adjustments to the AMP. An example AMP that includes the
important aspects of an AMP for CISCC of stainless steel canisters is described in Table B-1 of
the review plan. The NRC is also developing a Managing Aging Processes in Storage (MAPS)
document that includes generically acceptable aging management programs for CISCC of
stainless steel canisters [34].
ANL has also published guidance for the development of canister aging management programs
that includes a set of generic example aging management programs for dry cask storage systems,
including one for a welded canister seal and leakage monitoring program (see Section IV.M3 of
Reference [35]). This generic example does not include the learning AMP concept and provides
more of a generic framework than specific guidance that can be directly implemented.
While not developed for use in an AMP, the Central Research Institute of Electric Power
Industry (CRIEPI) has proposed a Japanese Society of Mechanical Engineers Code Case that
provides guidance for the design of DCSS stainless steel canisters to reduce susceptibility to
CISCC [36].
Table 2-4 provides a comparison of the AMP guidance provided by this report with the other
three guidance documents. Similarly, Table 2-5 compares the example AMP prepared using the
guidance from this document (Appendix E) with the example AMPs for CISCC of stainless steel
canisters included in the other guidance documents.
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Table 2-4
Comparison of Aging Management Program Approaches
Topic

AMP Approach

Learning
Mechanism

NEI AMP Guidance [32]

NRC AMP Guidance [33]

AMP based on inspections at site
or prior inspections of surrogates
(e.g., inspections at bounding
sites)

Visual examinations screen
for presence of corrosion
and volumetric
examinations look for
cracking

Recommends that implementation
details for AMPs (including
inspection details and acceptance
criteria) be located in document(s)
under licensee or CoC holder
change control but subject to
assessment per 10 CFR 72.48 to
determine if prior NRC review and
approval of a given change is
required so that the AMP can be
modified based on the outcome of
periodic “tollgate” assessments
Program is periodically reviewed
during “tollgate” assessments;
assess research, OE, etc. from all
available sources regarding AMP
effectiveness, corrective actions,
and availability of surrogates
ISFSI AMID is used to disseminate
OE and to develop a basis for use
of surrogates

Location of
Example AMP
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Focuses on AMP approach and
structure rather than providing
specific CISCC example AMP

Inspections are performed
periodically with frequency
based on whether any
detections have occurred
Guidance focused on NRC
Staff review & necessary
components of AMP, but
example AMP for corrosion
and cracking of canisters
provides expectations
Example AMP mentions
consideration of future OE;
Staff guidance states NRC
will inspect licensees’
implementation of AMPs
and any adjustments made
by tollgate assessments

ANL AMP Guidance [35]

Inspection along canister
welds, or helium /
radioisotope leakage
monitoring if inspection not
feasible
Guidance primarily provides
topics for licensees and
CoC holders to consider as
they develop an AMP

Mentions the NEI 14-03
tollgate approach

Example inspection regime
adjusts based on presence
of corrosion/cracking at site
Table B-1 of Reference [33]

Section IV.M3 of
Reference [35]

Guidance from This
Document
Visual examinations screen
for presence of corrosion
and augmented
examinations look for
cracking
Inspections are performed
periodically with frequency
based on whether any
detections have occurred
Guidance also focuses on
how to choose which
canisters to examine during
inspections and any extent
of condition expansions

Recommends reviews of
future research, monitoring
data, and OE (as captured
in ISFSI AMID)
Recommended inspection
regime adjusts based on
presence of corrosion /
cracking at site
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Table 2-5
Comparison of Example Aging Management Programs
Topic

NRC Example AMP [33]

ANL Example AMP [35]

Example AMP in This Document

Scope of Initial
Inspection

Minimum of one canister; repeated
each examination

Quantitative recommendation not
provided; lists factors that should be
considered when determining the
sample size

Two canisters; one repeated each
examination

Onset of
Inspections

Time of pre-application examination for
license renewal; can be delayed if
appropriately justified

Not specified; see “Inspection
Frequency”

Time of pre-application examination for
license renewal; criteria justifying delay
are provided

Prioritization of
Sample

Prioritize older and colder; also refers
to EPRI susceptibility assessment
criteria

Provides a listing of factors to consider
when deciding on which canisters to
include in the sample

Uses EPRI susceptibility assessment
criteria, including considerations for
selection within a single rank

Based on engineering assessment of
CGR, not to exceed 20 years

10 years (default);
5 years if degradation detected in
population;
as needed if canister is cracked

5 years (default);
Inspection
Frequency

3 years if canister shows evidence of
localized corrosion or stress corrosion
cracking that exceeds the acceptance
standards in IWB-3514.1 but meet the
acceptance criteria identified in
IWB-3640 [12]

Criteria provided for extension to 20
years

Examination
Technique(s)

Visual examination for presence of
corrosion as screening method;
volumetric examination for presence of
cracking as needed

Per Code requirements or enhanced
visual examination with cleaning of the
surface to detect presence of cracking

Visual examination for presence of
corrosion as screening method;
supplemental or augmented
examination for presence of cracking
as needed

Examination
Coverage

Recommends focus on canister welds
and HAZ, crevices, horizontal surfaces,
cold surfaces; specific examination
coverage not provided

Use surface temperature
measurements to exclude areas not
subject to deliquescence

General visual examination of
accessible surfaces; VT-3 examination
in vicinity of welds only
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Table 2-5
Comparison of Example Aging Management Programs (Continued)
Topic

NRC Example AMP [33]

Acceptance Criteria
– Corrosion

Specific criteria provided

Acceptance Criteria
– Cracking (Flaw
Evaluation)

IWB-3514.1 and IWB-3640 [12]

Acceptance Criteria
– Through-Wall
Cracking

Engineering analysis or mitigation
actions

Sample Inspection
Scope Expansion

Prioritize canisters with similar storage
duration

N/A

Controlled by Licensee CAP; factors to
consider when determining extent are
listed

Trigger for
Evaluating Need for
Scope Expansion

Confirmation of localized corrosion or
SCC, whether or not exceeding
IWB-3514.1 [12]

N/A

Upon first detection of corrosion or
cracking in given canister
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ANL Example AMP [35]

Example AMP in This Document
Specific criteria provided

IWB-3500 [12], if applicable
Licensee should develop acceptance
criteria otherwise

Guidance provided

Guidance provided

3

MONITORING AND TRENDING RECOMMENDATIONS
Data from monitoring of the canister exterior surface condition and trending of inspection results
can be used to assess whether aging-related degradation is becoming more prevalent or severe on
canister exterior surfaces. The proactive monitoring of canister properties and site environments
collects information that can be correlated with future OE in the ISFSI AMID to improve
predictions of susceptibility. Such data could be used to justify adjustments to the AMP using the
NEI 14-03R2 [32] framework.
In each of the following sections, the parameters or items of interest are identified, their primary
use is stated, and methods for monitoring and trending them are discussed.

3.1

Individual Canister Susceptibility

This section describes parameters that share three aspects:
•

they are inputs to the susceptibility ranking for canisters,

•

they provide context for the results of canister inspections recorded in the ISFSI AMID, and

•

they can be determined by licensee or vendor from data, records, or calculations prior to
inspections.

The parameters in this section are able to be determined through the review of records or through
analytical calculations. As noted below, it is not necessary to determine the values of these
parameters for every canister in a population.
The canister properties in this section do not directly track aging effects. Consequently,
committing via the AMP to track these parameters is not expected to be necessary.
Parameters Used to Determine Canister Rank
1. Storage duration (i.e., since the loaded canister was emplaced within the overpack)
2. Total decay heat load of all fuel assemblies in the canister adjusted to the time of inspection
3. Material (stainless steel alloy) used to fabricate the canister shell and outer lids
The order of loading or the storage duration should be determined for all canisters in a
population. Inspections are performed by examining a sample of the most susceptible canisters.
Items 1 through 3 above are needed to calculate the canister rank (see Section 2.4.2) and should
be determined for a limited number of older canisters in the population. It is recommended to
determine these parameters for at least the canisters from the first loading campaign in a
population because it will improve the efficacy of sample inspections by ensuring the canisters
with the highest susceptibility are examined first.
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The ISFSI AMID record should include these parameters for inspected canisters with inspection
results to facilitate searching the ISFSI AMID for relevant experience in periodic reviews of the
AMP and to determine limiting fleet canister rank.
While all the parameters listed are useful for determining which canisters should be prioritized
for inspections, only the storage duration and canister decay total heat load change over time.
Both of these parameters can be pre-calculated for current and future inspection times.
Parameters Used to Further Differentiate Canister Susceptibility
If able to be readily determined, Section 2.4.3 lists additional factors that influence canister
susceptibility. Examples of such factors are:
1. Canister fabrication information (if available; e.g., recorded fabrication flaws, surface
condition, grinding activities, or weld repairs)
2. Preservice or receipt inspection results (if available)
3. Duration of preservice environmental exposure (if available)
If available, the information on the factors in Section 2.4.3 may be reviewed to improve
prioritization among canisters with the highest canister rank in the population. It is not necessary
to review this information for all canisters in the population. If a detected indication is found to
be associated with one of these parameters, it should be noted in the description submitted to the
ISFSI AMID record. Including this information will help to determine if there are industry trends
in CISCC susceptibility that are not directly captured by the canister rank.

3.2

Inspection Results and Trending Canister Condition

The inspection results and canister condition are used to assess, for a given canister, (1) whether
corrosion is present and (2), if corrosion is present, whether aging-related degradation (e.g.,
CISCC) may affect the design function of the canister. The following set of parameters defines
the minimum information from examinations that should be tracked for trending purposes;
further guidance for inspections is provided in Section 4.
The results of an inspection—including the general location, appearance, and extent of any
indications—should be saved by the licensee as controlled records. Results should also be
reported to the ISFSI Aging Management INPO Database (ISFSI AMID) using current industry
guidance. At a minimum, the presence or absence of corrosion indications and the size and
location of any detected CISCC should be submitted to the ISFSI AMID (see Section 6.3 for
EPRI recommendations for reporting to ISFSI AMID).
Parameters Recorded as Inspection Results
1. Examination methods with the detection sensitivity and uncertainty
2. Visual appearance of the canister surface, including visual appearance of any deposited
material or indications identified during examinations (if present)
3. Location of indications identified during examinations (if detected)
4. Extent or size of indications identified during examinations (if detected)
5. The disposition of any of the above indications
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The parameters listed above are important for monitoring for the presence of aging-related
degradation. Consequently, it is recommended that their monitoring and trending be included
in the formal AMP. In general, this aging management guidance expects that visual examinations
are performed to assess the condition of the canister. As needed, follow-up examinations
using surface or volumetric examination techniques could then be performed on the canister
surface locations suspected to be subject to chloride-induced degradation (see Section 4.4.1
and Section 5 for more details).
The inspection results should be saved as controlled records (e.g., record length and depth sizing
information and save images). Examples of indications that may be identified during
examinations include:
•

Fabrication anomalies or indications classified as non-relevant

•

If detected, corrosion degradation indicative of potential underlying cracking (e.g., localized
corrosion or other surface-breaking flaws)

•

If detected, any cracks and whether they were dispositioned as stress corrosion cracking

Recording the location of each indication permits the indication to be re-observed at the next
inspection. Having such data available could also help disposition indications identified in any
subsequent examinations of the same canister and determine whether there is a trend in the
severity or extent of corrosion. Section 4.3.2 recommends choosing a canister to be reexamined
at each inspection so that trends in examination results can be observed.
When practical, saving images and the location of any indications that were dispositioned as
non-relevant (i.e., not corrosion degradation or CISCC) will assist in future dispositioning of
indications. Examples of flaws that may cause non-relevant indications include porosity at the
material surface and fabrication defects. Similarly, images and records from a preservice or
receipt inspection that is performed prior to the canister being exposed to the ambient site
environment can provide a baseline where all indications are fabrication-related and not due to
environmental corrosion. Having preservice baseline examination results could also help
disposition pit-like indications during inservice inspections.
Using such visual data, growth of areas of corrosion or appearance of new areas of corrosion
should be noted. Changes in the appearance of the canister deposits (e.g., thickness or color)
should also be noted.
Data from examinations for the presence of cracking should be saved as practical. At a
minimum, examination data for detected cracks should be saved as a controlled record. Trending
measured size of any cracks over successive examinations is important for comparison with flaw
assessment results and the predicted crack growth rates.
Parameters Related to Canister Condition
1. Composition of deposits on the canister surfaces (including chloride areal density)
2. Range of canister surface temperatures on examined canisters
If deposits are collected and characterized, the composition and areal density of deposits on
canister surfaces should be recorded. Such data can be used to confirm whether detectable levels
of chloride are present and to compare the levels with other sites using the ISFSI AMID. Another
3-3

Monitoring and Trending Recommendations

key use for this data is to improve the understanding of the relationship among visual
appearance, chloride areal density, and observed levels of degradation. Trending the chloride
areal density over time can also determine whether deposition and removal (e.g., acid degassing
of HClg) mechanisms result in increasing, asymptotic, or seasonally-varying chloride levels.
Canister surface temperature data (such as that collected in Spain [37]) can be trended against
canister power to confirm thermal modeling results and determine which regions of the canister
surface are susceptible to deliquescence under the available atmospheric humidity. Additionally,
monitoring data for the canister surface temperature can be used with Table 5-2 of Reference
[10] to adjust the heat load factor for the canister rank.

3.3

Characterizing Corrosivity of a Site Environment

Monitoring the site environment, if performed, improves the inputs to the ISFSI rank calculated
using the susceptibility assessment criteria (Section 2.4.1) and increases the confidence in
comparisons between different site environments. Such comparisons among sites are useful to
justify that the inspection results for one site bound another or to determine the applicability of
OE available in the ISFSI AMID when performing periodic aging management reviews.
The monitoring and trending in this section is not a necessary component of a CISCC AMP. The
information required to determine the ISFSI rank of a location can be determined from data in
publicly available databases [10]. Sites that should consider performing environmental
monitoring are those with local geographic factors that may significantly influence the chloride
aerosol concentration but are not accounted for in the ISFSI ranking criteria (e.g., salt flats,
surrounding tall forests, evaporation pond; see Section 2.4.1) and sites near an ISFSI ranking
cutoff. At such sites, local geographic factors and microclimate effects may cause site conditions
to be different than indicated by data obtained from a nearby or geographically similar
monitoring station in a public database. While these existing databases of climate data provide an
extensive set of historic data at good resolution, site-specific measurements reduce uncertainty.
Environmental Parameters Influencing Chloride Level on Canister Surfaces
1. Chloride aerosol concentration (measurements with wet candle method or analysis of
chlorides on deposited on coupons or surrogate surfaces can indicate concentration)
2. Wind conditions (average speed, direction, and gusts)
The level of chlorides at a site can be assessed using methods designed to classify the corrosivity
of marine environments (see Section 3.5 of Reference [10]). The suggested method is the wet
candle method (defined in [38] and [39]). Section 5.3 of the EPRI Susceptibility Assessment
Criteria report [10] provides an alternate method of determining the ISFSI rank using wet candle
measurements. The wet candle is an unpowered monitoring device that uses wetted gauze to
collect atmospheric salts; the gauze and liquid reservoir are then analyzed to determine the
amount of chloride collected while exposed to the environment. To further characterize the
aerosols present at a site (e.g., size and composition of individual particles), aerosols can be
collected using controlled-flow particulate filters such as those described in Section B.2.4 of
Reference [10].
Measurement of the areal density of chloride aerosols on coupon or surrogate component
surfaces can be used as a direct source of environmental chlorides information. It is important
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such surfaces be exposed to environmental conditions (e.g., air flow, inclination, air temperature,
surface temperature) similar to those at the canister surface.
Wind condition data (speed and direction) are available for some monitoring locations in
publicly accessible databases [40]. Locations with strong winds or where the prevailing wind
comes from the direction opposite a source of chlorides credited in the ISFSI ranking criteria
should also consider site-specific monitoring of chloride levels. Monitoring of wind conditions is
less important if site chloride levels are measured using one of the methods in the prior two
paragraphs.
Environmental Parameters Influencing Deliquescence of Salts on Canister Surfaces
1. Atmospheric humidity (typically, dew point is measured)
2. Atmospheric temperature
Atmospheric temperature and dew point measurements over an entire year are used to determine
absolute humidity, which is used in calculating a site’s ISFSI rank (see Section 2.4.1). If sitespecific data is collected, it is recommended that multiple measurements per day are recorded.
To account for variations in climate, multiple years of data could be collected or a single year of
site-specific data can be compared with trends at a nearby monitoring station with many years of
data.
Appendix B of this report shows examples of variation in the absolute humidity that can occur
year-to-year and among nearby sites. While site-specific data eliminates the uncertainty
associated with using data from a nearby recording location, Appendix C of the EPRI
Susceptibility Assessment Criteria report [10] provides a method by which publicly available
climate databases [40] can be used to determine the environmental parameter (annual average
AH) needed to calculate the ISFSI rank.
Assessing Environment Severity by Condition of Surrogate Material
Instead of monitoring environmental parameters, surrogate material can be used to assess how
the site environment affects austenitic stainless steel. For example, canister mockups, coupons of
similar material, or other components at the site (e.g. greater than class C waste canisters) can be
monitored or examined to provide a more accessible means of monitoring how the site
environment affects stainless steel. In such cases, Section 3.2 should be used for guidance on
what parameters to monitor on the surrogate material.
Surrogate material can indicate the degree of degradation that could be expected in an upcoming
inspection, provided that it is exposed at the same time or earlier than the limiting canister. For
surrogate material to reflect the susceptibility of canisters at the site to corrosion, the material
should be stainless steel of the same alloy as the canister, preferably with welds and ideally from
the same material supplier and vintage. If there is not a source of applied stress or weld residual
stress, CISCC will not occur on the surrogate material.
It is also important to expose the surrogate material to environmental conditions similar to those
at the canister surface. The surface temperature affects the susceptibility to chloride-induced
degradation and the prevalence of aqueous conditions (deliquescence). Due to the range of
canister surface temperatures, a mixture of heated and near-ambient specimens may be
appropriate. Similarly, the chloride areal density on the surrogate material is affected by a
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number of factors such as the surface inclination, sheltering from rain, airflow over the
specimen, etc. These factors should be considered if surrogate material is used as part of an
AMP.
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4
INSPECTION PROGRAM GUIDANCE (DETECTION OF
AGING EFFECTS)
This section provides guidance on the development of an inspection program for detection of
CISCC aging effects. The recommended program elements use the results of inspections to
adjust the scope and frequency of inspections. This operations-based aging management
approach is based on the observed susceptibility of canisters to degradation by chloride-induced
corrosion being the best predictor of the susceptibility of other canisters in the same population.

4.1

Recommended Canister and Population Classifications

The two sets of bullets below define the terminology used to classify canisters and populations
when providing inspection guidance.
Each individual canister is classified according to the level of degradation that has been observed
on that canister. These classifications are used to determine what types of examinations are
recommended by Table 4-3 when that canister is inspected.
•

Cracked – A canister in which an outside surface connected planar flaw attributable to
CISCC has been detected is considered “cracked.” This designation includes canisters where
detected cracks have been remediated but the entire susceptible area of the canister has not
been remediated.

•

Corroded – A canister on which corrosion degradation has been detected (i.e., have at least
one major corrosion indication per Section 5.1.1) but is not “cracked” is considered
“corroded.” This designation includes canisters that have experienced cracking, and the
entire susceptible area of the canister has been remediated.

•

Uncorroded – A canister that has been examined and is neither corroded nor cracked is
“uncorroded.” Note that a canister is still classified as “uncorroded” if a minor indication of
corrosion is detected (see Section 5.1.2).

•

Uninspected – A canister that has not been examined is “uninspected.”

A population of canisters at a site is assigned an inspection Category in Table 4-2 based on the
most severe degradation detected among that population5 (i.e., “uncorroded,” “corroded,” and
“cracked”). Different inspection Categories have different recommended frequencies of

5

A “population” of canisters is defined as all the canisters at a single ISFSI that are under a single (generic or
specific) license and have an established CISCC aging management program.
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inspection and different guidance for choosing the size of the sample from the sampling
population. 6
•

Category A – No canisters in the population are known to be degraded by corrosion (i.e.,
only has “uncorroded” and/or “uninspected” canisters). This includes populations that have
not yet had an inservice inspection and have therefore not detected any corrosion or cracking.

•

Category B – Population is known to have one or more canisters degraded by corrosion but
no canisters degraded by cracking (i.e. no outside surface connected planar flaws detected
during canister inspections). Category B populations have had at least one canister classified
as “corroded” (but none classified as “cracked”).

•

Category C – Population is known to have one or more canisters degraded by cracking.
Category C populations have had at least one canister classified as “cracked.”

The classifications above represent the demonstrated susceptibility of a population or of a
canister, so repairing known degradation is not sufficient to return to a lower susceptibility
category. For example, removal or remediation of “cracked” canisters does not reclassify the
population as Category B. The one exception that permits a population to return to Category B is
if all the detected planar flaws are non-growing and all “cracked” canisters are reclassified using
Note (2) of Table 4-2.
The guidance in this report is not intended to be directly applied to canisters having a
confinement boundary fabricated from material that is demonstrated to be resistant to CISCC
under dry storage conditions. Similarly, if the entire susceptible area of all canisters in the
population has been mitigated and if sufficient technical basis is available to demonstrate the
long-term effectiveness of the mitigation method applied, then the inspection frequency may be
adjusted in accordance with that technical basis.

4.2

Recommended Inspection Schedule

The following subsections, together with Table 4-2, provide a recommended inspection schedule
(onset and frequency) to assess the potential for canister degradation. The inspection Category
assigned to a population changes in response to the detection of certain conditions; changes in
the inspection Category also result in a modified inspection frequency.
4.2.1

Recommendation for Scheduling Initial Inspection

The initial inspection at a site should be performed within 20 years after the first canister is
loaded under a given license, unless additional evaluations are performed as described in the
remainder of this section. For general licensees, the Certificate of Compliance renewal may
include conditions requiring initial and subsequent inspection be performed at frequencies
different than those described within this AMP guidance. The pre-application inspection
associated with license renewal per NUREG-1927 R1 may be credited as an inservice inspection
of a Category A population if it is equivalent (see Section 4.3.2 and Section 4.4).
The “sample” is defined as the set of canisters in a population that are to be examined during an inspection. The
“sampling population” is defined as the set of canisters in a population that are being considered for inclusion in
sample inspections, described further in Section 4.3.

6
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The probabilistic model in Appendix A is used to evaluate how the storage duration prior to the
initial inspection affects the benefit provided by inspections (Section A.4.1.4). These modeling
sensitivity cases considered a population with high susceptibility; less susceptible populations
can schedule initial inspections after storage durations longer than 20 years while still resulting
in a lower probability of through-wall cracking.
One of the following subsections should be used to determine the recommended timing for the
initial inspection.
4.2.1.1

Standard Initial Inspection Schedule

The initial inspection at a site should be performed within 20 years after the first canister is
loaded under a given license unless the recommendations of Section 4.2.1.2 or Section 4.2.1.3
are used.
4.2.1.2

Initial Inspection Schedule Using Population Susceptibility

The initial inspection at a site may be deferred beyond a storage duration of 20 years for as long
as both of the following two criteria are met:
1. The highest canister rank covered by that license is less than or equal to 7.
–

Table 4-1 provides example ISFSI ranks where it is assured to have a canister rank less
than 7 at 20 years of storage. Such locations could delay their initial inspection for some
period of time, after the first ISFSI with a sufficiently high ranking has completed an
inspection without indications of cracking. The ISFSI ranks in the table conservatively
assume that the decay heat load contributes +2 to the canister rank. Higher ISFSI rank
populations may still be able to defer inspections if all of their canisters’ decay heat loads
are sufficiently high.

2. The highest canister rank covered by that license is a rank less than or equal to the limiting
fleet canister rank.
–

The limiting fleet canister rank is defined using the ISFSI AMID as the lesser of (1) a
rank of two less than the highest canister rank for the same canister orientation that has
been inspected at any site or (2) a rank of three less than the lowest canister rank of
canisters classified as cracked at any site and with the same canister orientation.
MINIMUM ( [Highest Canister Rank that has been Inspected] – 2,
[Lowest Canister Rank for which Crack Detected] – 3)

Once the above criteria for scheduling the initial inspection are met, inspections should be
conducted within a reasonable timeframe based on a site specific AMP or CAP.
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Table 4-1
Examples of ISFSI Ranks where the Maximum Possible Canister Rank is ≤ 7 at 20 Years,
ISFSI may be Candidate for Delayed Initial Inspections

4.2.1.3

Canister Material

ISFSI Rank (ZISFSI)
Permitting Some
Delay

304

≤4

304L

≤7

316

≤8

316L

≤ 10

Initial Inspection Schedule Using Bounding Population at Same Site

If canisters are stored at the same site under different licenses, inspections of one separately
licensed population can be used to justify deferral of inspections of the other population(s) at that
site having the same orientation (vertical/horizontal). The initial inspection in each population at
that site should be scheduled when the highest canister rank in the deferred population(s) exceeds
(is greater than) either of the following two criteria:
1. One less than the highest canister rank that has been inspected at that site (comparison made
with the inspected canister’s rank at the time of the inspection)
2. Two less than the lowest canister rank that has been classified as cracked at that site
(comparison made with the cracked canister’s rank at the storage duration at which the crack
was detected)
MINIMUM ( [Highest Canister Rank that has been Inspected] – 1,
[Lowest Canister Rank for which Crack Detected] – 2)
Once the above criteria for scheduling the initial inspection are met, inspections should be
conducted within a reasonable timeframe based on a site specific AMP or CAP.
4.2.2

Recommended Inspection Frequency

The recommended frequency for successive inspections (i.e., following the initial inspection of
Section 4.2.1) is provided in Table 4-2. Because the inspection plan in the table is based on the
observed level of degradation at a site, it explicitly provides a way for operating experience to be
incorporated into inspection scheduling.
Each row of Table 4-2 presents the recommendations for an inspection Category. The frequency
column indicates appropriate frequencies of examination for each inspection Category. The
sample inspection scope column of Table 4-2 refers to the appropriate part of Section 4.3 for
recommendations on appropriate sample size and composition (with respect to canister
classifications). For the canisters within the sample, recommendations for the examination
methods and the examination surface or volume are provided in Section 4.4.
Note (1) of Table 4-2 permits less frequent inspections for low-susceptibility populations that
have not detected any minor or major corrosion indications after successive examinations. For
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such populations, the inspection results at that site demonstrate that there is a low risk of CISCC
occurring.
The timing of inspections is supported by the calculated times to through-wall growth in
deterministic crack growth analyses [9] and by directly modeling inspections in the probabilistic
analysis (Appendix A). Section A.4.1.1 evaluates the probabilistic model using different
inspection frequencies, and Section A.4.2.1 shows how the effectiveness of different inspection
frequencies is affected by different assumed initiation probabilities.
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Table 4-2
Recommended Inspection Frequency after Initial Inspection, by Population Category
Category

Population Description

Recommended Sample

Recommended Inspection Frequency

A

Welded canisters in population without
detection(s) of corrosion degradation or
cracking

Section 4.3.2

Every 10 yr
[Note (1)]

B

Welded canisters in population with
detection(s) of corrosion degradation

Section 4.3.3

Every 5 yr

C

Welded canisters in population with
detection(s) of cracking
[Note (2)]

Section 4.3.4

Every 5 yr

All canisters with detections of
cracking that have not been
remediated

Recommended inspection frequency set by flaw
evaluation per Section 5.3

Notes:
(1) Canisters in a Category A population may use an inspection frequency of every 20 years if both (a) and (b) are met:
a) No minor corrosion indications (as defined in Section 5.1.2) have been detected in the population.
b) Two successive inspections after the initial inspection have already been performed at the recommended inspection frequency for
Category A.
(2) A component may be reclassified as “corroded” (i.e. not “cracked”) despite having detected outside surface connected planar flaws if either
criterion (a) or (b) is met:
a) If reexamination reveals that all of the flaws in a cracked canister remain essentially unchanged for three successive examinations.
b) If an indication is conservatively dispositioned as an outside surface connected planar flaw and if a successive or supplemental
examination determines that an outside surface connected planar flaw is not present.
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4.3

Guidance for Selecting Sampling Population and Inspection Sample

A sample approach to inspection provides the best ability to determine whether canister
degradation is occurring while minimizing worker dose and maintaining the inspection burden at
a level commensurate with public health and safety risks. The inspection approach in this section
defines a “sampling population,” which is the set of canisters that are more likely to experience
degradation and, therefore, should be considered for inspection. The inspection “sample” is
drawn from the sampling population; the sample is the set of canisters to be examined during a
given inspection. The inspection “sample size” is the number of canisters in the sample.
This section provides guidance on selecting the sampling population and on which canisters
should be prioritized for inclusion in the sample. Depending on the Category of the population,
different guidance is provided on sample selection in the following subsections. Refer to
Section 4.1 for the full definitions of the canister and population classifications. The licensee
CAP should be used to choose the sample size once corrosion degradation or cracking has been
detected in that population, using the guidance provided in Section 6.2.
Sample inspections are an optimal solution due to the large number of canisters stored at a given
site and the substantial incremental effort required to examine each additional canister.
Performing prioritized sample inspections (using the guidance of the following sections and
Table 4-2) provides reasonable assurance that the presence of cracking will be detected in a
population prior to through-wall penetration of a crack. Such prioritized sample inspections are
most effective if the relative susceptibility of canisters in a population can reliably be predicted
and if degradation is consistently absent or present among canisters assessed to have the same
susceptibility.
Initial inspections will be scheduled per guidance in Section 4.2.1; based on this guidance, the
initial inspection sample will typically include canisters at or near 20 years in service. It is noted
that the sampling population may be expanded to include canisters with shorter service time
based on the findings of the initial and subsequent inspections. Therefore, the sampling
populations described in the following subsections are based on all canisters in service, including
those with less than 20 years of service time.
4.3.1

Sampling Population Selection for All Categories of Population

Within each population, the canister rank—as described in Section 2.4.2—can be used to select
the sampling population. Canisters that are considered to have a very low likelihood of
developing a through-wall CISCC crack are excluded from the sampling population and are not
recommended to be examined. The set of canisters to be included in the sampling population are:
•

For Category A or B populations, the sampling population consists of those accessible
canisters having the two highest canister ranks at the ISFSI. For example, if the highest
ranked canister at an ISFSI has a canister rank of 9, then all canisters with a canister rank of 8
or 9 are in the sampling population.
[Sampling Population Rank] ≥ [Highest Current Canister Rank] - 1

•

If cracking has been detected in the population (Category C), the sampling population is
defined relative to the lowest canister rank for which cracking has been detected at the ISFSI.
The sampling population includes the canister ranks one lower than this rank or higher. For
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example, if canisters at the ISFSI with ranks 9 and 10 have detected cracking, then the
sampling population is defined as accessible canisters with a canister rank of 8, 9, or 10
(i.e., ≥ (9 - 1)).
[Sampling Population Rank] ≥ [Lowest Canister Rank with Cracking] - 1
4.3.2

Sample Selection for Category A – Population without Detected
Corrosion Degradation

For inspections of Category A populations, a sample size of two (2) canisters, or more, is
recommended for sites with a sampling population of 6 or more canisters; for sites with a
sampling population of 5 or fewer canisters, a sample size of one (1) canister is recommended. It
is recommended to also review current industry practice for choosing sample size, as reflected in
the ISFSI AMID. If operating experience in the ISFSI AMID includes the detection of CISCC in
the fleet at a canister rank that is present in the population, an increased sample size may be
appropriate.
The canisters to be examined should be chosen as follows:
•

The most susceptible canister from the overall population should be selected to be part of this
sample and reexamined at each successive examination for as long as the population remains
Category A.
–

•

This canister is used to provide trending of inspection results and the canister
environment. Among canisters with the highest canister rank, the additional criteria listed
in Section 2.4.3 should be used to identify the most susceptible.

Select the remainder of the sample from among those with the highest canister rank, with
preference for those that have operated the longest without an inspection.
–

Varying the remainder of the sample between successive inspections is appropriate to
account for potential variability in susceptibility between canisters due to unknowable
factors. Obtaining better coverage of the population improves the effectiveness of
inspections (as concluded from the results of the probabilistic analyses, see Section
A.5.2) by further reducing the likelihood that there is undetected degradation in the
population.

A small sample size is justified for inspections of Category A populations because a small
sample is sufficient to detect the presence of widespread visible corrosion degradation, if it is
present in that population. Based on operating experience for process piping, visible corrosion
degradation is expected to be widespread throughout the most susceptible canisters before any
canister develops CISCC of sizes that are detectable by NDE techniques.
Figure 4-1 provides an overview of the recommended approach to sample inspections for
Category A populations.
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Initial Inspection
(§ 4.2.1, 4.3.1, 4.3.2)

Successive Sample
Inspections of Category A
(§ 4.2.2, 4.3.1 , 4.3.2)

Visual Examination
(Table 4-3: Exam 1-a & 1-b)
Any indications?
(§ 5.1)

No

Major or minor
corrosion near the weld
(§ 5.1.1, 5.1.2)

Has major corrosion
indications, but all are far
from weld (§ 5.1.1, 5.1.5)

Supplemental examinations
of corroded regions near weld
for presence of cracking
(Table 4-3: Exam 2, § 5.2)
Major corrosion indication,
but no cracks
(Category B, § 6.2.1)

Cracking present
(Category C, § 5.3, § 6.2.2)

Only minor corrosion
indications far from weld or
insignificant corrosion
(§ 5.1.2, 5.1.3)

Minor corrosion
indications only

Figure 4-1
Recommended Inspection Approach for Category A Population

4.3.3

Sample Selection for Category B – Population Having Detected
Corrosion Degradation

For inspections of Category B populations, the sample size should be determined using the site
CAP. The following criteria should guide the selection of the inspection sample size:
•

The sample size should be sufficient to provide a reasonable chance of detecting CISCC, if it
is occurring in the population of canisters.

•

Since any population classified as Category B has identified corrosion, the sample size
should also be sufficient to confirm whether corrosion is widespread in the canister
population or confined to only a small number of the most susceptible canisters.

In general, an appropriate sample size for successive Category B inspections is comparable to the
number of canisters examined at the prior inspection, including any expansion for extent of
condition using Section 6.2.1. It is recommended to also review current industry practice
reflected in the ISFSI AMID. A modest sample size is sufficient for these populations because
cracking has not yet been demonstrated to be an active degradation mechanism in the population.
An increased sample size provides a higher level of assurance to ensure cracking is detected in a
timely manner, if it is present. The effect of different expansions in the number of canisters
inspected upon the detection of corrosion is evaluated using probabilistic modeling in Appendix
A (Sections A.4.1.5, A.4.1.6 and A.4.3).
The composition of the sample is recommended to be a mixture of previously inspected and
uninspected canisters:
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•

•

Between 33% and 50% of the sample should comprise previously examined canisters that are
identified as “corroded.” Reexamining these canisters permits trending of previously detected
corrosion indications and detection of any further degradation.
–

“Corroded” canisters are known to be affected by corrosion, and it is possible that CISCC
has initiated and become detectable since the most recent time the canister was examined.

–

Consider examining each inspection any “corroded” canisters that have previously been
classified as “cracked,” if applicable.

Select the remainder of the sample from among the “uninspected” with the highest canister
rank. Section 2.4.3 can be used to select canisters within this set.
–

In order to maximize inspection coverage in the population, examining additional
“uninspected” canisters is preferable to reexamining “uncorroded” canisters. It is,
however, recommended to reexamine “uncorroded” canisters if all canisters in the
sampling population have already been examined.

Figure 4-2 provides an overview of the recommended approach to sample inspections for
Category B populations.
Successive Sample
Inspections of Category B
(§ 4.2.2, 4.3.1, 4.3.3)

No

Canister is “Uncorroded”
or “Uninspected”

Canister is
“Corroded”

Visual examinations
(Table 4-3: Exam 1-a & 1-b)

Visual examinations
(Table 4-3: Exam 1-a & 1-b, § 5.1)

Any indications near
the weld? (§ 5.1)
Yes

Augmented examinations of
major & minor corrosion
indications near weld
(Table 4-3: Exam 2)

Supplemental examinations
of corroded regions near weld
(Table 4-3: Exam 2)

Any cracks?
(§ 5.2)

Any cracks?
(§ 5.2)
No

Yes

Yes

No
Major corrosion indication
(§ 5.1.1) on canister previously
classified as “uncorroded”?

Cracking present
(Category C, § 5.3, § 6.2.2)

Yes
Possible Additional
Scope (§ 6.2.1)

Figure 4-2
Recommended Inspection Approach for Category B Population
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4.3.4

Sample Selection for Category C – Population Having Detected Cracking

Recommendations for the reexamination of “cracked” canisters that are not remediated are given
in Section 5.3. The guidance below applies to the other canisters in a Category C population.
Once the environment at a site has been demonstrated to cause the occurrence of CISCC, a larger
sample size is justified if CISCC cracks are to be detected before reaching through-wall. The
sample size for Category C populations should be determined using the site CAP. The current
industry practice reflected in the ISFSI AMID for choosing sample size should also be reviewed.
For sample inspections of Category C populations, the following criteria should guide the
selection of the inspection sample size:
•

The sample size should be sufficient to ensure that canisters likely to have CISCC are
inspected within a timeframe to detect such cracking prior to cracks growing to through-wall.

•

Since any population classified as Category C has identified cracking, the sample size should
be sufficient to confirm whether cracking is widespread in the canister population or
confined to only a small number of the most susceptible canisters. If cracks have been
detected by other populations in the fleet, the ISFSI AMID can be used to assess how
widespread cracking is likely to be based on the quantity and size of cracks that have been
detected in the population.

The sample for inspections of a Category C population should contain:
•

If cracking is associated with a particular canister property, fabrication technique, or defect,
other canisters sharing this characteristic should also be prioritized for inclusion in the
sample. Any canisters in the sampling population that have this characteristic and that are
“uninspected” are a higher priority than those that are “corroded” or “uncorroded”.

•

If there is not a shared characteristic, between 33% and 50% of the sample should comprise
previously examined canisters. Reexamining these canisters permits detection of any further
degradation.

•

–

First, prioritize canisters that have gone the longest since being examined. It is considered
very unlikely that CISCC would grow through-wall within two inspections at a frequency
of every 5 years given the canister wall thickness and laboratory and operating
experience for CISCC growth rates. Thus, while it is possible that CISCC has become
detectable in a “corroded” or “uncorroded” canister after one successive inspection, it is
recommended to go at least two inspections before reexamining these canisters.

–

Then, prioritize “corroded” canisters before “uncorroded” canisters.

If there is not a shared characteristic, select the remainder of the sample from among the
“uninspected” with the highest canister rank. Section 2.4.3 can be used to select canisters
within this set.

If all of the “cracked” canisters in a population have been reclassified as “corroded” by Table 4-2
Note (2), the inspection category should revert to Category B. This note applies to canisters
where all detected cracks have not grown over successive examinations. The purpose of this note
is to avoid unnecessarily conservative inspections of canisters where a flaw that was not CISCCrelated has conservatively been classified as “cracked.”
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The effect of different expansions in the number of canisters inspected upon the detection of
cracking is evaluated using probabilistic modeling in Appendix A (Section A.4.3). Figure 4-3
provides an overview of the recommended approach to sample inspections for Category C
populations.
Successive Sample
Inspections of Category C,
Except “Cracked” Canisters
(§ 4.2.2, 4.3.1, 4.3.4)

First detection of
cracking
(from Category A/B)

Successive Inspections
of “Cracked” canisters
(§ 5.3.2)

Visual examinations
(Table 4-3: Exam 1-a & 1-b , § 5.1)

Visual examinations
(Table 4-3: Exam 1-a & 1-b)

Supplemental or augmented
examinations of corroded
regions near weld, as needed
(Table 4-3: Exam 2)

Augmented examinations of
corroded regions near weld
(Table 4-3: Exam 2)

No

Any cracks?
(§ 5.2)
Yes

Possible Additional
Scope (§ 6.2.2)

Flaw sizing NDE of all
cracked regions
(Table 4-3: Exam 3)
Flaw evaluation (§ 5.3)
Less than 75%
through-wall at next
inspection?

Yes

No
Additional evaluations
recommended
(§ 5.3.3, 5.3.4, 6)

Figure 4-3
Recommended Inspection Approach for Category C Population

4.4
4.4.1

Recommendations for the Performance of Examinations
Examination Methods

Table 4-3 indicates the recommended set of examination methods for canisters being inspected.
Any parts of a given canister having features noted under “Part of Canisters Examined” should
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receive the corresponding examinations. For any given canister, more than one examination
number will apply. 7
Additional details on novel examination and condition monitoring techniques that have been
evaluated for use on dry cask storage system canisters are provided in Appendix D. Techniques
that do not require direct access to the surface or volume being inspected have the potential to
interrogate areas where the surface is obscured by a support or guide rail.
4.4.1.1

Standard Examination Methods

All canisters in the sample receive Exam 1-a and 1-b of Table 4-3 using visual examination
techniques. Equipment used to perform these visual examinations should be capable of
performing VT-3 examinations or better.
The VT-3 examination (Exam 1-a) looks specifically for regions of corrosion that indicate active
degradation of the material and the potential for CISCC. Relevant conditions (as defined by the
acceptance criteria in Section 5.1) that are detected by this examination should be followed up
with a supplemental examination capable of determining whether CISCC is present (see
Augmented Examination Methods in Section 4.4.1.2 below). Exam 1-a is performed on a limited
scope of the canister surface where elevated residual stresses are expected to be present; such
locations are expected to be bounding. The procedures and personnel used to perform VT-3
examinations (Exam 1-a in Table 4-3) should be qualified using the relevant portions of ASME
Boiler & Pressure Vessel Code (BPVC) Section XI IWA-2000 [12] or equivalent.
The general visual examination (Exam 1-b) is performed primarily to provide greater assurance
that corrosion will be detected if it is occurring in the canisters of the population by expanding
the area that is observed. The general visual examination also assesses the general condition of
the canister. Suspect or relevant conditions detected by this examination do not require a
supplemental examination to detect the presence of cracking, but detections can trigger
reclassification of the canister as “corroded” (see Section 5.1.5). Personnel, equipment, and
procedures used to perform general visual examinations (Exam 1-b in Table 4-3) should be
consistent with BPVC Section XI IWE-2100(a)(1) and IWE-2311 or equivalent [12].
In order to accurately classify a suspect condition, corrosion deposits or accumulated dust may
need to be removed so that the underlying surface can be examined for discontinuities. If
practical, it may be beneficial to collect some of the deposits for analysis of the environmental
conditions, as described in Section 3.2.
4.4.1.2

Augmented Examination Methods

Augmented examination methods (Exam 2 and/or 3) are used on canisters in the sample where
the standard visual examinations have detected relevant conditions in the vicinity of a shell weld.
The augmented examination methods are performed to examine the relevant condition and the
region immediately surrounding the indication.

7

For example, if a canister has a major indication of corrosion (per acceptance standards defined in Section 5.1.1),

examinations 1-a, 1-b, and 2 are recommended to be performed on that canister.

4-13

Inspection Program Guidance (Detection of Aging Effects)

It is recommended that inspection personnel and procedures used to perform surface or
volumetric examinations be qualified to ASME Boiler & Pressure Vessel Code (BPVC) Section
XI IWA-2000 [12] or equivalent.
Examination qualification using performance demonstration can assure a minimum probability
of detection (POD) as a function of crack size by specifying the fraction of detections and
allowable false calls for a given flaw size in the test blocks. The probabilistic analyses of
Appendix A investigate the effects of different POD curves and can inform the minimum
demonstrated performance which is needed to have an effective examination. Given the
modeling assumptions made, Section A.4.1.2 indicates that having a method capable of detecting
small flaw sizes is less important than having an examination method with a high POD for large
flaw sizes.
4.4.1.3

Supplemental Examination Methods

In addition to the examinations of Table 4-3, supplemental examinations can be used to help
disposition or size potential corrosion indications and flaws.
Visual examinations that detect suspect conditions may be supplemented by a more sensitive
visual examination (e.g., VT-3 or VT-1) to determine the character of the indication and classify
it according to the criteria in Section 5.1. Visual examinations that detect a relevant condition in
the vicinity of the weld should be supplemented by an augmented examination method to
determine whether cracking is present. Supplemental examinations may also be performed as
directed by the corrective action program (e.g., to determine extent of condition away from the
weld).
Examinations that detect the presence of flaws or cracking may be supplemented by other
examination methods and techniques to characterize the flaw (e.g., size, shape, and surfaceconnectedness). The depth of detected cracking should be determined.
When indications are observed that classify the canister as “Corroded” or “Cracked,” it is
recommended to perform supplemental assessment of the chloride areal density in the affected
area; full characterization of the deposit composition may also be beneficial. If measured,
chloride areal density should be included in the submission to ISFSI AMID for the inspection.
Composition information may also be used to evaluate the likelihood of CISCC at sites of
observed corrosion.
4.4.2

Examination Surface or Volume

The recommended examination surface or volume focuses on the accessible 8 parts of the canister
that are the most likely to have CISCC (i.e., areas of corrosion in areas of elevated stress).
Focusing the inspection on regions where examinations provide the greatest benefit optimizes
inspections performed to detect the presence of CISCC. A general visual examination is used to
observe the condition of the remainder of the surface.

8

The accessible parts of the canister are defined as those parts that can be examined using a given examination
method without the need to move the canister or remove the lid from the overpack. The accessible parts of a canister
may be different for different examination methods.
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4.4.2.1

Examination Surface for VT-3 Examination

Since areas of high tensile stress are the most likely location for CISCC to occur, the
recommended examination surface focuses on known weld locations that result in elevated
residual stresses on the canister external surface. As illustrated in Figure 4-4, accessible sections
of the canister shell within 50 mm (2 inch) of the features in the bullets below should receive an
examination using a qualified VT-3 technique (Exam 1-a examination in Table 4-3):
•

Any full penetration weld through the shell (i.e., shell seam and girth welds)

•

If the locations of such welds are known, any full-circumference welds adjoining the shell
that have a weld thickness (or fillet weld throat) of 9 mm (3/8 inch) or greater. An example
of such a weld is that between the inner closure lid and the shell in some canister designs.

It is recommended that 100% of the examination surface that is readily accessible should be
examined. No less than 80% of the full examination surface, averaged over the canisters in the
sample, should be examined (e.g., 70% of one canister and 90% of the second canister in the
sample is acceptable). 9 Inspections of multiple canisters may be used to reach this 80% average
(e.g., 40% of the full examination surface of two canisters is equivalent to 80% of one canister,
examination of 60% of the full examination surface of three canisters is equivalent to 90% of two
canisters). Additional canisters should be selected from among those with the highest canister
rank, with preference for those that have operated the longest.
For “uncorroded” and “uninspected” canisters, a thermal analysis may be performed to
determine the areas of the canister at the current decay heat load where sea salt will not
deliquesce under the temperature and RH conditions at the canister surface. 10 Sections of the
canister that are not subject to deliquescence may be removed from the VT-3 examination
surface of Figure 4-4 (but are still subject to Exam 1-b).
4.4.2.2

Examination Surface for General Visual Examination

A general visual examination should be performed of 100% of the accessible surface of all
canisters that are inspected, excepting those areas examined using VT-3. It is recommended that
the examination investigate the mouths of any locations with crevice-like geometry (e.g.,
between the canister shell and support rails or alignment channels).
The use of a general visual examination instead of VT-3 is intended to optimize the use of
inspection resources while providing information regarding the condition of the overall canister.
If corrosion is identified, it should be evaluated using Section 5.1.
If activities are performed that provide access to regions of the canister that were previously
inaccessible (e.g., removing the canister for repairs or mitigation), it is recommended to
opportunistically perform a general visual assessment on this portion of the canister surface.
In the probabilistic analysis of Appendix A, typical cases assume that approximately 80% of the susceptible
surface of the canister is examined; halving this coverage more than halved the sample inspection effectiveness.

9

The calculation to determine what regions are subject to deliquescence should consider seasonal and diurnal
variation in ambient temperature and humidity at a site, such as is done for the humidity factor in Section A.2.2.3 of
the EPRI flaw growth report [9].

10
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4.4.2.3

Examination Surface or Volume for Augmented Examinations

The examination surface or volume for augmented examinations is limited to within 50 mm
(2 inch) of a weld. As illustrated in Figure 4-5, the examination surface or volume should
include 25 mm (1 inch) surrounding the edge of a relevant indication. The examination coverage
obtained should be 100% of the examination surface or volume.
If evidence of corrosion degradation (as defined in Section 5.1) is detected coming from an area
that is within 50 mm (2 inch) of a weld and that is unable to be examined, it may not be possible
to demonstrate that cracking is not present without moving the canister. Alternatively, a
supplemental examination could be performed using a method capable of assessing the location
for cracking (e.g., guided wave UT).
4.4.2.4

Technical Discussion on Extents of Examination Surface or Volume

The recommended size of the region to be examined has been developed using weld residual
stress modeling and measurements. Finite element analysis of the weld residual stresses in the
canister shell indicate that the tensile residual stresses at the surface and through the wall cross
section more than two to four wall-thicknesses away from the center of the weld have decreased
to a fraction of the material yield strength ([1], [41]). Measurements of residual stresses
performed on a canister mockup confirm the conclusions of the WRS modeling and demonstrate
that residual stresses at the surface and through the wall cross section at the weld and HAZ are
substantially (e.g., four or more times) greater than in the base metal far from the welds [42].
Additionally, a review of CISCC operating experience included in Reference [6] supports
prioritizing the examination of weld areas. It has been further confirmed after Reference [6] was
published that all of the through-wall cracks detected in the Koeberg Unit 2 RWST were
associated with welds. The tank fabrication butt welds and attachment fillet welds were also
associated with the majority of the part-depth cracking that was detected. This experience
supports the focus of the examination surface or volume on locations in the vicinity of a weld.
Due to geometric constraints, sections of the canister outside surface and weld length are
expected to be inaccessible to direct observation. The accessibility of the canister shell seam
welds will also vary among individual canisters, depending on their orientation within the
overpack. As concluded in Section A.5.2, the probabilistic analysis shows that achieving high
coverage of the most susceptible areas on a canister is important for performing effective
inspections.
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Table 4-3
Recommended Examination Methods
Exam
No.

Part of Canister Examined

Examination Guidance /
Fig. No.

Examination Method

Acceptance
Standard

1-a

Accessible weld regions

Section 4.4.2.1, Figure 4-4

VT-3

Section 5.1

1-b

Entire accessible canister surface

Section 4.4.2.2

General Visual
[Note (1)]

Section 5.1

2

Region near weld having relevant conditions
(See Section 5.1)

Section 4.4.2.3, Figure 4-5

Surface or Volumetric
[Note (2)]

Section 5.2

3

Any region having cracking indication(s) (See
Section 5.2)

Section 4.4.2.3, Figure 4-5

Volumetric

Section 5.2

Notes:
(1) The examination method may be upgraded from the -b to the -a Exam No. (e.g., the entire accessible canister surface may be inspected by
VT-3).
(2) If region examined only contains minor corrosion indications (see Section 5.1.2), VT-1 may be used instead with the acceptance criteria listed
in Section 5.1.2.
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LEGEND:
a
D

a

H
E

a

A

= 50 mm (2 inch)

C

A-B-C-D = Extent of the examination surface

G

E-F-G-H = Visually determined extent of weld

F

1

B

= Example inaccessible areas; the examination
surface does not include inaccessible areas

1

GENERAL NOTES:
(1) A general visual assessment (Exam 1-b examination) may be performed instead of VT-3 in areas of the shell which are not susceptible to
deliquescence.
Figure 4-4
Examination Surface for Accessible Parts of Canister Shell
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LEGEND:
a = 50 mm (2 inch)
b = 25 mm (1 inch)

GENERAL NOTES:
(1) Examination surface is defined to be the accessible surface that is within distance ‘a’ of the outer extent of the weld and within distance ‘b’ of
the outer extent of the as-found relevant condition. The extents of the weld and relevant condition are visually determined. In this instance,
relevant condition is defined as a major corrosion indication, a minor corrosion indication or cracking.
(2) Examination volume is projected inward from the examination surface to a depth of 100% of the shell thickness.
Figure 4-5
Examination Surface or Volume for Augmented Examinations
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RECOMMENDED ACCEPTANCE CRITERIA
This section provides acceptance criteria information for the examination methods described in
Section 4.4. For each examination type, if the acceptance criteria are exceeded, recommendations
are also provided for reclassification of the canister population inspection Category and for
supplemental examinations.

5.1

Visual Examination Acceptance Criteria (Presence of Corrosion
Degradation)

This section provides recommendations and guidance on acceptance criteria for visual
examinations for the presence of corrosion degradation. If no visual indications of corrosion are
present (i.e. visually clean), no additional action is required.
For the general visual examination, no additional action is recommended if the responsible
individual performing the examination determines that there is no evidence of degradation
requiring supplemental examination or further evaluation. Suspect conditions identified by the
general visual examination may receive a supplemental examination (e.g., examine the condition
using VT-3) to determine if the condition is a major corrosion indication (see Section 5.1.1).
For VT-3 examinations, the following guidance provides example criteria for identifying
“relevant conditions” that should receive supplemental examinations capable of detecting the
presence of cracking. Indications of potential corrosion degradation detected using VT-3 may
also receive a supplemental VT-1 examination to provide an accurate classification of the
indication as an insignificant, minor, or major corrosion indication. Each of these classifications
has different recommended actions associated with its detection.
These visual examinations are meant to screen for evidence of conditions where SCC may be
occurring. The relevant condition itself (i.e., a corrosion indication that could be an SCC
precursor) in the absence of CISCC would not challenge the canister confinement integrity.
Instead, the relevant condition is an indicator that degradation (e.g., CISCC) may be present.
Screening out locations that are not undergoing corrosion using visual examinations reduces the
burden of examination by minimizing the need for examinations using NDE techniques capable
of directly detecting the presence of cracking.
5.1.1

Major Indications of Corrosion

Major indications of corrosion are severe enough that CISCC may have already initiated under
the visual indication and significant enough to indicate that the site environment may have
already resulted in CISCC in additional canisters. Major indications of corrosion are considered
corrosion degradation.
If a corrosion indication meets any of the following, it should be considered a major indication:
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•

Cracking of any size 11

•

Corrosion products having a linear or branching appearance

•

•

–

An example of such an indication from CRIEPI corrosion testing ([36] and [43]) of a
canister mockup is shown in Figure 5-1.

–

This does not include areas of light corrosion that follow a fabrication feature or anomaly
(e.g. scratch or gouge) indicative of iron contamination.

Evidence of pitting corrosion, under deposit corrosion, or etching with measurable depth
(removal/attack of material by corrosion)
–

This does not include fabrication anomalies resembling pits or surface attack (i.e.
porosity at the material surface) that can be present on surfaces with mill finish unless
corrosion product is also present around or in these features.

–

The system for classifying pitting in ASTM G-46 [25] is not applicable to the degradation
mode of pitting that serves to initiate through-wall CISCC. Those criteria are designed to
assess pitting with respect to the failure mode of through-wall pitting and do not account
for smaller pits still being able to initiate cracks.

In a 10 cm × 10 cm region, corrosion product is present in 25% or more of the surface with
evidence of attack into the canister material (e.g., classification as RN 4 or lower per JIS G
0595 [44])
–

Figure 5-2 provides an example of such a region of corrosion products with CISCC from
CRIEPI corrosion testing ([36] and [43]). Figure 5-3 includes major corrosion indications
and appears similar to the cracked region in Figure 5-2, but no cracking was detected in
Figure 5-3 because this area was mitigated using a surface stress improvement technique.

–

Corrosion products may be red-orange, dark brown, or black; darker corrosion products
are usually ringed by red-orange products.

–

A visual comparison between atmospherically exposed specimens and corrosion product
coverage is available in Section C.3.1. Similarly, a comparison between corrosion
product coverage and chloride areal density is provided in Figure 5-4.

•

Evidence of water intrusion that runs into a crevice location with rust staining at the edge of
the crevice

•

Corrosion product deposit present at the mouth of an occluded region that includes a portion
of the canister shell weld

Upon detection of major indications of corrosion, regardless of the location of the corrosion, the
component is re-classified as “corroded” and a Category A population is re-classified to
Category B. As noted in Section 6.2.1, examination of additional canisters may be necessary to
determine the extent of condition. The presence of such corrosion absent CISCC is not expected
to affect canister confinement integrity, but it demonstrates elevated susceptibility to CISCC.
By this classification and the guidance in Section 5.1.5, visually-identified cracking receives supplemental surface
or volumetric examination regardless of its location on the canister surface. Section 5.2 provides further actions if
the indication is confirmed as cracking by a surface or volumetric examination.

11
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Because of this and because sample inspection results represent the expected condition of other
canisters in the population, a population where corrosion degradation has been detected is
classified as Category B even if remediation is performed for all detected corrosion degradation.
Visual examinations that detect the presence of a major corrosion indication within 50 mm
(2 inch) of a weld should receive a supplemental surface or volumetric examination for the
presence of cracking (Exam 2 in Table 4-3). For major corrosion indications, a supplemental
examination using VT-1 is not sufficient to justify the absence of cracking. Other major
indications are acceptable without supplemental examinations (see Section 5.1.5). When
performing these supplemental examinations to detect the presence of CISCC, the acceptance
criteria guidance of Section 5.2 is applicable.

Figure 5-1
Major Corrosion Indications with CISCC: Linear and Branching Corrosion Products
(From Accelerated Test for 5000 hours at 4 g/m2 as Cl, 80°C, and 35% RH) [43]

Lifting Lug Weld (Not
Typical of Actual Canisters)
Figure 5-2
Major Corrosion Indication with CISCC: Greater than 25% Coverage (From Accelerated
Test for 5000 hours at 4 g/m2 as Cl, 80°C, and 35% RH) [43] 12

The surface is covered in discrete squares of corrosion because the chloride deposition method was to spray a
7.5 cm × 7.5 cm area with a controlled dose of artificial sea water solution, permit it to dry, and advance to the next
position [36]. The surrounding area was masked off while spraying.

12
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Mitigated
Area

Weld Line

Figure 5-3
Major Corrosion Indications without CISCC: Greater than 25% Coverage Subject to Same
Conditions as Figure 5-2, but with Low-Plasticity Burnishing Stress Mitigation [43]

2 g/m2 as Cl

1 g/m2 as Cl

Welded ring

3 g/m2 as Cl

4 g/m2 as Cl

Figure 5-4
Visible Corrosion for Different Chloride Areal Densities after Accelerated Corrosion Test
(2000 hours at 50°C and 35% RH) [45] 13
This accelerated corrosion test specimen had a seven-pass tungsten inert gas weld and was fabricated from 304L.
It was reported that SCC was not detected in the specimen following the test exposure [46].

13
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5.1.2

Minor Indications of Corrosion

Minor indications of corrosion may indicate the presence of incipient cracking in particularly
susceptible material but are unlikely to indicate the presence of large or widespread cracks.
A minor indication of corrosion meets any of the following, but does not meet any of the criteria
for a major indication:
•

Evidence of water intrusion stained the color of corrosion products

•

Areas of light corrosion that follow a fabrication feature or anomaly (e.g. scratch or gouge),
such indications are indicative of iron contamination

•

In a 10 cm × 10 cm region, corrosion product is present in 10% to 25% of the canister surface
(e.g., classified as RN 5 or 6 per JIS G 0595 [44])

•

Corrosion product greater than 2 mm in diameter

Minor indications of corrosion within 50 mm (2 inch) of a weld can be accepted by performing
supplemental examinations to confirm that there is no CISCC present. Other minor indications
are acceptable without supplemental examinations (see Section 5.1.5). Appropriate supplemental
examination approaches include either:
1. Remove the corrosion deposit without damaging the underlying surface. Examine the surface
under the deposit using VT-1 for any signs of pitting, cracking, under-deposit corrosion, or
general attack. If such attack is detected or if the corrosion indication has measurable depth, a
volumetric or surface examination of the affected area should also be performed to detect the
presence of cracking (Exam 2 in Table 4-3).
2. Perform a volumetric or surface examination for the presence of cracking in the affected area
(Exam 2 in Table 4-3).
All minor indications of corrosion should be recorded for trending purposes, but detection solely
of minor indications neither triggers reclassification of the canister to “corroded” nor causes
expansion of the number of canisters in the sample.
5.1.3

Insignificant Indications of Corrosion

Insignificant indications of corrosion (i.e., indications that do not meet the criteria for major or
minor corrosion) should be imaged and saved for trending purposes but do not trigger any further
actions or reclassification of the canister. An example of an insignificant indication of corrosion
would be corrosion product is present on less than 10% of the canister surface in a 10 cm ×
10 cm region (e.g., classified as RN 7 or higher per JIS G 0595 [44]). Dust and loose biological
matter (generally non-adherent and light brown) are non-relevant and are not an indication of
corrosion. Similarly, fabrication defects not subject to active corrosion are non-relevant, but such
indications may be recorded for future trending as noted in Section 3.2. Visual observations of
corrosion that use 3-D imaging to determine that the visual indication has no height or depth also
may be considered insignificant indications of corrosion.
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5.1.4

Recommended Use of Preservice Inspection Results for Acceptance of
Indications

Preservice inspection results may be used to accept the presence of flaws by demonstrating that
they are fabrication-related and not caused by corrosion. For example, surfaces with a mill finish
may have surface discontinuities and pit-like features from fabrication. Disposition of such
features may depend on the presence of corrosion products (rust staining) around the indication
indicating whether corrosion is occurring at the feature. Examinations capable of characterizing
such discontinuities have generally not been required during preservice inspections, so the
preservice condition of the canister surface may not be known.
5.1.5

General Visual Examination Outside of Figure 4-5 Examination Surface

Incidental findings by Exam 1-b examinations of potential corrosion indications that are outside
the examination surface of Figure 4-5 (i.e., more than 50 mm (2 inch) from a weld) are of lower
concern for CISCC because they are not subject to a known source of elevated tensile stress
(e.g., weld residual stress). While CISCC may eventually occur in such areas, performing an
augmented examination on such indications is not recommended because the susceptibility of the
weld regions bounds that of the regions away from the weld. CISCC is significantly less likely to
occur in regions away from the welds than at locations within the Figure 4-5 examination surface
(which contains elevated residual stresses). Examination resources are best used in higher
susceptibility areas known to contain elevated residual stresses. If cracking of any size is visually
detected anywhere on the canister, it should receive a supplemental surface or volumetric
examination using the acceptance criteria of Section 5.2.
The NDE technician should record observations of potential corrosion or areas otherwise of
interest that are outside the VT-3 examination surface into the permanent inspection record. To
the extent possible, observations of potential corrosion should be classified as major, minor, or
insignificant indications of corrosion. In the event that the suspect condition is classified as a
major corrosion indication, the population Category should be updated as appropriate. It is
recommended that such observations also be entered into the site CAP.

5.2

Augmented Examinations for Presence of Cracking

Canisters with major corrosion indications within the VT-3 examination surface are examined
for the presence of cracking using augmented examination methods. The dispositioning of
indications as irrelevant or as a flaw is controlled by the examination procedure and personnel
training for each individual NDE technique. Consequently, Section 5.2 provides
recommendations for flaws that have been detected in the canister material whereas Section 5.1
focused on criteria for classification of visual indications. The ability of these examinations to
detect and disposition indications as flaws should be assured by demonstration to qualify
personnel and procedures as being able to detect linear or planar flaws in canister material. The
recommendations of this section explicitly consider the possibility that cracking initiates from
the tip of a pit and propagates sub-surface.
Supplemental examination techniques may be applied to characterize an indication (e.g., to
disposition as a flaw or irrelevant, to measure the size of a flaw, or to determine flaw position
with greater accuracy) or to disposition indications that appear to be fabrication-related
indications (e.g., sub-surface flaws in regions without any surface indications, tooling marks,
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fabrication defects not subject to active corrosion). Such applications are at the discretion of the
personnel performing the examination.
5.2.1

Surface Examination Acceptance Criteria

A surface examination is designed to look for discontinuities in the surface of a material. The
following recommendations are provided for the flaws detected by surface examinations that are
not caused by corrosion:
•

If a surface examination confirms the absence of flaws, no further actions are recommended.

•

No further actions are recommended if any of the following apply to the detected flaw:
–

The detected flaw is a rounded indication in an area that is confirmed to have no
corrosion products present (i.e., corrosion products are not visible and could not be
masked by other deposits).

–

The detected flaw is a linear indication fully contained within an area that is confirmed to
have no corrosion products present, and the linear indication is determined to not have a
crack-like morphology.

If it cannot be demonstrated that the surface indication is not caused by corrosion, the following
recommendations apply:
•

For a rounded indication, it should be confirmed that a planar flaw is not present beneath the
indication (i.e., that cracking has not initiated at the tip of a pit and grown into the canister
material without propagating along the surface). A supplemental volumetric examination
may be needed to ensure subsurface cracking is not occurring.
Operating experience indicates that this flaw morphology is capable of occurring in such a
way that dye penetrant testing only observes rounded indications at a location with throughwall CISCC. The potential for porosity at the material surface, gouges, and other nonrelevant surface-breaking defects is expected to make performance of surface examinations
difficult on many canisters.

•

For a linear indication that does not have crack-like morphology, it should be confirmed that
cracking has not initiated at the tip of the flaw and grown into the canister material. A
supplemental volumetric examination may be needed to ensure subsurface cracking is not
occurring.

•

A linear indication with crack-like morphology should be considered an outside surface
connected planar flaw (i.e., cracking that is attributable to CISCC), and the recommendations
of Section 5.3 apply.

If a flaw that has been remediated or mitigated remains surface-connected, a volumetric
examination should be performed and the guidance of Section 5.2.2 should be used.
If cracking of any size is detected, it should be evaluated using the guidance in Section 5.3. If
cracking of any size is detected, the canister is re-classified as “cracked” and the population is reclassified to Category C. The extent of condition should be determined, and this may involve
examination of additional canisters (see Section 6.2.2 for additional guidance).
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5.2.2

Volumetric Examination Acceptance Criteria

A volumetric examination is designed to look for discontinuities within the bulk of the material.
Supplemental examination may be used to disposition indications (e.g., to determine if surface
connected). The following recommendations are provided for the flaws detected by volumetric
examinations that are not caused by corrosion:
•

If a volumetric examination confirms the absence of planar flaws, no further actions are
recommended.

•

No further actions are recommended if any of the following apply to the indication:

•

–

The detected indication is determined to not be connected to the exterior of the canister
(i.e., not outside surface connected).

–

The entirety of the detected flaw is in an area that is confirmed to have no corrosion
products present, and the indication is determined to not have a crack-like morphology.

–

The detected indication was recorded prior to being mitigated or remediated and there has
been no measurable increase in the flaw size after being remediated.

Otherwise, the detected indication is an outside surface connected planar flaw and should be
considered cracking that is attributable to CISCC.

If cracking of any size is detected, it should be evaluated using the guidance in Section 5.3. If
cracking of any size is detected, the canister is re-classified as “cracked” and the population is reclassified to Category C. The extent of condition should be determined, including examination of
additional canisters as necessary (see Section 6.2.2 for additional guidance).

5.3
5.3.1

Flaw Evaluation
Flaw Evaluation Approach

Once an indication has been classified as cracking, it should be evaluated for continued service.
Depending on the results of the flaw evaluation, additional corrective actions may be justified as
described further in Section 6. “Cracked” canisters that are not remediated should be periodically
reexamined to ensure that the outside surface connected planar flaws which are known to exist
are appropriately monitored and trended.
As detailed in Section 5.3.2, the recommended flaw evaluation approach for part-depth flaws is
to perform a crack growth assessment to determine the time at which the crack would be
expected to reach through-wall. For very deep flaws and through-wall cracks, additional
evaluations are recommended to assess the consequences of the flaw growing through-wall, such
as loss of the helium backfill.
A structural evaluation is not needed when evaluating individual flaws. The ductile austenitic
material of the canister shell and the low operating loads while in storage provide a significant
safety margin such that a generic structural evaluation is sufficient. The EPRI Flaw Growth and
Flaw Tolerance report [9] performed limit load calculations to determine the flaw size at which
plastic fracture would occur. The acceptable flaw lengths are greater than 25 times the shell
thickness when considering design basis operating stress and internal pressure—even for
accident conditions. Such loading conditions are conservative because the actual internal
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pressure of the vessel decreases during storage as the decay heat decreases and the helium
backfill cools. Since the internal pressure is provided by the helium backfill, a through-wall
crack would be expected to release the internal pressure in a matter of hours to weeks [9].
Additionally, the calculation in Reference [9] imposed the operating stresses associated with
canister insertion/removal, which are much higher than the stresses the canister experiences
when stored on the ISFSI pad. The weld residual stress profile favors cracking oriented
transverse to welds. The stress profile also indicates the cracking will be limited in length to the
width of the high-stress weld region and therefore less likely to coalescence.
The flaw tolerance calculations confirm that structural integrity will be maintained because
CISCC is unlikely to grow to the structurally unacceptable sizes under normal storage
conditions. Consequently, flaw evaluation guidance focuses on preventing through-wall cracking
by CISCC.
5.3.2

Part-Depth Flaws Less than 75 Percent Through-Wall

For flaws that are less than 75% through-wall, there is not an immediate concern for the crack to
become through-wall. These flaws should be entered into the site CAP, and the responsible
individual(s) should determine whether or not the flaw constitutes a condition adverse to
quality. 14
For “cracked” canisters, it is recommended that the next inspection occur by the time the flaw is
calculated to reach 75% through-wall or within 5 years, whichever is sooner. If the flaw will
reach 75% through wall before a follow-up inspection is feasible, refer to the recommendations
of Section 5.3.3. Any corrective actions determined by the CAP to be necessary should also be
scheduled to occur by this time.
The deterministic crack growth rate (CGR) relation and calculations in Reference [9] provide a
means to assess the storage duration for which a detected flaw remains less than 75% throughwall. The flaw sizing uncertainty should be accounted for when selecting an initial flaw size in
such calculations. Probabilistic modeling, such as in Appendix A, is able to directly model flaw
sizing uncertainty and evaluate the effects of remediating cracks at different sizes. Section
A.4.1.8 indicates that performing remediation on cracks measured to be more than 75% throughwall can be effective in preventing through-wall cracking.
Application of the EPRI flaw growth methodology [9] to a site with an ISFSI rank of 10 resulted
in an average growth rate from an initiated crack to through-wall (12.7 or 15.9 mm) that was
slightly lower than 0.5 mm/yr. If a flaw-specific CGR is not able to be determined using the
methodology of Reference [9], a rate of 0.5 mm/yr may be used.
At the “tollgate” reviews of the AMP, the latest industry-accepted CGR relation should be
identified for use in flaw evaluations.
5.3.3

Part-Depth Flaws Greater than 75 Percent Through-Wall

In the event that a part-depth crack is detected that is predicted to be greater than 75% throughwall at the time that a follow-up inspection is feasible, it should be entered into the site CAP, and
14

NRC reporting requirements (e.g., 10 CFR 72.75 or 72.242) will need immediate consideration.
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the responsible individual(s) should determine whether or not the flaw constitutes a condition
adverse to quality. 15
Using the process described in Section 5.3.2, the time remaining until the crack grows throughwall should be calculated. The ISFSI AMID should also be reviewed to identify any relevant
operating experience, repair experience, or generic industry analyses relating to the
consequences of through-wall CISCC with an appropriate limiting length. Such information may
be considered in the timing and extent of repeat inspections and any additional corrective
actions.
5.3.4

Through-Wall Flaws

In the unlikely event that detected cracks are demonstrated to be through-wall, they should be
entered into the licensee’s CAP, and the responsible individual(s) should determine whether or
not the flaw constitutes a condition adverse to quality and, if so, whether or not it is a significant
condition adverse to quality. 16 The ISFSI AMID should also be reviewed to identify any relevant
operating experience, repair experience, or industry analyses relating to operation with throughwall CISCC. Such information may be considered in the timing and extent of repeat inspections
and any additional corrective actions or licensing actions.

NRC reporting requirements (e.g., 10 CFR 72.75 or 72.242) will need immediate consideration.

15

The guidance in section E-HU1 of NEI 99-01[47] relative to ISFSI malfunction and NRC reporting requirements
(e.g., 10 CFR 72.74, 72.75, or 72.242) will need immediate consideration.
16
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GUIDANCE FOR CORRECTIVE ACTIONS
This section discusses the corrective actions and extent of condition inspections to be performed
in the event that the acceptance criteria in Section 5 are not met. The licensee’s Corrective
Action Program (CAP) contains procedures and requirements to ensure that such an item would
be addressed effectively and appropriately.
As part of the licensing process, 10 CFR 72.140 requires that licensees have a Quality Assurance
(QA) program meeting the requirements of 10 CFR 50 Appendix B, 10 CFR 71 Subpart H, or 10
CFR 72 Subpart G. The QA Program ensures that conditions adverse to quality are identified and
corrected by the licensee CAP, as required by 10 CFR 50 Appendix B Criterion XVI, 10 CFR
71.133, or 10 CFR 72.172. It is recommended that any outside surface connected planar flaws
attributable to CISCC be entered into the licensee CAP.

6.1

Flaw Remediation

Crack remediation involves ensuring that the detected crack does not grow beyond its current
size (e.g., per IWA-4000 [12]). Valid methods of flaw remediation may include repair of the
CISCC affected area, replacement of the component, mitigation of the component using a
technique capable of halting growth of existing flaws, and/or moving the confinement boundary
away from the crack (e.g. overlay or encapsulation within a sealed cask). Corrosion degradation
without cracking may also be remediated to prevent the initiation of CISCC.
It should be ensured that the remediation will not have an adverse effect on susceptibility when
applied inservice (e.g. a coating trapping chlorides, causing under deposit/crevice corrosion).
This may include modifications to the examination surface or volume for VT-3 and augmented
examinations. Any areas of corrosion degradation or cracking that are remediated should be
examined by volumetric or surface techniques the next time that the canister is inspected. If the
remediation technique leaves the crack in-place, an evaluation may be necessary to ensure that
the flaw will not affect the canister structural integrity under accident conditions or grow by
mechanical means (e.g., fatigue).
The inspection guidance uses the weld regions as known locations of high susceptibility that
bound the susceptibility of regions away from the weld. Following widespread remediation of
cracks or mitigation of the weld region, the weld region can no longer be considered bounding,
and augmented examinations of major corrosion indications away from the weld region should
be considered.

6.2

Extent of Condition

If aging-related degradation is detected, it is recommended that the corrective action investigate
the extent of the condition. The extent of condition investigation may include performing
examinations both of additional canisters in the population and of additional areas on the canister
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in which aging-related degradation was detected. Expansion of the sample size to determine the
extent of condition upon detection of aging-related degradation permits using a small initial
sample size while providing reasonable assurance that CISCC cracking can be detected before it
goes through-wall. By starting with the most susceptible canisters, only a small scope of visual
inspections is needed until corrosion degradation begins to be detected.
If corrosion degradation is detected, a larger sample size provides assurance that undetected
cracking is not present in other canisters in the population. If cracking is detected, further
expansion to determine the extent of condition ensures that canisters having cracking are
detected prior to through-wall penetration. The analyses of the probabilistic model highlight the
importance of expanding the sample to determine extent of condition. The scope of such
examinations is to be expanded as directed by the site CAP. A review of the ISFSI AMID to
determine current industry practice is recommended as part of the corrective action.
6.2.1

Guidance Upon Detection of Corrosion Degradation

If an examination detects the presence of corrosion degradation in a canister in a Category A
population, the CAP should be engaged to determine whether additional canisters should be
inspected to determine extent of condition. An expansion in the number of canisters to be
inspected is intended to accomplish two things: (1) determine whether the detected corrosion is
an anomaly or typical of canisters with the same canister rank and (2) provide a reasonable
chance of detecting SCC, if it is occurring in the population of canisters. When evaluating
whether to examine additional canisters and, if so, by how many, the prior results of canister
inspections should be considered:
•

Severity of individual indication(s)

•

Extent of indications (quantity and distribution across the surface) on canister(s) with
detections

•

Number of canisters affected and variability of condition

•

ISFSI rank (or chloride areal density if available)

If the detected indications are less severe or limited to a single location on a canister, then it is
unlikely that other canisters are degraded to the point where cracking is detectable. Sample
inspections are more effective on populations where the prevalence of corrosion is similar on the
canisters examined (low variability), so a smaller sample is sufficient. For example, if the
detected corrosion degradation is limited to one location on one canister, then it may be
appropriate to examine no additional canisters. Alternatively, if corrosion indications cover a
large surface area on half the canisters examined, then examination of additional canisters may
be warranted. The effect of different sample expansions upon the detection of corrosion is
evaluated using probabilistic modeling in Appendix A (Sections A.4.1.5, A.4.1.6 and A.4.3).
If the ISFSI AMID has reports of cracking in the fleet at a canister rank that is present in the
population, then investigating the extent of condition is particularly apt.
It is recommended to identify any particular canister property, fabrication technique, or defect
that results in canisters being more susceptible to aging-related degradation. If an extent of
condition assessment is performed, then a subset of the canisters that share this characteristic
should be examined. A subset of the canisters that share this characteristic should also be
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included in subsequent inspections of the Category B population. In general, additional canisters
to be examined, if any, should be chosen from the set of “uninspected” canisters in the
population.
The detection of corrosion in a Category C population (having “Cracked” canisters) is not
recommended to trigger an extent of condition assessment.
6.2.2

Guidance Upon Detection of Cracking

If an examination detects an outside surface connected planar flaw, it is recommended to expand
the current and future inspection samples by engaging the CAP to determine the extent of the
condition in that population. This expansion of inspection scope serves to detect the presence of
any additional cracking. The set of canisters considered to be within the sampling population
(see Section 4.3) should be updated based on the canister rank of the canister(s) in which
cracking was identified.
The number of additional canisters examined should be sufficient to provide reasonable
assurance that cracks are detected before they grow through-wall. This is assured by the
combination of examinations to determine extent of condition and a larger sample size in
subsequent inspections. Within the context of the CAP, the following factors should also be
considered:
•

A progressive expansion focused on the most susceptible canisters may provide reasonable
assurance that cracking in other canisters will not grow through-wall before it is detected. A
progressive expansion in this context means examining a few additional canisters at a time
and deciding whether to continue to expand to additional canisters based on whether cracking
is detected in the additional canisters.

•

Similar to the guidance in the prior section on corrosion degradation, the prior results of
canister inspections should be considered:
–

Severity of detected cracks
The size and, if available, the apparent growth rate of detected cracks should be
considered. If cracks are to be detected before reaching through-wall on any of the
canisters, then detection of deeper cracks should result in a larger sample. Detecting
shallow cracks indicates that cracking may be incipient and limited to a few canisters.

•

–

Extent of cracking (quantity and distribution across the surface) on canister(s) with
detections

–

Number of canisters affected by cracking or corrosion and variability of condition

–

ISFSI rank (or chloride areal density if available)

If cracks have been detected by other populations in the fleet, the ISFSI AMID can be used to
assess how widespread cracking is likely to be based on the quantity and size of cracking
detected in the population.

Prioritization of additional canisters to be inspected should be performed using the guidance in
Section 4.3.4 for inspections of Category C populations. The additional canisters to be examined
should be examined using the methods in Table 4-3. For example, any “uninspected” canisters
being examined should receive Exam 1-a and 1-b examinations.
6-3

Guidance for Corrective Actions

In addition to assessing the extent of condition for additional canisters in the population, the CAP
may determine that the extent of condition for other locations on the canister with detected
cracking. Additional examinations may include a subset of the following:
•

Perform in-situ assessments or examinations of crevice regions (e.g., using guided wave UT).

•

Examine the entire length of accessible weld for the presence of cracking, including regions
without corrosion indications.

6.3

Additional Actions and ISFSI AMID Reporting

Additional actions beyond those recommended in this report may be required by the licensee’s
CAP, applicable regulations, or other industry guidance in the event that aging degradation is
detected.
Regardless of whether or not aging degradation is detected, EPRI recommends that licensees
submit all inspection results (both positive and negative) to the ISFSI AMID in a timely manner.
To provide other licensees with a useful entry, it is recommended that the following information
also be included in the ISFSI AMID record (as available):
•

The susceptibility ranking of the ISFSI (ZISFSI)

•

The number of canisters examined, the canister rank (HCAN or VCAN) of the canisters
examined, the number of canisters in the sampling population, and the total number of
canisters in the population

•

All of the parameters recorded as inspection results (listed in section 3.2)

•

Any findings of corrosion that receives a follow-up examination for the presence of cracking
–

•

•

If possible, images of the “as found” condition should be made available

If an outside surface connected planar flaw is detected, it is recommended to submit:
–

The crack size, morphology, and location

–

Any relevant canister fabrication information that may have contributed to the occurrence
of CISCC (if available)

–

Any details on site environment or any aggravating environmental factors

–

If possible, images of the “as found” condition should be made available

If measured, chloride areal density associated with detected corrosion or cracking.

Additional guidance regarding submittals to the ISFSI AMID is provided in NEI 16-10 [48] and
in Section 4.5 of NEI 14-03R2 [32].
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A

PROBABILISTIC CONFINEMENT INTEGRITY
ASSESSMENT OF WELDED STAINLESS STEEL
CANISTERS
A.1
A.1.1

Introduction
Objective

This appendix documents the development of a probabilistic model that assesses the likelihood
of CISCC resulting in crack growth through the wall of the austenitic stainless steel canisters
used in many DCSSs to house used nuclear fuel. The results of this assessment are reported in a
relative manner with “no inspection” treated as a base case with a value of 1.0. These results
indicate the relative improvement (reduction in cumulative probability of leakage, CPL)
achieved when parameters associated with inspection are varied.
This information was considered in the development of the aging management guidance in this
report in order to optimize application of inspection resources. The information in this appendix
may also be considered when determining the specific scope expansion at a site where corrosion
or cracking has been detected.
A.1.2

Scope

The probabilistic model documented by this appendix evaluates the probability of canister
pressure boundary penetration caused by chloride-induced stress corrosion cracking. The range
of degradation mechanisms evaluated is limited to CISCC; previous evaluation of potential
degradation mechanisms and failure modes concludes that through-wall cracking and CISCC are
the most likely degradation mode and mechanism, respectively, that could challenge the
confinement provided by canister pressure boundary integrity [A-1].
Only austenitic stainless steel DCSS canisters exposed to ambient storage conditions are assessed
within the scope of this appendix. The only materials evaluated are Type 304 and Type 316
austenitic stainless steels along with their low-carbon versions; the vast majority of DCSS
canisters in the U.S. are fabricated from these alloys.
The model includes the ability to simulate a variety of inspection approaches. Some of the
inspection model features include the ability to represent different inspection techniques and
flexible inspection scheduling capable of performing sample inspections.
The modeling of degradation considers the time up to and including the penetration of a CISCC
crack through the wall of the canister. The results of the model are used to evaluate the change in
probability of a through-wall CISCC crack for given modeling assumptions. Results are
therefore presented in terms of relative probability, in which the probability of canisters having
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cracks that reach through-wall for a given case is divided by the probability for a comparable
base case. The radiological risk due to a through-wall penetration during storage at an ISFSI is
not assessed in this appendix.
A.1.3

Approach

The probabilistic model documented in this appendix uses a Monte Carlo method to assess the
probability of a crack penetrating through-wall, and results are presented as a relative change in
probability versus base cases. The model consists of flaw initiation, part-depth crack growth, and
inspection modules that use deterministic inputs or inputs defined by statistical distributions, as
appropriate. In summary, the model initiates a flaw once the initiation probability exceeds a
sampled threshold, which then propagates as a crack by CISCC. The crack growth module is
based on the deterministic modeling described in a recent EPRI technical update [A-2] and is
affected by the climate of the location(s) at which the modeled canisters are stored. An initial
inspection is modeled to detect degradation of the surface by corrosion of sufficient severity to
be considered an indicator of potential underlying cracking (i.e., a major corrosion indication). A
follow-up examination is assumed to be used to detect CISCC cracking at locations with detected
major corrosion indications. If the crack is detected by this follow-up examination and is larger
than a threshold, action is taken to remediate the CISCC crack. Various statistics are calculated
for evaluation of results, including the cumulative probability of a canister through-wall crack
over storage time. Both groups of canisters at a single ISFSI and groups of canisters across
multiple ISFSIs are considered, with the latter using canister susceptibility rankings to establish
inspection behavior.
A.1.4

Appendix Structure

Section A.2 describes the overall approach used to model the likelihood of canister confinement
penetration. Section A.3 describes the calculation modules that comprise each realization and
provides details on the calculations performed. Section A.4 presents the relative results of
different cases and discusses the relative influence of the model inputs and the modeling
approach used.

A.2
A.2.1

Modeling Approach And Structure
Introduction to Probabilistic Modeling

Probabilistic analyses are useful tools for evaluating complex systems while incorporating
variation in conditions (e.g. among component or among sites), uncertainty due to inherent
randomness in stochastic processes, and uncertainties due to incomplete understanding of
modeled processes. In a deterministic assessment, conservative values of inputs are used to
address such variation while bounding the expected behavior of the system. Use of a
probabilistic approach can avoid such compounding of conservatisms and the statistical nature of
the output permits the degree of conservatism to be selected.
The probabilistic model described in this appendix is implemented using the Monte Carlo
method. A Monte Carlo method is used for the probabilistic calculations; this method includes
the following steps: (1) a set of inputs are defined which can contain deterministic values or
statistical distributions defining a randomly sampled input, (2) a deterministic model is defined
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which simulates the process of interest, (3) the deterministic model is iterated while randomly
sampling a different set of inputs for each iteration from the statistical distributions, and (4) the
deterministic model results (from each iteration) are aggregated in statistical form. Each
independent iteration of the deterministic model is known as a realization, and thousands of
realizations are aggregated in each run of the Monte Carlo model to obtain the statistical outputs.
The randomly sampled inputs used for each iteration of the deterministic model cause different
realizations of a Monte Carlo analysis to yield different results. As the number of realizations is
increased, the average or aggregate of the results from the realizations converges and yields the
result of the probabilistic analysis.
To characterize the probabilistic model, base cases are defined with a standard set of inputs.
Variations from this set of inputs are known as sensitivity cases and can be used to investigate
the effect of different model parameters on the results.
A.2.2

Overview of Probabilistic Model

The probabilistic model developed to evaluate the potential for chloride-induced degradation of
the canister is implemented using a flexible Monte Carlo framework. Each Monte Carlo
realization models a chosen number of canisters that are each discretized into a number of
potential flaw initiation sites. Within each realization, the model iteratively solves for the
degradation time history by modeling flaw initiation, crack growth, and inspections, as follows:
•

Flaw Initiation. The modeling of flaw initiations is described in Section A.3.1. In the
probabilistic model, the stochastic process of initiation is modeled by sampling a crack
initiation probability threshold for each potential flaw position. The initiation probability
accumulates incrementally at an assumed rate assigned based on the canister rank (see also
Section 2.4.2) and a crack initiates once the initiation probability reaches the sampled
threshold. This approach permits the probabilistic model to consider differences in
susceptibility between sites based on different susceptibilities to crack initiation.

•

Crack Growth. The modeling of crack growth is described in Section A.3.2. The modeling of
part-depth crack growth is performed using the crack growth rate model from a prior EPRI
atmospheric CISCC flaw growth assessment [A-2]. The probabilistic model can consider
different crack propagation rates due to differences in ambient climate. Previous evaluations
of canister flaw tolerance [A-2] have demonstrated that flaws of significant length will not
result in rupture of the canister, so additional growth of crack length after through-wall
penetration is not considered and crack length results are not reported. The probabilistic
model uses the statistical distributions of the crack growth rate coefficient to account for the
range of uncertainty in the crack growth rate.

•

Inspections. The modeling of inspections is described in Section A.3.3, and the scope of
inspections can be controlled either using specified sample sizes or using the canister
susceptibility rank. Cases with inspections based on specified sample size consider
inspections that are performed on a group of similarly susceptible canisters in a population
(e.g., canisters under one license at one site and having similar or the same canister rank).
Cases with inspections based on canister susceptibility rank represent inspections at an ISFSI
or across multiple ISFSIs that are prioritized based on susceptibility.
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When an inspection is performed, the canister is examined to detect degradation of the
canister surface by corrosion. If a major corrosion indication (i.e., significant corrosion
indicative of underlying cracking) is found, a follow-up examination is performed to detect
the presence of cracking. If cracking is found and is larger than the acceptable size specified
as an input, the model assumes that actions are taken to effectively prevent the SCC from
reaching through-wall.
Figure A-1 depicts the organization and flow of the calculation steps in the probabilistic model.
The framework is built around a Monte Carlo loop that iterates among realizations and a time
loop that iterates through time within each realization. In addition to performing the time loop,
the Monte Carlo loop also randomly samples values from the statistical distributions input to the
model. The time loop consists primarily of the calculation modules described in Section A.3—
flaw initiation, crack growth, and inspection.
The following subsections discuss the approach used to discretize the modeled system and set the
scope of the calculation.
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Figure A-1
Probabilistic Model Flow Chart

A.2.2.1

Model Discretization

When modeling a system, the scope of that system included within the model is defined and the
included aspects of the system are discretized so the properties of the components of the system
can be tracked. Key parameters (e.g., canister rank or current flaw length) are stored as arrays
with an element for each discretized item. For modeling degradation in a population of canisters,
the system is discretized into individual canisters and further into potential flaw positions on
each canister. The default values for these discretizations are provided by Table A-1.
Inspections are performed on a sample of the canisters, and the sample can expand due to
detections. The relative number of canisters inspected and rate of expansion is affected by the
number of canisters in each Monte Carlo realization, Ncan. A smaller set of modeled canisters
results in a greater fraction of canisters inspected by sample inspections when sample inspections
are performed among a group of similarly susceptible canisters in a population. Two sets of cases
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are run with different values of Ncan, as described in Section A.3.1.1. The effect of Ncan on the
model results is evaluated in Section A.4.2. Note that realizations are entirely independent.
Inspection expansion only occurs within the realization that triggers it (e.g. with detection of a
crack).
The canister surface is discretized into a set of potential flaw positions at which a crack may
initiate and grow. Effectively, each discretized flaw position represents the deepest and fastest
growing crack in a section of the canister. The number of these potential flaw positions per
canister, Npos, should be numerous enough that a crack is not actively growing in all of the
potential flaw positions on a given canister; otherwise they would act as a limit on crack
initiation. The effect of Npos on the model results is also discussed in Section A.4.2.
Crack interaction and coalescence are not modeled. Each discretized flaw position represents the
crack in a given discretized area that would grow to penetrate the canister wall first. The
influence of crack interaction and coalescence are of greatly reduced importance in light of the
negligible modeled dependence of the crack growth rate on the crack-tip stress intensity factor.
A.2.2.2

Iteration Control

Iteration through the Monte Carlo and time loops is controlled by three parameters: the duration
of the analysis, the incremental time step period, and the number of realizations. Table A-1 lists
the values of the inputs that are used to control the model framework for the cases evaluated in
this appendix.
The number of realizations that are run, Nreal, must be sufficient to generate converged statistical
results, or results which are repeatable and consistent across multiple runs of the same input case.
The value used for this modeling effort has been evaluated to ensure that the key results of the
simulation are appropriately converged and repeatable. Two sets of cases are run with different
values of Nreal, as described in Section A.3.1.1.
The time period considered, tend, reflects the “tollgate” approach to aging management programs.
The current knowledge base is limited by the relatively short duration of storage at most
locations. As the storage duration at the oldest ISFSI approaches 60 years, additional information
and experience will have accumulated to permit more accurate modeling of storage durations
beyond that time.
The size of the time step, Δtstep, is made sufficiently small to approximate continuous processes
while remaining large enough to maintain runtime performance. Further reductions in the time
step do not appreciably affect the results.
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Table A-1
General Model Inputs
Variable

Description

Units

Base Case Value

Nreal

Number of Monte Carlo realizations

-

See Table A-4

Ncan

Number of canisters per realization

-

See Table A-4

Npos

Number of potential flaw positions per
canister

-

8

Δtstep

Simulation time step

yr

1/12

tend

Time period considered

yr

60

A.2.3

Ending Conditions

The flaws that the model initiates on each canister continue to propagate by CISCC as part-depth
cracks until one of the following is met: (1) the final time step of the calculation is reached, (2)
they grow through-wall and result in leakage, or (3) detection of a crack triggers remediation that
halts their growth. The model does not record cracks that are part-depth at tend (60 years); the
other two eventualities are discussed below.
A.2.3.1

Flaw Remediation

The probabilistic model includes the performance of two classes of examination: (1) an
examination to detect the presence of a degraded surface condition indicating the potential for
underlying cracking, such as pitting in the weld region, and (2) an examination capable of
detecting SCC flaws. When a crack is detected by the second class of inspection, a flaw sizing
evaluation is modeled. Flaws “measured” to be deeper than a threshold size have their growth
halted. Such flaw positions are considered to have been appropriately addressed by repair,
mitigation, or analysis to ensure that the crack will not propagate through-wall. The inspection
module is discussed in greater detail in Section A.3.3.
A.2.3.2

Through-Wall Penetration

The other condition which can occur prior to the end time of the calculation is through-wall
penetration. For simplicity and due to the flaw tolerance demonstrated in [A-2], through-wall
penetration is modeled to occur when the crack propagates through the entire thickness of the
canister wall. Net section collapse or critical crack growth through the remaining ligament
between the tip of a part-depth crack and the inner surface is not modeled. No further processes
are modeled after through-wall penetration, and growth of through-wall cracks is not modeled. A
crack that reaches through-wall may still be repaired at a future time, at which point it would
count toward both the total number of through-wall and remediated flaws.
A.2.4

Format of Reported Results (Relative CPL)

The probabilistic model tracks a range of events in each realization and outputs summary
statistics at the end of each run. The primary statistic that is used for comparison among cases
within this appendix is the cumulative probability of leakage (CPL). The CPL is defined as the
average probability of a canister developing the first through-wall crack during the time period of
interest. The start (tstart) of this period of interest is either the start of modeling (0 yr) or the onset
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of inspections (tinsp,1 = 20 yr) while the end is taken to be the end of the modeled time (tend = 60
yr). The CPL is calculated using Equation [A-1]:
CPL =

1
N real N can

 Number of canisters across all realizations with 

t =tstart 

tend

∑  the first leaking crack during this time period

[A-1]

Where
tstart = start of time period of interest, yr
tend = time at last time step of the simulation, yr
Nreal = number of realizations
Ncan = number of canisters per realization (each realization models a set of canisters
over time)
Throughout the appendix, the relative CPL is used to report the results of cases. The relative
CPL is calculated by dividing the CPL for a case of interest by the CPL for a base case with the
same period of interest. For instance, the relative CPL for a case with inspections is generally the
CPL from the first inspection (tstart = 20 yr) until the end of the modeled period (tend = 60 yr)
divided by the CPL over the same period for a case with the same inputs except inspections are
not performed. Flaw initiation and crack growth can occur prior to tstart, but canisters that leak
prior to tstart do not count toward the CPL.
Because the end condition for the probabilistic modeling is through-wall cracking of the canister,
the CPL is an appropriate statistic to use to present the results. Presenting the CPL in a relative
manner has the benefit of reducing the influence of key assumptions by partially cancelling-out
changes that affect the inspection and no inspection cases in the same way. Since results in
Section A.4.1 are presented relative to a case without inspections, the relative CPL reflects the
efficacy of modeled inspections. A lower relative CPL corresponds to a more effective modeled
inspection.
Because of the inherent variability in results associated with the Monte Carlo method (even with
identical inputs), differences in results that are on the order of the variation between runs
(evaluated in Section A.4.2.4) should not be considered significant.

A.3

Calculation Modules and Input Development

This section documents the main calculation modules that are used to perform the probabilistic
modeling of canister confinement integrity and discusses typical input values for these modules
that are used by the illustrative cases described in Section A.4.
A.3.1

Flaw Initiation Probability

The initiation of localized corrosion and SCC are stochastic processes that vary in incubation
time and prevalence; higher susceptibility leads to earlier and more frequent initiation. The
susceptibility of a canister at a given time is assessed using the ranking criteria of the EPRI
Susceptibility Assessment Criteria report [A-3] as described in Section A.3.1.1.
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For the purpose of this probabilistic model, initiation is modeled by randomly sampling an
initiation probability threshold for each potential flaw position. The initiation probability starts at
zero when the canister enters service and asymptotically approaches one (1.0) as time progresses.
The rate at which the initiation probability accumulates is an assumed value, as described in
Section A.3.1.2, and is dependent on the canister susceptibility (as given by the canister rank).
Crack initiation is modeled to occur once the initiation probability reaches the initiation
probability threshold.
A.3.1.1

Susceptibility Assessment Criteria Canister Rank Calculation

The canister rank calculated using the criteria in the EPRI Susceptibility Assessment Criteria
[A-3] is used by the probabilistic model in calculating the accumulation of initiation probability
over time. The canister susceptibility rank is also used to determine which canisters are
examined when an inspection is modeled, as described in Section A.3.3.1.
As previously mentioned in Section 2.4.2, the canister susceptibility rank is calculated in
accordance with the criteria laid out in EPRI Susceptibility Assessment Criteria report [A-3],
summarized in Table A-2. The canister rank is calculated by summing the values of the
susceptibility assessment criteria. The deposition factor is calculated through time using the
parameter (XCl) that is calculated using Equation [A-2] to reflect the cumulative exposure of
susceptible areas of the canister to accumulated chlorides.
X Cl =

SD

 10  
(11 − Z ISFSI ) + 

 Z ISFSI  


[A-2]

XCl is dependent on the storage duration (SD, in years) and atmospheric chloride level, as given
by ZISFSI. The value of the ISFSI rank (ZISFSI) is assigned to the canisters as an input, allowing
inspection expansion to proceed according to the prioritization given by the canister rankings.
The horizontal and vertical canister rankings are different classifications and are not
interchangeable when comparing operating experience and scheduling inspections. However, the
simplified manner in which the probabilistic model represents the DCSS canister and its
environment means that the notable differences between the behavior of horizontal and vertical
canisters do not directly affect the calculation, so considering only one orientation does not
significantly impact the results. Therefore, only the susceptibility assessment criteria values
associated with the horizontal canister (Table A-2) are used in the cases of this appendix.
The standard inputs used to calculate the canister ranks are noted in Table A-3 and Table A-4.
An ISFSI susceptibility rank is assigned to each modeled canister to set the rate of increase for
the canister ranking deposition factor. A canister decay heat load is also sampled for each
canister at the beginning of the simulation. It is modeled to decrease at the same rate as the
surface temperature: following the curve in Figure 3-11 of the EPRI Flaw Growth and Flaw
Tolerance report [A-2]. A material is also assigned to each canister for the duration of the
simulation, setting the final canister rank and (in conjunction with decay heat) the initial canister
rank. For cases using the mean values in Table A-3, the canister rank starts at 5 (+1 +3 +1) and
reaches 10 (+5 +3 +2) before the end of the modeled time period.
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For cases evaluating inspections whose scope or onset is controlled by canister rank, each
realization includes a mixture of canister ranks in order to represent the diversity of canisters in
the field. The “Mixed Susceptibility” population in Table A-4 provides such a population that is
comprised of 100 canisters (Ncan = 100) with eight different susceptibility levels. The
composition of the assumed population is intended to provide a range of canister ranks at 20
years.
Other cases evaluate sample inspections of a group of canisters from the same loading campaign
at one site. These cases use the “High Susceptibility” and “Low Susceptibility” populations in
Table A-4, which are each comprised of 10 canisters (Ncan = 10) with a single susceptibility
level. Their relatively uniform susceptibility (the ISFSI and material factors are equal but the
decay heat factor may not be equal) makes these populations useful for cases not requiring a
wide range of canister ranks.
For the cases using the population of 100 canisters, fewer realizations (Nreal) are required to
provide the same convergence in results as for the smaller population (with Ncan = 10).
Conversely, fewer realizations result in leaks for the low-susceptibility (ZISFSI = 1) cases, so more
realizations are used to improve the convergence of the results. Section A.4.2.4 provides further
discussion on the topic of model convergence.
Table A-2
Summary of Canister Ranking Criteria [A-3]
Value

Canister Rank Value
(Hcan)

XCl < 1.5

+1

Deposition
Factor

1.5 ≤ XCl < 2.5

+2

(See Equation
[A-2])

2.5 ≤ XCl < 4

+3

4 ≤ XCl < 5

+4

XCl ≥ 5

+5

316L(N)

0

316

+1

304L(N)

+2

304

+3

> 20 kW

0

9 to 20 kW

+1

< 9 kW

+2

Parameter

Canister Alloy

Current Decay
Heat Load
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Table A-3
Ranking Factor Inputs Used for All Canisters
Variable

Description

Units

Base Case Value

Material

Canister material ranking value (for each
canister in population)

-

+3 (Type 304)

Initial canister heat load

Qcan

Distribution
Type

Normal

μ

12.0

σ

4.0

Min

10.0

Max

20.0

kW

Table A-4
Canisters Modeled in Each Realization (Each Representing a Canister Population)
Set

Quantity of
Canisters

AH Adjustment
Factor (fAH; Table A-7)

ISFSI Susceptibility
Rank (ZISFSI)

High Susceptibility (Ncan = 10; Nreal = 20,000)
1

10

+2 (Homestead, FL)

10

Low Susceptibility (Ncan = 10; Nreal = 50,000)
1

10

-1 (Buckeye, AZ)

1

Mixed Susceptibility (Ncan = 100; Nreal = 5,000)

A.3.1.2

1

5

+2 (Homestead, FL)

10

2

10

+1 (Marianna, FL)

7

3

10

+1 (Marianna, FL)

6

4

10

+0 (Camp Pendleton, CA)

5

5

15

+0 (Camp Pendleton, CA)

4

6

15

+0 (Camp Pendleton, CA)

3

7

15

-1 (Buckeye, AZ)

2

8

20

-1 (Buckeye, AZ)

1

Calculation of Initiation Probability

The initiation probability accumulates incrementally at an assumed rate assigned based on the
canister rank at that time step. The most relevant set of data upon which to develop an initiation
model would be the available operating experience for atmospheric CISCC of stainless steel
canisters. Since the development of an AMP for atmospheric degradation of these canisters is
proactive, there has been no such experience. Even using data for atmospheric corrosion of
stainless steel components is complicated by instances of CISCC that are not reportable and by
the set of welds or components without detectable cracking after decades of storage being, while
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large, generally unquantified. Consequently, the input values are selected using engineering
judgement to cause initiation with appropriate timing and prevalence in light of initiation test
data and the incidence of cracking in operating experience with system piping. In general, the
piping OE had a greater influence on the assumed initiation probability for the elevated
susceptibility (highly ranked) canisters.
To set susceptibility to initiation, each canister rank is assigned an assumed incremental initiation
probability per canister per year. As the canister rank of a modeled canister increases over time,
larger values of the incremental initiation probability are used. The initiation probability (Pinit) at
the nth time step of the simulation is given by the following equation:
n

Pinit =
1 − ∏ (1 − ∆pi )

∆tstep

i =1

[A-3]

Where
Δpi = Annual increment in initiation probability (given by Table A-5), at the ith time
step
Δtstep = Duration of each simulation time step, in years (given by Table A-1)
The above equation for Pinit starts at 0.0 and slowly approaches 1.0 as time elapses. The assumed
initiation probability per canister per year is given in Table A-5 for each canister rank value; the
calculation of canister rank is described in Section A.3.1.1. Section A.4.2.1 provides sensitivity
cases that assess the effect of different assumed initiation probability values on the effectiveness
of inspections, and Section A.4.4 evaluates the model results relative to available atmospheric
initiation test data and operating experience.
Once the initiation probability reaches a threshold value, initiation occurs. The initiation
probability threshold is independently sampled for each potential flaw position as a value
uniformly distributed between 0.0 and 1.0. Because each potential flaw position has a different
initiation probability threshold, initiation at each potential flaw position occurs at a different
time.
For simplicity, the same initiation probability is assumed for all potential flaw positions on a
given canister. However, this does not imply that the initiation probability is uniform across the
surface of an actual canister. On an actual canister, temperature and presence of crevice
geometry will influence the initiation probability within weld regions.
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Table A-5
Assumed Values of Annual Increment in Initiation Probability for Each Canister Rank

A.3.2

Canister Rank
(Hcan or Vcan)

Assumed Initiation
Probability per Year

1

10-6

2

5×10-6

3

2×10-5

4

10-4

5

2×10-4

6

5×10-4

7

10-3

8

2×10-3

9

5×10-3

10

0.01

Part-Depth Crack Growth Module

Part-depth crack growth is modeled using the same crack growth rate equations and in the same
manner as described in a prior EPRI flaw growth assessment [A-2]. Previous evaluations of
canister flaw tolerance [A-2] have demonstrated that flaws of significant length will not result in
rupture of the canister, so additional growth of crack length after through-wall penetration is not
considered. The CISCC crack depth growth rate is dependent on the ambient climate, the canister
surface temperature at the location where the crack is growing, and the current crack depth.
Additionally, the atmospheric CISCC growth rate has been found not to be strongly dependent
on the stress intensity factor over the range in which crack propagation occurs.
CISCC crack growth is only modeled to occur when the ambient humidity and the current
surface temperature result in a relative humidity at the canister surface temperature which is
above the modeled critical relative humidity above which sea salt is sufficiently aqueous to cause
corrosion (i.e., where RH is above the effective deliquescent relative humidity (DRH)). In
addition to influencing the relative humidity at the surface, higher surface temperature
accelerates crack growth when the relative humidity is sufficient to permit crack growth. This
acceleration is modeled using an Arrhenius relationship. The dependence of crack growth on
depth is captured by using two statistical distributions for the coefficient in the governing
equation for the crack growth rate: (1) a coefficient for shallow crack growth and (2) a transition
factor by which the shallow crack growth coefficient is multiplied to determine the coefficient
for deep crack growth.
A summary of the crack growth model is provided in Section A.3.2.1. Section A.3.2.2 describes
the statistical distributions that are used to model the crack growth rate, and Section A.3.2.3
provides further details on the effect of the ambient climate on crack growth and details the
climate datasets used in the cases of Section A.4. Section A.3.2.4 investigates alternate inputs
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appropriate for use if the crack growth model is assumed to not exhibit the bi-linear transition in
growth rate used in the standard model.
A.3.2.1

Depth-Dependent Two Stage Growth

The depth-dependent crack growth model developed in the EPRI Flaw Growth and Flaw
Tolerance Assessment [A-2] is based on the results observed in CRIEPI N10035 [A-4]. The
growth data for sea salt in this report exhibit a rapid initial CGR followed by a transition to a
much lower long-term CGR after the crack tip grew 2-3 mm deep. The mechanism that causes
the relatively sharp transition in CGR for this series of tests is believed to be a combination of
increased resistance between the electrochemical anode (crack tip) and cathode (surrounding
surface with aqueous conditions) together with the limited cathodic capacity of surfaces under a
deliquescent brine. The effects of these factors on CISCC and atmospheric corrosion have been
investigated [A-5].
Due to the small quantity of relevant crack growth rate data that include cracks more than 2-3
mm deep, the deterministic crack growth assessment performed by EPRI [A-2] used 95th
percentile values from statistical distributions with a 50% confidence interval on the mean. This
probabilistic analysis uses the same distributions (including the confidence interval) to model the
growth rate, but it randomly samples from the full statistical distribution rather than using a
deterministic 95th percentile value.
One other difference between the deterministic CGR model and that of the probabilistic analysis
is that instead of directly using a statistical distribution for the deep CGR coefficient, a transition
factor between the shallow and deep CGR coefficients is sampled. This modeling assumption
provides greater variability to reflect uncertainties and is comparable to imposing a correlation
coefficient of about 0.7 between the shallow and deep CGR coefficients.
The form of the CGR equation for CISCC at a given time is given by Equation [A-4]:

 Q  1 1 
α exp  − g  −
  for RH ≥ RH c and K I > 0
R  T Tref  
da 


=
dt 

0
for RH < RH c or K I ≤ 0


[A-4]

Where
da

dt

= crack depth growth rate

α = crack growth rate coefficient (mm/yr), a function of the crack depth

Qg = crack growth activation energy (kJ/mole)
R = universal gas constant (kJ/mole/K)
T = surface temperature (K), obtained by measurement or analysis using Equation
[A-5]
Tref = reference temperature for Arrhenius factor (K)
KI = stress intensity factor (MPa-m0.5)
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RH = local relative humidity at surface (%), obtained from surface temperature and
ambient absolute humidity using Equation [A-6]
RHc = critical relative humidity of deposited chloride salts (%), given by Equation
[A-7]
And

=
T (t ) Toffset (t ) +
RH (T , AH ) =
RH c (T=
)

1
X

X ∆t

∑ T ( t − X + i∆t ) ∆t 
i =0

atm

i

 2937.4 

T 

−23.5518+ 
AH

10
216.68

i

T 5.9283

1 
2
33.67 − 7.974 × 10−3 (T − 273.15 ) − 1.090 × 10−3 (T − 273.15 )  − RH ∆


100

[A-5]
[A-6]
[A-7]

A moving average over a backwards-looking time period (X) is applied to the atmospheric
temperature (Tatm) by Equation [A-5] to account for the thermal inertia of a DCSS canister. The
moving average is calculated as a function of time (t) for data indices (i) within this time period.
To calculate the canister surface temperature, a temperature offset (Toffset) is added to this moving
average to account for the canister thermal heat load. The model calculates Toffset for each flaw
position by randomly sampling an initial temperature offset (Toffset,0) and scaling the initial offset
with the current canister heat load. The decay heat load is modeled using the curve shown in
Figure 3-11 of the EPRI Flaw Growth and Flaw Tolerance Assessment [A-2]. The surface
temperature and ambient absolute humidity (AH) is then used to determine the local relative
humidity and RHc in Equations [A-6] and [A-7] using an offset of 7% RH (RHΔ). Tatm and AH
are defined by climate datasets as discussed in Section A.3.2.3. To simplify modeling,
discretized flaw positions represent areas on the canister where the KI value is greater than zero
through the wall, and no initiated flaws are arrested as a result of KI values.
A.3.2.2

Standard Crack Growth Rate Inputs

The inputs which are used to model the crack growth rate are provided by Table A-6. The CGR
coefficient and CGR transition factor distributions are presented alongside the empirical
distribution of data to which they are fitted in Figure A-2 and Figure A-3, respectively. These
data and the statistical distributions to which they are fitted are discussed in greater detail in the
EPRI Flaw Growth and Flaw Tolerance Assessment report [A-2]. The CGR transition factor is
fit to the factor (αshallow/αdeep) by which crack growth slowed after reaching the depth where crack
growth transitioned to the slower, deeper rate in testing. The curves labeled “Conservative
Mean” are the distributions used here for CGR modeling; the “Best-Estimate” fits are shown for
reference only. Additional details on the climate datasets used as an input to the crack growth
rate model are provided in Section A.3.2.3.
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Table A-6
Crack Growth Rate Inputs
Variable

Description

Units

Base Case Value

Qg

CGR activation energy

kJ/mol

40.0

R

Universal gas constant

kJ/mol/K

0.008314

Tref

Arrhenius relationship reference temperature

K

353.15

αshallow

αshallow/adeep

a0

atrans

X

Toffset,0

Shallow crack growth rate coefficient at the
reference temperature

Shallow to deep crack growth transition factor

Initial depth of crack at time of initiation

Depth at which CGR coefficient transition
occurs

Period of moving average for assessing
climate data
Initial surface temperature offset relative to
ambient conditions

mm/yr

-

mm

mm

Log-Norm.

Log-μ

2.39

Log-σ

1.66

Min

0.01

Max

500

Distribution
Type

Log-Norm.

Log-μ

-3.54

Log-σ

2.21

Min

0.0003

Max

1.0

Distribution
Type

Normal

μ

0.5

σ

1.0

Min

0.01

Max

1.0

Distribution
Type

Normal

μ

2.235

σ

0.561

Min

0.1

Max

12.0

hr

K

RHΔ

Relative humidity offset for corrosion below
the DRH curve for MgCl2

-

AH

Hourly data for ambient absolute humidity

g/m3

Tatm

Hourly data for ambient temperature

K
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Distribution
Type

6.0
Distribution
Type

Uniform

Min

0.0

Max

35.0
0.07

See Section A.3.2.3
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Adjusted CGR Data 50% Confidence
from Shallow Cracks Interval on Mean
Best Estimate

Cumulative Frequency

0.8

Conservative Mean
0.6

0.4

0.2

0
0.01

0.1

1

10

100

1000

CGR (mm/yr)
Figure A-2
Cumulative Distribution for CISCC Experiments Reporting CGR Data for Sea Salt ([A-6]
and [A-4]), in Shallow Cracks (First Phase Growth)
1

Transition Factor Data
Best Estimate
Conservative Mean

Cumulative Frequency

0.8

0.6

0.4

0.2

50% Confidence
Interval on Mean
0

0.1

1

10

100

1000

10000

CGR Transition Factor [αshallow/αdeep]
Figure A-3
Cumulative Distribution for CISCC Experiments Reporting CGR Data for Sea Salt [A-4], in
Deep Cracks (Second Phase Growth Transition Factor)
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A.3.2.3

Effect of Ambient Climate

The ambient climate is used when calculating the crack propagation rate to determine the degree
of thermal acceleration of the corrosion processes (modeled by an Arrhenius relation) and to
determine the duty cycle of crack growth, as dependent on the presence of locally aqueous
conditions. Periods of growth correspond to times when the RH adjusted to the surface
temperature is above a threshold RH (RHc). The climate modeling approach is the same as is
used in the prior EPRI flaw growth assessment [A-2] and captures the interrelation of the effects
of ambient temperature causing variation in surface temperature and humidity periodically
halting propagation.
The climate factor is calculated for each discretized position and for each time substep,
accounting for the sampled activation energy and surface temperature. The environment is
treated as a deterministic input, but the temperature of the potential flaw position on the canister
surface is randomly sampled.
The climate data used in the assessments of this appendix were obtained from National Oceanic
and Atmospheric Administration monitoring stations that report the ambient temperature and
dew point with hourly resolution [A-7]. The process used to obtain, filter, and convert the data to
an hourly record of absolute humidity is documented in Appendix C of the EPRI Susceptibility
Assessment Criteria report [A-3]. In summary, temperature and dew point data are obtained at an
hourly resolution for one or more weather monitoring sites. That data is then filtered to remove
invalid entries, and the absolute humidity is calculated from the observed data. Finally, key
statistics are calculated, and the data is re-formatted to be used by the probabilistic modeling
program. In general, one year of data at one site is used in modeling the crack growth.
For the illustrative results shown in Section A.4, canisters are assigned one of the four climate
datasets in Table A-7 corresponding with their ISFSI rank as indicated in Table A-4. The
locations in Table A-7 are each associated with one of the four groups of annual average absolute
humidity (AH) that define the AH adjustment factor to the ISFSI ranking from the Susceptibility
Assessment Criteria report [A-3]. The climate data assigned to each canister is set to be
compatible with the ISFSI rank assigned to each canister but does not directly affect the canister
ranking. For base cases with all canisters having the same ISFSI rank, the same climate data is
used across all canisters; however, the cases considering multiple ISFSI ranks within the same
realization use different climates for appropriate ranges of ISFSI rank. Appendix B provides
additional evaluation of the datasets chosen to represent different climates.
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Table A-7
Climate Datasets Applied to Modeled Canisters per Table A-4
AH Adjustment
Factor (fAH)
-1
(AH < 8 g/m3)
+0
(8 to 12 g/m )
3

+1
(12 to 15 g/m3)
+2
(AH ≥ 15 g/m3)

A.3.2.4

Location

USAF
Identifier

Year of
Data

Max AH
(g/m3)

Mean AH
(g/m3)

Mean T
(°C)

Buckeye, AZ

720644

2011

23.0

5.8

21.7

Camp Pendleton,
CA

722926

2011

15.5

9.1

15.0

Marianna, FL

747760

2012

24.4

13.1

20.1

Homestead, FL

722026

2011

26.1

17.7

24.5

Depth-Independent Growth Rate

A sensitivity case is evaluated which uses a single CGR coefficient based upon the set of
available crack growth rate testing performed using 304 or 304L specimens with realistic levels
of cold work (i.e., not U-bends), using salts derived from sea water (e.g., not pure MgCl2), and
obtaining aqueous conditions by deliquescence or hygroscopic absorption (i.e., not immersed
specimens). The alternative CGR model inputs for this sensitivity case are developed using crack
growth rate data reported in Figure A-4 and Figure A-5. These data are based on shallow crack
depths observed in short term experiments, this data is not representative of crack behavior at all
surface depths, the sensitivity case represents a highly conservative approach to crack growth.
Figure A-4 plots the median CGR coefficient with the underlying data on an axis of the inverse
of the absolute temperature. While a conservative activation energy of 40 kJ/mol is used in
the CGR relation for the depth-dependent growth rate (described in Section A.3.2.1), a value
of 80 kJ/mol is appropriate for the depth-independent CGR relation with the dataset shown in
Figure A-4. Figure A-5 shows the corresponding best-fit log-normal distribution with all the
data normalized to 80°C using an Arrhenius relation with an activation energy of 80 kJ/mol.
Table A-8 provides the model inputs used to evaluate the depth-independent crack growth rate.
Note that the average of the data set for each condition (set of temperature, RH, and stress) from
Hayashibara [A-8] is treated as a single datum to avoid over-weighting that set of results based
on the large number of data from this single source.
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Table A-8
Inputs for Depth-Independent Growth Rate Sensitivity Case
Variable

Abbreviated Description

Units

Alternative CGR
Model Value

Qg

CGR activation energy

kJ/mol

80.0

αshallow

Shallow crack growth rate
coefficient at the reference
temperature

Distribution
Type

Log-Norm.

Log-μ

3.61

Log-σ

0.983

Min

0.01

Max

500.0

mm/yr

αshallow/adeep

Shallow to deep crack growth
transition factor

-

[Not Used]

atrans

Depth at which CGR
coefficient transition occurs

mm

[Not Used]

100

Unadjusted CGR (mm/yr)

10

1

0.1

0.01
2.8E-3
80°C

Hayashibara Depth Growth Data
Kosaki Natural Growth Data
CRIEPI N10035, Shallow
Shoji Growth Data
Qg = 80 kJ/mol (50th, 1-Phase)
Qg = 40 kJ/mol (95th, Deep)
Qg = 40 kJ/mol (95th, Shallow)
2.9E-3
70°C

3.0E-3
60°C

3.1E-3
1/T (1/K)

3.2E-3

3.3E-3

3.4E-3
30°C

Figure A-4
Arrhenius Plot of Crack Growth Data ([A-4], [A-8], [A-9], [A-10]) Used to Develop DepthIndependent Growth Rate
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1

Fitted Log-Normal Distribution
Hayashibara Depth Growth Averages
Kosaki Natural Growth Data
CRIEPI N10035, Shallow
Shoji Growth Data

0.9

Cumulative Frequency

0.8
0.7
0.6
0.5
0.4

75th Percentile:
71.7 mm/yr

0.3
0.2
0.1
0

Adjusted to 80.0°C
using activation
energy of 80.0 kJ/mol

50th Percentile:
36.9 mm/yr

1

10

100

1000

CGR (mm/yr)
Figure A-5
Statistical Regression of Crack Growth Data ([A-4], [A-8], [A-9], [A-10]) Used to Develop
Depth-Independent Growth Rate (at Reference Temperature of 80°C)

A.3.3

Inspection and Flaw Evaluation Module

The inspection of canisters is modeled to be performed starting after an initial period of storage
and repeating on a regular schedule. Two forms of examination are assumed in the inspection
process: (1) an examination to detect the presence of surface corrosion of sufficient quantity to
indicate underlying cracking, and (2) a follow-up, detailed examination that is capable of
detecting a SCC crack (i.e., a tight linear flaw). When a crack is detected by the second class of
inspection, a flaw sizing evaluation is modeled by applying a sampled additive uncertainty to the
modeled crack size.
The modeling of examinations is done on a flaw-by-flaw basis with independent sampling of
detectability for potential flaw positions on a given canister. Given potential geometric
constraints (e.g., support rail, guide rails), a fraction of the surface can be modeled as being
inaccessible to the examinations.
The model framework is capable of simulating the follow-up examination immediately after the
examination for surface corrosion detects corrosion degradation or of having a gap in time
between the two examinations. The default model approach performs the follow-up examination
immediately after the general condition examination. Therefore, at each initiated flaw within the
simulation, there are three possible outcomes for an inspection: (1) nothing of significance is
found, (2) a major corrosion indication is identified but a crack is not detected, or (3) a crack is
detected and sized. Additionally, detection of a major corrosion indication can trigger scope
expansion for examinations for surface corrosion; additional canisters can be inspected for each

A-21

Probabilistic Confinement Integrity Assessment of Welded Stainless Steel Canisters

canister having a detected major corrosion indication. Figure A-6 provides a graphical
representation of the canister inspection logic.
If a crack is detected by the follow-up examination and if the modeled flaw size measurement is
greater than the specified threshold for acceptability, the model framework halts the growth of
that crack. Flaws sized to be acceptable for continued service are re-sized at the next inspection.
As noted previously, the model framework considers the crack, once detected and sized to be
unacceptable, to be appropriately addressed to ensure that the crack will not propagate throughwall. While not explicitly modeled, flaw repair and surface mitigation are examples of actions
that would result in such an effect. An additional remediation option for the detected part-depth
crack is to perform a conservative flaw growth analysis (e.g. ASME Section XI IWB-3640
[A-11]) for the relevant service life.
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Figure A-6
Inspection Scheduling and Sample Inspection Expansion Flow Chart

A.3.3.1

Inspection Approach and Sample Expansion

Two general scenarios have been assumed when modeling the sample inspection of a set of
canisters. In one hypothetical scenario, the sample starts with a specified number of canisters and
expands by a specified number of canisters; this scenario can be thought to represent a group of
canisters from the same loading campaign at one site. In the second hypothetical scenario, a
sample includes all canisters above a certain canister rank; this scenario represents a range of
canisters at different ISFSI locations. The base case inputs for these two scenarios are listed in
Table A-9 as described below.
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Inspections of Specified Subset of Canisters
Cases that model 10 canisters in each realization (Ncan = 10) represent the subset of canisters that
have the highest susceptibility at a site. The default sampling scheme for these cases is for the
first scheduled inspection to include a single canister (Ninsp =1; 10% sample of Ncan). If no
corrosion degradation is detected at the first inspection, a different single canister is inspected at
the next scheduled inspection. This sampling strategy increases the number of canisters inspected
without increasing the scope. Upon detection of corrosion degradation, the scope of the
inspection for degraded surface condition is assumed to expand to all of these canisters (Nexp = 9;
inspections of 100% of Ncan). A sensitivity case also evaluates incrementally expanding the
inspection scope by inspecting a number of additional canisters for each canister in that
realization with detected corrosion degradation.
Inspections of Canisters Using Canister Ranking Criteria
Cases that model 100 canisters with different ISFSI ranks (defined in Table A-4) in each
realization (Ncan = 100) use the canister ranking criteria to set the inspection expansion logic.
The first inspection for these cases includes five canisters with the highest ISFSI rank (Ninsp in
Table A-9). Detection of corrosion in this set of canisters causes the sample to expand to
canisters having a canister rank ≥ the rank of the canister with detected degradation minus two
(Rankexp = 2). For example, if corrosion degradation is detected in a canister with a rank of 9,
then inspections are expanded to all canisters within the realization with a rank of 7 or higher.
This inspection expansion approach uses the canister susceptibility ranking criteria described in
Section A.3.1.1. Because a range of canister susceptibilities is included in the population, the
default is to reexamine the most susceptible set of canisters in successive inspections without
detections.
Section A.4.3 assesses a modified version of this approach that investigates a limited inspection
expansion upon detection of a major corrosion indication with a larger expansion upon the
detection of cracking.
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Table A-9
Inspection and Scheduling Inputs – Sample and Expansion Sizing
Variable

Description

Cases where Each
Realization Has 10
Canisters with
Single ISFSI Rank

ishift

Boolean variable controlling whether the
sample changes to prioritize
uninspected canisters (True) or uses
the same canister(s) in the sample each
inspection (False)

True

False

Ninsp

Number of canisters to be inspected
during inspections for corrosion prior to
detection of a major corrosion indication
in a given realization

1

5 Most Susceptible
[Set 1 from Table A-4]

Nexp

Number of additional canisters in a
realization to be inspected at
subsequent inspections for corrosion
following each detection of a major
corrosion indication in a different
canister

9
[All]

[Not Used;
See Rankexp]

Rankexp

Expand subsequent inspections for
corrosion after detection of a crack in a
canister to all canisters within Rankexp of
the lowest ranked canister having a
detected major corrosion indication

[Not Used;
See Nexp]

2

A.3.3.2

Cases where Each
Realization Has 100
Canisters with Mixed
Susceptibility

Examination Parameters

Table A-10 provides the default inputs used to model the inspection of a given flaw position and
provides inspection scheduling. The inspection of a canister is done on a flaw-by-flaw basis with
independent sampling of detectability for potential flaw positions on a given canister. There are
two factors that affect the detectability of a flaw on a canister that is scheduled to be inspected:
inspection coverage and probability of detection (POD).
An examination is modeled by randomly sampling a value between zero and one for each
inspected flaw; if the POD is greater than this random value, the flaw is detected. Since the
initial inspection is for detection of corrosion degradation rather than cracking, the probability of
detection is modeled to be independent of the crack size.
The ability of a surface or volumetric examination technique to reliably detect the presence of an
SCC crack increases for larger crack sizes. To reflect this, the POD for follow-up examinations
is not a single value but rather a curve starting at a POD of 0% and increasing with crack size. At
this time, various non-visual NDE methods are being tested to provide flaw detection and sizing
in geometries characteristic of DCSS canisters. Consequently, a range of POD curves are
evaluated in Section A.4.1.2, representing a range of performance that may be achievable by
inspection techniques for the presence of a surface-breaking crack (e.g., a surface or volumetric
technique). The POD value for each potential flaw position with active degradation is given by
Table A-10.
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To consider the potential for areas with sufficient stress to initiate CISCC (i.e., in the vicinity of
welds) that are inaccessible to examination due to geometric constraints, a fraction of the
potential flaw positions are assigned to have a probability of detection of zero. In other words,
flaws that initiate at these positions are set to be undetectable by inspections, and any cracks that
initiate continue to propagate until the end of the simulation. The geometry of support rails or
guide rails that contact the canister surface reduce the detectability of flaws that initiate in such
regions. A reasonable idea of the accessible fraction of weld can be determined based on canister
and overpack drawings in public submissions to the NRC. This fraction is calculated assuming:
•

the susceptible weld length is comprised of the following: (1) a shell girth weld, (2) two shell
seam welds that are each half the canister length, (3) a shell-to-lid weld on the side of the
canister near the bottom, and (4) a shell-to-lid weld at the top of the canister, and

•

half the shell seam weld is aligned with a rail or standoff.

In this scenario, as much as 30% of the weld length may be inaccessible due to geometric
constraints. Between 2% and 45% of the total shell surface—depending on overpack geometry—
may also be inaccessible. The default value for accessible surface of the canister for inspection,
fcov, is 80%, as noted in Table A-10. Higher coverage provides more benefit from inspections; in
some cases, the actual inspection coverage may be lower than the default value used.
As noted previously, the default model behavior is to perform the follow-up examination for
cracking at the same time as the examination for corrosion degradation (i.e., Δtfollow = 0).
Detection of a crack by the follow-up inspection triggers remediation if the crack is larger than a
size threshold (arepair). The default value of this limit is set to a depth of 2.64 mm. If an aspect
ratio of 2.0 is assumed, this depth results in a crack length of 5.3 mm, which corresponds to the
ASME Boiler & Pressure Vessel Code Section XI Table IWB-3514-2 [A-11] criteria for a
nominal canister thickness of 12.7 mm. Since stress intensity factor dependence is not a factor in
the crack growth model, cracks are expected to have a total length equal to twice their depth, and
the allowable depth can be determined by dividing the allowable length in half. Measurement of
the crack size is performed by adding a randomly sampled error term (esize) to the actual crack
size before comparison with arepair.
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Table A-10
Inspection and Scheduling Inputs – Any Given Canister
Variable

Description

Units

Base Case Value

fcov

Inspection coverage, likelihood that a given
potential flaw position on a canister is within
the inspection coverage area

-

0.8

PODVE

Probability of detection of corrosion
degradation that is within the inspection
coverage area

-

0.98

PODNDE

Probability of detection as a function of
fractional crack depth at a location with
previously detected corrosion degradation

-

Distribution
Type

Beta

α

1.0

β

10.0

Minimum
detectable
size

0.05

Max POD

0.70

t insp,1

Time at which the first modeled inspection
occurs

yr

20.0

Δtinsp

Interval between subsequent inspections

yr

5.0

Δtfollow

Time from inspection with detection of
major corrosion indication until the follow-up
examination for cracking

yr

0.0

h

Canister thickness

mm

12.7

arepair

Minimum measured crack depth that
triggers a repair

mm

2.64

esize

A.3.4

Additive error term for flaw sizing

mm

Distribution
Type

Normal

μ

0.0

σ

1.0

Min

-1.5

Max

1.5

Key Modeling Assumptions

This section lists assumptions for each calculation module that have a direct and appreciable
impact on the results of the model discussed in this appendix.
A.3.4.1
•

Initiation Module

Different CISCC initiation probabilities are assumed for more and less susceptible canisters,
and the initiation probability increases with the susceptibility level of the canister, as given
by the canister ranking criteria of the EPRI Susceptibility Assessment Criteria report [A-3].
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•

As time elapses, the canister rank increases, which causes the assumed increment in initiation
probability to increase. Given the uncertainty of the stability of chlorides on the canister
surface, this may be a conservative assumption regarding CISCC initiation.

•

All canisters in the modeled population enter storage at the same time. To relate such cases to
a full population of canisters at a site, the modeled canisters represent a group of the oldest /
most susceptible canisters in a population. It is assumed that the vast majority of throughwall cracks will occur in this group, such that directly modeling the remainder of the
population is not necessary.

•

Since the Susceptibility Assessment Criteria [A-3] are used in calculating the initiation
probability over time, the key assumptions underpinning those criteria are also relevant, such
as the following:

•

–

The relative weight of each ranking factor used to calculate the canister or ISFSI rank is
assumed to be a sufficiently accurate approximation of its effect on the crack initiation
probability in a canister.

–

The canister ranking criteria truncates beyond a rank of 10. As the canister ranking
criteria is used, this results in the incremental initiation probability saturating and the
initiation probability increasing at a constant rate once the canister reaches this rank.

–

After a sufficient time, even canisters at sites with low ISFSI ranks can reach a canister
rank of 10 (and the associated incremental initiation probability). This is a conservatism
for low susceptibility sites that reflects uncertainty at long time scales and is a key item
for reevaluation using learning aging management programs.

The ISFSI ranks used in the evaluation are assumed. The precise mixture of ISFSI ranks used
may affect the strength of some observed trends.

A.3.4.2
•

Growth Module

The EPRI atmospheric CISCC flaw growth model [A-2] includes a number of key
assumptions, such as the following:
–

Crack growth slows to negligible levels when humidity at the flaw position is below the
critical RH (set as a constant offset from the DRH of MgCl2).

–

The crack growth slows once the crack depth exceeds a transition point; this two-phase
(bi-linear) crack growth behavior is also evaluated in a model sensitivity case.

–

The crack-tip stress intensity factor does not have a significant effect on the crack growth
rate. Similarly, the dependence of the CGR on chloride areal density is not modeled.

•

The flaw length is not tracked; only flaw depth is evaluated. This assumption is appropriate
because stress intensity factor is not needed and because the critical flaw length under
inservice loads is very large.

•

When modeling the effect of canister surface temperature, a randomly sampled value is used
to determine the initial surface temperature, but this offset relative to ambient decreases over
time in proportion to a deterministic decay heat time history.
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•

Instead of directly using a statistical distribution for the deep CGR coefficient (as done in the
EPRI Flaw Growth and Flaw Tolerance Assessment [A-2]), a transition factor between the
shallow and deep CGR coefficients is sampled. This modeling assumption provides greater
variability to reflect uncertainties and provides correlation between the shallow and deep
CGR coefficients.

A.3.4.3

Inspection Module

•

Separate examinations are modeled to detect the presence of corrosion degradation and to
detect cracking; the examination capable of detecting cracking is performed only at locations
where corrosion degradation is detected.

•

The degradation of the surface by corrosion becomes detectable when a crack initiates. This
assumption conservatively prevents false calls that could expand inspections, but it may also
not fully credit the benefit of inspection expansion performed upon detection of corrosion
degradation.

•

The POD of the examination for the presence of corrosion degradation and the POD as a
function of crack size of the examination for the presence of cracking are assumed. A range
of probabilities of detection for the presence of cracking are assumed in a sensitivity case to
evaluate the importance of the volumetric or surface examination POD relative to other
inspection parameters.

•

A portion of the potential flaw positions are conservatively assumed to be inaccessible and
thus unable to be inspected. This is used to represent geometric limitations to the
accessibility for inspections of the canister surface.

•

If cracking is detected and sized to be unacceptable, the crack is remediated immediately and
sustainably; no further flaws initiate at that potential flaw position.

A.4

Results of Illustrative Cases

This section provides results which investigate the sensitivity of the probabilistic modeling
results to the inspections performed and to key modeling inputs. Inputs for the base cases are
provided in the tables of Section A.2 and Section A.3, and inputs for sensitivity cases are
described in this section as the cases are presented. The subsections evaluate: (1) the effect of
inspection parameters on the CPL, (2) the effect of key inputs to the model behavior, and (3)
comparison of the model and inputs with available initiation data and operating experience.
A.4.1

Canister Inspection Parameter Studies

This section investigates the effect of modeling inspections for ranges of feasible values and
investigates which inspection inputs have the greatest effect.
In order to more clearly isolate the effect of inspection parameters, the CPL results in this
subsection are presented over the time period following the onset of inspections (i.e., tstart = 20 yr
and tend = 60 yr in Equation [A-1]). Since results in this section are presented relative to a case
without inspections, the relative CPL reflects the efficacy of modeled inspections. A lower
relative CPL corresponds to a more effective modeled inspection.
Two inspection model frameworks are evaluated:
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•

Set of 10 canisters with single ISFSI rank. Results are presented for cases modeling a set of
10 canisters with nearly equal canister rank; only the canister ranking power factor may vary.
Results are either presented for “high susceptibility” canisters with an ISFSI rank of 10 and
AH adjustment factor of +2 or for “low susceptibility” canisters with an ISFSI rank of 1 and
an AH adjustment factor of -1. Inspections are performed as described in Section A.3.3.1
with an initial sample inspection of one canister and expansion to all 10 canisters in the
realization when a major corrosion indication is detected. These cases represent sample
inspections of the sampling population (the group of the most susceptible canisters in a
population). Cases are normalized by the results over the same time period for a case without
inspections, with the same ISFSI rank, and with an AH adjustment factor of +2 (climate of
Homestead, FL).

•

Set of 100 canisters with mixed susceptibility. Each realization models 100 total canisters
having eight levels of susceptibility, as described in Table A-4. Inspections are performed
starting with a sample of five canisters and expanding using the canister rank as described in
A.3.3.1. This inspection regime evaluates the effectiveness of using the canister ranking
criteria to set the expansion of sample inspections across canisters with a variety of
susceptibilities (e.g., due to different loading times or ISFSI locations with different levels of
susceptibility). Cases are normalized using the no inspection case for the set of 100 canisters
with mixed susceptibility.

A comparison of results for cases without inspection is shown in Table A-11. The third column
of Table A-11 indicates where each case is used to normalize results as the “no inspection” case
when calculating the relative CPL.
Comparing the four cases with a set of 10 canisters shows how different site conditions (modeled
as the varying levels of susceptibility in the canister populations) have a large effect on the
cumulative probability of leakage at the end of the modeled time period. For the case with a set
of 100 canisters, the CPL result is similar to that of a site with ZISFSI = 4, which is appropriate
since the average ISFSI rank of the canisters in the set of 100 canisters is ZISFSI = 3.85. Because
there are no inspections modeled, the size of the set of canisters does not affect the CPL (see
Section A.4.2.4).
Table A-11
Results without Inspection for Cases Used in Parametric Studies
Case Designation

Relative CPL vs.
ZISFSI = 10 Population

Used to Normalize
Relative CPL Results

10 Canisters; ZISFSI = 10; fAH = +2

1.00

Cases for 10 Canisters in
Sections A.4.1, A.4.2

10 Canisters; ZISFSI = 7; fAH = +1

0.60

None

10 Canisters; ZISFSI = 4; fAH = +0

0.24

None

10 Canisters; ZISFSI = 1; fAH = -1

0.02

Cases for 10 Canisters and
ZISFSI = 1 in Sections A.4.1.1 and
A.4.2.4

100 Canisters with Mixed
Susceptibility (ZISFSI)

0.27

Cases for 100 Canisters in
Sections A.4.1, A.4.2
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A.4.1.1

Inspection Frequency

The effect of inspection frequency on the reduction in CPL is evaluated for three of the canister
sets from Table A-11:
•

Ncan = 10 Canisters; ZISFSI = 10; fAH = +2

•

Ncan = 10 Canisters; ZISFSI = 1; fAH = -1

•

Ncan = 100 Canisters; Mixed Susceptibility per Table A-4 (Mixed ZISFSI)

Table A-12 provides the results for the cases with an Ncan of 10 canisters and an ISFSI rank
(ZISFSI) of 10 or 1. The trend and results are similar between these two sets of cases: increasing
the inspection frequency results in greater reduction of the CPL relative to the no inspection case.
Due, in part, to the relatively low median and high variation in crack growth rates, increasing the
inspection frequency improves the inspection performance through the full range of inspection
frequencies evaluated.
The “vs. ZISFSI = 10 Case” columns of Table A-12 provide CPL results that are normalized to the
same basis (that of the no inspection case for ZISFSI = 10). The benefit of focusing inspection
resources on the most susceptible canisters and locations is illustrated by comparing the results
for an inspection frequency of 20 years in a population of 10 low susceptibility canisters (ZISFSI =
1) to the results for a population of high susceptibility canisters (ZISFSI = 10). During the 40 year
period evaluated (from 20 to 60 years in storage), planning four extra inspections of the high
susceptibility canisters (going from a frequency of every 10 years to every 5 years) reduces the
relative CPL by an additional 0.17. These same four inspections do not reduce the already very
low relative CPL by even 0.01 if applied to the low susceptibility population. As discussed later
in Section A.4.2.4, the results of the ZISFSI = 1 cases are less converged and include more
variation than the other populations.
A similar trend of reduction of CPL with greater inspection frequency is observed for Ncan of 100
canisters with mixed ZISFSI in Table A-13, but infrequent inspections have a greater effect than
for the cases with Ncan of 10. This difference is caused by the different inspection regimes used
for cases with Ncan of 10 and Ncan of 100. Cases with Ncan of 100 prioritize inspections of the
most susceptible canisters in the population, making it more likely that cracking will be detected
in at least one of the most susceptible canisters (and thus inspection scope expanded) before the
large number of less susceptible canisters develop large cracks.
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Table A-12
Results for Inspection Frequency Sensitivity Study with Set (Ncan) of 10 Canisters
Case Designation

Relative CPL vs. No Inspection Case for
Specified Population

Cases for 10 Canisters with ZISFSI = 10

vs. ZISFSI = 10 Case

Inspection Frequency of Every 2 Years

0.41

Inspection Frequency of Every 5 Years (Base Case)

0.63

Inspection Frequency of Every 10 Years

0.80

Inspection Frequency of Every 20 Years

0.93

Cases for 10 Canisters with ZISFSI = 1

vs. ZISFSI = 1 Case

vs. ZISFSI = 10 Case

Inspection Frequency of Every 2 Years

0.45

0.01

Inspection Frequency of Every 5 Years

0.78

0.02

Inspection Frequency of Every 10 Years

0.88

0.02

Inspection Frequency of Every 20 Years

0.92

0.02

Table A-13
Results for Inspection Frequency Sensitivity Study with Set (Ncan) of 100 Mixed
Susceptibility Canisters
Case Designation

Relative CPL vs. No Inspection Case for
Population of 100 Canisters with Mixed ZISFSI

Inspection Frequency of Every 2 Years

0.44

Inspection Frequency of Every 5 Years (Base Case)

0.54

Inspection Frequency of Every 10 Years

0.68

Inspection Frequency of Every 20 Years

0.82

A.4.1.2

Probability of Detection (POD) – Examination for Cracking

The effect of POD on the probability of leakage is evaluated using POD curves that provide a
range of “maximum” POD for large cracks as well as different performance as a function of
crack depth (shapes of the POD curve). The model includes separate examinations to detect the
presence of corrosion degradation and to detect cracking. The examination for the presence of
corrosion controls examination expansion while the examination capable of detecting cracking
controls the remediation of canisters where corrosion degradation has been detected.
Definition of POD Curves for Sensitivity Cases
The POD sensitivity cases are evaluated for the examination to detect cracking; the POD curves
are defined in Table A-14 and shown in Figure A-7. These curves are intended to represent a
range of hypothetical inspection performances. The “Medium” or “Shallow” profile is closest to
anticipated capabilities for examination of canisters for cracking. The “High” profile is an
optimistic case.
The POD curves are chosen to examine the effect of different overall probabilities of detection
(“Low,” “Medium,” and “High” cases) and also to evaluate whether it is important to be able to
detect small flaws (“Shallow”). Lower POD curves generally make inspections less effective by
increasing the probability that a given size crack is not detected by an examination. The shape of
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the POD curve affects the ability of an examination to detect different sized cracks. A POD
curve that quickly rises to the maximum value is able to detect smaller cracks at a similar rate to
large cracks. Setting a maximum POD can provide conservatism in the detectability of large
cracks, accounting for human performance and other uncertainties.
Table A-14
Sensitivity Case Inputs for the POD Curve of the Follow-Up Examination to Detect Cracks
Variable

PODNDE

Parameter

Low

Medium
(Base Case)

Shallow

High

Distribution
Type

Beta

Beta

Beta

Beta

α

2.0

1.0

2.0

0.5

β

10.0

10.0

10.0

20.0

Minimum
detectable size

0.10

0.05

0.10

0.01

Max POD

0.50

0.70

0.90

0.90

100%

Nominal Probability of Detection

90%
80%
70%
60%
50%
40%
High
Shallow
Medium
Low

30%
20%
10%
0%

0%

20%

40%
60%
Crack Depth (% TW)

80%

100%

Figure A-7
Nominal Probability of Detection Curves for the Follow-Up Examination to Detect Cracking

Results for POD Sensitivity Cases
Table A-15 provides the results for the two standard populations: (1) population of 10 canisters
having ZISFSI = 10 and (2) population of 100 canisters with mixed ZISFSI. The results show that the
detectability of smaller flaws (comparing the “Shallow” and “High” results) is less important
than the overall detectability of flaws (comparing the “High,” “Medium,” and “Low” cases).
This implies that the majority of inspection benefit comes from detecting larger part-depth flaws
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and that an inspection technique that is very sensitive to shallow flaws is not needed because
most cracks are slow-growing enough that they would be detected by a subsequent inspection
once they grow larger.
Inspecting more frequently provides greater benefit (i.e., a lower relative CPL) than improving
the efficacy of inspections (i.e., a higher POD)—given the other modeling and input
assumptions. For a population of 10 canisters with ZISFSI = 10, the relative CPL results in Table
A-15 (inspection frequency of every 5 years) are lower than those in Table A-16 (inspection
frequency of every 10 years).
Table A-15
Results for Probability of Detection Sensitivity Study with Inspections Every 5 Years
Case Designation

Relative CPL vs. No Inspection
Case for Population of
10 Canisters with ZISFSI = 10

Relative CPL vs. No Inspection
Case for Population of
100 Canisters with Mixed ZISFSI

Low POD Curve

0.71

0.64

Medium POD Curve (Base Case)

0.63

0.54

High POD Curve

0.60

0.50

Shallow POD Curve

0.58

0.51

Table A-16
Results for Probability of Detection Sensitivity Study with Inspections Every 10 Years and
a Population of 10 Canisters with ZISFSI = 10

A.4.1.3

Case Designation

Relative CPL vs. No Inspection Case for
Population of 10 Canisters with ZISFSI = 10

Low POD Curve

0.86

Medium POD Curve

0.80

High POD Curve

0.78

Shallow POD Curve

0.78

Canister Inspection Coverage

A wide range of inspection coverage values are investigated, ranging from 40% (less than the
minimum coverage believed to be possible with overpack geometric constraints) to 100% (while
complete coverage is impractical, this maximum evaluates the importance of achieving very high
coverage).
Results for cases investigating the sensitivity of the model to inspection coverage are shown in
Table A-17. Comparing these results to the results for the POD sensitivity cases in Table A-15,
the benefit provided by inspections (i.e., the reduction in relative CPL) is more sensitive to an
increase in inspection coverage than an increase in POD. The greater sensitivity of the relative
CPL to inspection coverage is partially because the inspection coverage affects both
examinations for the presence of corrosion and follow-up examinations for cracking while the
POD sensitivities only varied the effectiveness of the follow-up examinations. Additionally, the
detection of any major corrosion indication in a realization triggers the inspection expansion
logic while only a detection of a given crack leads to its repair. Whereas subsequent
examinations at low POD can detect a crack missed the first time, a crack in a region that is not
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examined is not detectable. Since a crack outside the examination coverage area is not detectable
by repeated examinations and since a crack must be detected to be repaired, coverage has a
significantly greater effect on the probability of leakage than the POD.
Table A-17
Results for Inspection Coverage Sensitivity Study
Case Designation

Relative CPL vs. No Inspection
Case for Population of
10 Canisters with ZISFSI = 10

Relative CPL vs. No Inspection
Case for Population of
100 Canisters with Mixed ZISFSI

40% Coverage

0.85

0.82

60% Coverage

0.75

0.70

80% Coverage (Base Case)

0.63

0.54

100% Coverage

0.49

0.39

A.4.1.4

Onset of Inspections

In this section only, the results present the relative CPL for the entire duration of the simulation
(i.e., tstart = 0 yr and tend = 60 yr in Equation [A-1]; other sections present the relative CPL
following the first inspection with tstart = 20 yr). For the assumed initiation probabilities and
crack growth rates, the vast majority of canisters that develop a through-wall crack do so more
than 20 years after the start of the simulation.
Table A-18 evaluates how the timing of the first inspection affects the relative CPL. The
difference between the cases with the first inspection after 20 years and the cases with an
immediate onset of inspection program is not significant.
Table A-18
Sensitivity Study Results for Different Times of First Inspection (tinsp,1)
Relative CPL vs. No Inspection
Case for Population of
10 Canisters with ZISFSI = 10

Relative CPL vs. No Inspection
Case for Population of
100 Canisters with Mixed ZISFSI

First Inspections after 20 years
(Base Case)

0.66

0.56

Begin Inspection Program
Immediately

0.64

0.55

Case Designation

A.4.1.5

Inspection Scope and Expansion – Set (Ncan) of 10 Canisters with Single
ISFSI Rank

This subsection evaluates different criteria for choosing the initial and expanded inspection
scopes. The set of ten canisters with the same ISFSI rank of 10 and AH adjustment factor of +2
(“high susceptibility” as defined by Table A-4) is used. Each case varies one inspection
parameter from the “Base Inspection” case, as shown in Table A-19. The “Base Inspection” uses
the following default inputs: sample inspections starting with 1 canister, changing the canister
being inspected each time for realizations where no corrosion has been detected, and expanding
inspections to all canisters upon detection of corrosion. The results for this set of cases are also
shown in Table A-20.
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The effectiveness of sample inspections among canisters with roughly equal susceptibility and
age is significantly improved by rotating the canister(s) included in the sample. The “Base
Inspection” case, which changes the canister(s) in the sample, provides notably improved CPL
than the “Static Sample” case, which instead performs all sample inspections on the same
canister. Specifically, the “Static Sample” does not detect cracking in cases where the sampled
canister exhibits no degradation despite other canisters in the realization having cracking. This
effect is strengthened by the modeling assumption that corrosion degradation is detectable only
where cracks have initiated. In cases where corrosion degradation is present in significantly more
canisters than cracking, the benefit of the “Static Sample” case would be closer to the “Base
Inspection” case.
The results in Table A-20 indicate that performing inspections using an initial rotating sample of
two canisters (Ninsp=2; “Sample Size 2”) instead of the default of one canister results in a modest
improvement in CPL. Inspecting all canisters every inspection (Ninsp=[All]; “Examine All
Canisters”) instead of using a sample approach also notably reduces the CPL. Conversely,
expanding the inspection scope by two canisters for each detection (Nexp=2; “Expand by 2
Canisters”) instead of an immediate expansion to all canisters results in a modestly greater CPL.
Significantly, the benefit provided by inspecting all of the high susceptibility canisters each
inspection is not much greater than performing sample inspections, as long as the sample shifts
between successive examinations without detections (as described above).
Table A-19
Sensitivity Case Inputs for Inspection Sample and Expansion Sizing – Set (Ncan) of 10
Canisters with an ISFSI Rank (ZISFSI) of 10
Variable

Description

Base
Case
Value

Sample
Size 2

Expand
by 2
Canisters

Static
Sample

Examine
All
Canisters

ishift

Boolean variable
controlling whether or
not the sample changes
to prioritize uninspected
canisters

True

True

True

False

N/A

Ninsp

Number of canisters to
be inspected during
inspections for corrosion
prior to detection of a
major corrosion
indication in a given
realization

1

2

1

1

10
[All]

Nexp

Number of additional
canisters in a realization
to be inspected at
subsequent inspections
for corrosion following
each detection of a
major corrosion
indication in a different
canister

9
[All]

8
[All]

2

9
[All]

N/A
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Table A-20
Results for Inspection Scope and Expansion Sensitivity Study

A.4.1.6

Case Designation

Relative CPL vs. No Inspection Case for
Population of 10 Canisters with ZISFSI = 10

Base Case

0.63

Sample Size 2

0.51

Expand by 2 Canisters

0.71

Static Sample

0.82

Examine All Canisters

0.39

Inspection Expansion Based on Canister Ranking – Mixed Susceptibility Set
of Canisters

This subsection evaluates expanding inspection scope using the canister ranking. The set of 100
canisters with mixed susceptibility defined by Table A-4 in Section A.3.1.1 is used. Each case
shown slightly varies the inspection scope, as indicated by the inputs in Table A-21. For cases
with inspections, prioritized sample inspections of the set of the five most susceptible canisters
are performed. For cases with inspections and expansion by rank, the inspection group is
expanded upon detection of corrosion to include canisters with a canister rank (Hcan) as low or
lower (depending on the case) than the lowest ranked canister with detected corrosion in that
realization. For example, if corrosion is detected in a canister with a canister rank of 9 in the
“Rank – 2” case (Rankexp = 2), then all canisters with a canister rank of 7 or greater become part
of the inspection scope. For the “Same Rank” case, additional canisters are inspected when they
reach the canister rank at which corrosion is detected in the five canisters (with ZISFSI = 10) that
have been examined since the first inspection.
The scope expansion results are dependent on the assumed susceptibility of the modeled
canisters. For example, modeling a set of higher susceptibility canisters would result in higher
canister ranks by the first inspection. This would raise the relative CPL for the “No Expansion”
case because more canisters are developing through-wall cracks, but it would also make the
relative CPL for the “Same Rank” case closer to the “Rank – 1” case because they would expand
to a similar number of canisters.
The results indicate that larger rank expansions provide no additional benefit beyond the
“Rank – 1” case. This is also influenced by how the assumed initiation probability decreases
logarithmically with rank and how canisters with lower ISFSI rank spend longer times at low
canister ranks where crack initiation is unlikely. As a result, among low-ranked canisters, there is
not a large spread in canister rankings that result in cracking, and so there is little need for a large
rank expansion.
As indicated by the results in Table A-22, expanding to canisters with a canister rank at least one
less than the canister upon which corrosion is detected (Rankexp = 1; “Rank – 1”) provides
significant benefit over the case with inspections but without expansion (“No Expansion”). The
difference in relative CPL versus the “Rank – 1” case is insignificant when expanding to two or
three ranks less (Rankexp = 2 or 3; “Rank – 2” or “Rank – 3”). This insignificant difference means
that the recommendation in Section 4.3.1 to define the sampling population using the canister
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rank minus one is supported by the results of the probabilistic model, despite the probabilistic
base case using rank minus two.
Table A-21
Sensitivity Case Inputs for Inspection Sample and Expansion Sizing – Set (Ncan) of 100
Canisters with Mixed Susceptibility
Variable

Description

No
Expansion

Same
Rank

Rank – 1

Rank – 2
(Base Case)

Rank – 3

Ninsp

Number of canisters to
be inspected during
inspections for corrosion
prior to detection of a
major corrosion
indication in a given
realization

5 Most
Suscept.

5 Most
Suscept.

5 Most
Suscept.

5 Most
Suscept.

5 Most
Suscept.

Rankexp

Expand subsequent
inspections for corrosion
after detection of a crack
in a canister to all
canisters within Rankexp
of the lowest ranked
canister having a
detected major corrosion
indication

N/A

0
[Note 1]

1

2

3

NOTES:
(1) If cracking is detected in the initial sample, additional canisters are included in inspections
whenever they reach the same canister rank at which the cracking was detected.
Table A-22
Results for Inspection Scope and Expansion Sensitivity Study

A.4.1.7

Case Designation

Relative CPL vs. No Inspection Case for
Population of 100 Canisters with Mixed ZISFSI

No Expansion

0.89

Same Rank

0.64

Rank – 1

0.55

Rank – 2 (Base Case)

0.54

Rank – 3

0.55

Prioritization of Inspections

The set of canisters with mixed susceptibility (i.e. having varying ISFSI rank and varying climate
data locations) is used to investigate the importance of prioritizing inspection of the most
susceptible sites. Three inspection cases are investigated that initially examine an assumed
quantity of five canisters (i.e., 5%):
•

A randomly selected set of five canisters (“Random Sample”)

•

One canister from each of the first five sets in Table A-4 (“One from Each”)

•

The set of the most susceptible canisters in Table A-4 (“Prioritized Inspection”)
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The results for these cases are presented in Table A-23. If only the initial set of five canisters is
inspected and inspections are not expanded upon detections (“No Expansion” cases), there is
little effect on the average probability of leakage versus the no inspection case (i.e., the relative
CPLs of 0.89 to 0.97 are close to 1.0).
However, prioritized inspections do provide significant benefit when the inspection scope is
expanded by a canister rank of two upon detection of corrosion within a realization, as discussed
in Section A.4.1.6. Especially when inspections are expanded, the other two methods of choosing
the initial sample for inspections (“Random Sample” and “One from Each”) provide less benefit
than “Prioritized Inspection” cases. This result demonstrates the importance of the initial sample
on the effectiveness of sample inspections in a population of canisters with a range of
susceptibility. The “One from Each” or “Random Sample” cases may detect corrosion in a lower
ranked canister in some realizations, resulting in expansion to a greater number of canisters in
those realizations, but this is less effective than inspecting the highest susceptibility canisters and
having a greater chance of expanding the sample size.
Table A-23
Sensitivity Study Results Investigating Importance of Inspection Sample Prioritization
Method for Choosing Initial
Inspection Sample

Expansion Type Upon
Detection Of Corrosion

Relative CPL vs. No Inspection
Case for Population of
100 Canisters with Mixed ZISFSI

Random Sample

No Expansion

0.97

One from Each [Set of ZISFSI]

No Expansion

0.93

Prioritized Inspection [of All
Canisters with Highest ZISFSI]

No Expansion

0.89

Random Sample

Expand by Canister Rank of Two

0.78

One from Each [Set of ZISFSI]

Expand by Canister Rank of Two

0.66

Prioritized Inspection [of All
Canisters with Highest ZISFSI]
(Base Case)

Expand by Canister Rank of Two

0.54

A.4.1.8

Crack Depth Triggering Remediation

Another modeled parameter is the flaw size which triggers remediation of a detected crack
during an inspection. For example, if the depth triggering repair is 50%, then any cracks that are
measured to be less than 50% through-wall will be kept in service until they are measured at a
subsequent inspection to be greater than 50% through-wall; any cracks measured to be 50% or
more through-wall are repaired. For the case where a crack depth of 0% triggers repair, all cracks
that are detected are repaired.
Table A-24 investigates a range of threshold sizes (in addition to the default depth of 21%
through-wall). The results demonstrate that—for the investigated inspection interval of 5 years—
the effect of the crack size triggering repair is less than the random variation between runs for
crack sizes less than about 50% through-wall. The relative CPL is affected only when flaws sized
to be larger than 50% are left inservice. Even then, some benefit is still obtained even if very
deep flaws are permitted to remain in service. As with other results, these results are sensitive to
the modeling assumptions and inputs.
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Table A-24
Results for Repair Depth Sensitivity Study
Case Designation

Relative CPL vs. No Inspection
Case for Population of
10 Canisters with ZISFSI = 10

Relative CPL vs. No Inspection
Case for Population of
100 Canisters with Mixed ZISFSI

Repair if Crack ≥ 0% Thickness

0.62

0.53

Repair if Crack ≥ 21% Thickness
(Base Case)

0.63

0.54

Repair if Crack ≥ 50% Thickness

0.65

0.57

Repair if Crack ≥ 75% Thickness

0.71

0.67

Repair if Crack ≥ 90% Thickness

0.83

0.85

A.4.2

Modeling Parameters Sensitivity Study

The results of the model are dependent on the modeling approach and parameters chosen to
represent the behavior of CISCC degradation in stainless steel canisters. Unless otherwise
specified, the cases in this section use the same sets of canisters (as defined in Table A-4) and are
presented in the same terms of their relative effect on the cumulative probability of leakage as in
Section A.4.1.
A.4.2.1

Initiation Probability Sensitivity Cases

One of the key modeling inputs is the assumed initiation probability associated with each
canister rank. Two additional cases are considered here to evaluate the sensitivity of the
effectiveness of inspections on the prevalence and timing of initiation:
•

A case with three times greater initiation probability

•

A case with factor of three reduction in initiation probability

Specific inputs used to obtain the adjusted initiation probabilities are shown in Table A-25. Each
of these cases is evaluated for the set of 100 canisters with a mix of ISFSI ranks and for the set
of 10 canisters with an ISFSI rank of 10; the results are presented in Table A-26.
The results in Table A-26 can be used to understand the impact of using a highly uncertain
initiation model as an input to the technical basis for an inspection program. The comparison of
the “Standard Inspection” to the “Examine All” case is especially useful. The results indicate
that, if the default initiation model is underestimating initiation probability, then it is also
underestimating the relative benefit of using sample inspections compared to performing
examinations on all canisters. Conversely, if the default initiation model is overestimating
initiation probability, then it is also overestimating the relative benefit of sample inspections
compared to examining all canisters.
The other important comparison that can be made is the relative benefit of examining all
canisters versus performing no inspections (i.e., comparing the “Examine All” case to the “No
Inspection” case). The results indicate that, given the limitations to inspection coverage and
probability of detection, examining all canisters is estimated to reduce the cumulative probability
of leakage by about 60% rather than completely eliminating it. Using a sampling program for
inspections is also likely to significantly reduce the cumulative probability of leakage without
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completely eliminating it, and can be accomplished with a lower cost and dose burden than
examining all canisters.
Performing inspections less frequently (every 10 years, “10 Year” cases) results in an
intermediate level of inspection effectiveness between an inspection frequency of 5 years
(“Standard Inspection” cases) and not performing inspections. The relative benefit provided by
inspecting every 5 years compared to every 10 years is not significantly altered by changing the
initiation probability.
If all canisters are being examined, changing the initiation probability has an insignificant
effect on the probability of leakage relative to the case without inspections (a relative CPL of
about 0.4). This is because the vast majority of leakage in such cases occurs due to limited
inspection coverage; having additional flaws in a canister does not, on average, affect the
fraction of those flaws which are detectable and can be repaired.
Table A-25
Sensitivity Case Values for Assumed Initiation Probability per Year for Canister Ranks
Canister
Rank (Hcan)

Base Case
Initiation

3x Scaling

1

10-6

3×10-6

3×10-7

2

5×10-6

1×10-5

2×10-6

3

2×10-5

6×10-5

7×10-6

4

10-4

3×10-4

3×10-5

5

2×10-4

6×10-4

7×10-5

6

5×10-4

1×10-3

2×10-4

7

10-3

3×10-3

3×10-4

8

2×10-3

6×10-3

7×10-4

9

5×10-3

1×10-2

2×10-3

10

10-2

3×10-2

3×10-3

/3x Scaling

1
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Table A-26
Results for Initiation Probability Sensitivity Study
Case Designation

Relative CPL vs. Specified No Inspection Case
Initiation

3x Scaling
vs. Itself

3x Scaling
vs. Base
Case

No Inspection

1.00

1.00

2.71

1.00

0.34

10 Year

0.80

0.69

1.86

0.87

0.30

0.51

1.39

0.73

0.25

0.41

0.14

Cases for 10 Canisters
with ZISFSI = 10

Base Case

Standard Inspection

0.63

(1)

/3x Scaling
vs. Itself

1

/3x Scaling
vs. Base
Case

1

Examine All

0.39

0.41

1.11

Cases for 100 Mixed
Susceptibility Canister

Base Case
Initiation

3x Scaling
vs. Itself

3x Scaling
vs. Base
Case

No Inspection

1.00

1.00

2.84

1.00

0.34

10 Year

0.68

0.58

1.66

0.80

0.27

0.43

1.23

0.71

0.24

0.41

1.16

0.40

0.14

Standard Inspection
Examine All

0.54

(1)

0.40

/3x Scaling
vs. Itself

1

/3x Scaling
vs. Base
Case

1

NOTES:
(1) Indicated cases are base cases from Section A.4.1.

A.4.2.2

Canister Material Sensitivity

This modeling sensitivity evaluated the effect of changing the canister material, as used in the
initiation model. In the initiation model, the canister material affects the canister ranking, which
in turn impacts the annual increment in initiation probability. This modeling sensitivity uses
Type 316L instead of the base case material of Type 304 (i.e., a value of +0 is used for the
canister alloy in Table A-3 instead of the base case +3 ranking). Effectively, this shifts the
canister rank three lower and, based on the assumed inputs in Table A-5, results in an
approximately 10x slower annual increment in initiation probability.
As shown in Table A-27, using a lower-susceptibility material (Type 316L) both (1) significantly
lowers the cumulative probability of leakage and (2) reduces the relative benefit provided by
sample inspections. These trends are the same as were identified Section A.4.2.1 because
changing the modeled material from Type 304 to Type 316L is equivalent to reducing the
initiation probability by a factor of approximately ten. Furthermore, the decrease in CPL for
the no inspection Type 316L case to 10% of the CPL for the no inspection Type 304 case in
Table A-27 shows that, without inspections, the CPL is directly proportional to the probability of
initiation.
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Table A-27
Comparison Among Results for Canister Material Factor Sensitivity Study
Case Designation

Relative CPL vs. No Inspection Case for
Population of 10 Canisters with ZISFSI = 10

No Inspections; Rank Using Type 304

1.00

No Inspections; Rank Using Type 316L

0.10

Standard Inspections; Rank Using Type 304
(Base Case)

0.63

Standard Inspections; Rank Using Type 316L

0.08

Case Designation

Relative CPL vs. No Inspection Case for
Population of 100 Canisters with Mixed ZISFSI

No Inspections; Rank Using Type 304

1.00

No Inspections; Rank Using Type 316L

0.10

Standard Inspections; Rank Using Type 304
(Base Case)

0.54

Standard Inspections; Rank Using Type 316L

0.08

A.4.2.3

Alternate Crack Growth Rate Model

Using the depth-independent (single phase) crack growth model described in Section A.3.2.4 and
the inputs in Table A-8 instead of the two phase model described in Section A.3.2.1 increases the
probability of leakage by a factor of roughly three for cases both with and without inspections.
As seen in Table A-28, the roughly consistent increase in cases with and without inspections
indicates that using a crack growth rate model without the transition depth does not have a strong
effect on the relative impact of inspection cases evaluated in Section A.4.1.
Table A-28
Comparison Among Results for Crack Growth Rate Sensitivity Study
Case Designation

Relative CPL vs. No Inspection Case for
Population of 10 Canisters with ZISFSI = 10

No Inspections; Default Growth Model

1.00

No Inspections; Alternate Growth Model

3.20

Standard Inspections; Default Growth Model
(Base Case)

0.63

Standard Inspections; Alternate Growth Model

2.07

Case Designation

Relative CPL vs. No Inspection Case for
Population of 100 Canisters with Mixed ZISFSI

No Inspections; Default Growth Model

1.00

No Inspections; Alternate Growth Model

2.49

Standard Inspections; Default Growth Model
(Base Case)

0.54

Standard Inspections; Alternate Growth Model

1.23
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A.4.2.4

Model Convergence Studies

A convergence study is performed to evaluate uncertainty and bias in the model results
associated with the statistical variation of inputs and model discretization. Determining the level
of convergence in the model for the inputs used is important because it indicates what level of
difference in results is significant. For example, if two identical runs of the model result in a 3%
difference in CPL, then two different cases having a difference in relative CPL of 2% are similar
enough that any effect of the changed inputs is not significant compared with the inherent
statistical variation (in other words, the signal is hidden by noise).
The variation in the probabilistic results across multiple runs of identical cases is evaluated to
ensure the number of realizations (Nreal) is sufficient. Similarly, the number of canisters (Ncan)
and the number of discrete potential flaw positions on each canister (Npos) are evaluated to
identify uncertainty or bias associated with model discretization inputs. Convergence studies are
performed for the three canister populations defined in Table A-4:
•

ISFSI rank of 10 and AH adjustment factor of +2

•

ISFSI rank of 1 and AH adjustment factor of -1

•

Population of 100 canisters with mixed susceptibility

For each of these three populations, both a case with inspections and a case without inspections
are evaluated for a total of six cases per convergence study.
Convergence of Number of Realizations (Nreal)
When using the Monte Carlo method, the output of thousands of independent realizations are
aggregated to obtain the probabilistic results; using too few realizations results in the statistical
variability in the inputs being propagated into variability in the results. The number of
realizations (Nreal) should be high enough that the results are converged and do not change
appreciably if additional realizations are run. The convergence of the number of realizations is
evaluated by running a given case five times, then evaluating the variability in the results (i.e.,
the standard deviation of the CPL) for the five identical cases.
The results are presented in Table A-29. Because cases having inspections and ZISFSI = 1 result in
far fewer initiations and leaks, they are less converged than the cases using higher ISFSI ranks
despite using a substantially larger number of realizations. This variation is not significant for the
overall conclusions drawn in this appendix because of the very low CPL of ZISFSI = 1 cases
relative to the other two populations having higher ISFSI rank canisters and because ZISFSI = 1
cases are only considered in Section A.4.1.1. Consequently, the number of realizations is
sufficiently converged for the purposes of this appendix.
For each population, the standard deviations in Table A-29 indicate how large of a difference in
CPL between cases is significant.
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Table A-29
Convergence Study on Number of Realizations (Nreal) – Standard Deviation of CPL from
Five Identical Runs
Sensitivity Value

Standard
Deviation for
Case w/o
Inspection

Standard
Deviation for
Case with
Inspection

20,000

Five runs of
model at 20,000
realizations each

0.8%

1.0%

10 Canisters;
ZISFSI = 1

50,000

Five runs of
model at 50,000
realizations each

1.3%

4.0%

100 Canisters;
Mixed ZISFSI

5,000

Five runs of
model at 5,000
realizations each

1.5%

1.2%

Case

Standard (Base)
Value

10 Canisters;
ZISFSI = 10

Convergence of Number of Canisters (Ncan)
The convergence study for population discretization doubles the number of canisters in each
realization (Ncan); for cases with inspections, the number of canisters inspected (Ninsp) is also
doubled.
For cases without inspections, the results in Table A-30 show that the effect of doubling Ncan is
not significant when compared with random variation between runs (i.e., the difference is on the
order of the standard deviation of CPL between runs).
For cases with inspection, both Ncan and Ninsp are doubled, so the larger total number of canisters
inspected in each realization makes it more likely that a crack will be detected, triggering an
inspection expansion which could prevent other cracks from growing through-wall. The greater
number of inspection expansions results in the bias observed in Table A-30 where the CPL is
reduced by approximately 10%-20% for the cases where both Ncan and Ninsp are doubled. While
not explicitly tested, doubling Ncan without changing Ninsp would result in an increased CPL
because the same number of canisters would be inspected but each population would have more
uninspected canisters on which cracks would go undetected and result in leakage. To ensure this
bias does not directly affect any conclusions, the primary results presented for each case are
compared against a no inspection case with the same number of canisters, and conclusions are
not drawn based on comparisons between cases with the population having 100 canisters and the
population having 10 canisters.
Because the sample inspections control inspection expansion, the results of cases with
inspections depends both on the fraction of the population in the sample and on the number of
canisters in the total population. Thus, direct comparisons should not be made between cases
with different numbers of canisters in the population.
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Table A-30
Convergence Study on Number of Canisters (Ncan) – Percent Difference of CPL for
Sensitivity Case vs. Base Case
Sensitivity Value

Percent
Difference for
Case w/o
Inspection

Percent
Difference for
Case with
Inspection

10

20

0.1%

-17.1%

10 Canisters;
ZISFSI = 1

10

20

1.6%

-7.4%

100 Canisters;
Mixed ZISFSI

100

200

-1.1%

-20.7%

Case

Standard (Base)
Value

10 Canisters;
ZISFSI = 10

Convergence of Number of Potential Flaw Positions (Npos)
The convergence study for canister discretization (shown in Table A-31) doubles the number of
potential flaw positions per canister (Npos). The crack initiation probability per canister is
unaffected by the number of potential flaw positions. This is confirmed by the insignificant
difference in results (i.e., on the order of one to two standard deviations between runs).
Table A-31
Convergence Study on Number of Potential Flaw Positions (Npos) – Percent Difference of
CPL for Sensitivity Case vs. Base Case
Sensitivity Value

Percent
Difference for
Case w/o
Inspection

Percent
Difference for
Case with
Inspection

8

16

0.7%

1.4%

10 Canisters;
ZISFSI = 1

8

16

4.3%

-4.1%

100 Canisters;
Mixed ZISFSI

8

16

0.7%

2.4%

Case

Standard (Base)
Value

10 Canisters;
ZISFSI = 10

A.4.3

Expansion on Detection of Corrosion and Cracking

The sensitivity cases in this section evaluate the effects of separately modeling inspection
expansion for the detection of cracking and corrosion.
A.4.3.1

Description of Model Modifications

The probabilistic model used in this section of the appendix varies from that used in the
remainder of the appendix in the following ways:
•

When cracking is detected, the number of canisters being inspected during sample
inspections can be increased. This inspection expansion is performed independently and in
addition to the expansion upon the detection of corrosion that is used throughout the
remainder of the report (as specified by Nexp).
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•

Maximum inspection sizes can be set. Even if corrosion or cracking is repeatedly detected,
the number of canisters being inspected will not exceed the maximum inspection size.

•

For a given potential flaw position, the time at which corrosion initiates and becomes
detectable is now defined as a fraction of the storage time at which CISCC initiates
(fcorrosion). 17

The set of 100 canisters (Ncan = 100) with mixed susceptibility defined in Table A-4 is used in
the cases that run using the modified model. For the new inputs introduced by the model
modification in this section, the modified default values are provided in Table A-32. The time at
which detectable corrosion initiates is chosen to have a median value closer to the time at which
a crack initiates with a larger standard deviation. The modified default inputs for the inspection
expansion parameters are set to provide a reasonable starting point from which sensitivities can
be evaluated. The effect of the expansion value is evaluated in Section A.4.3.2.
Table A-32
Inspection and Scheduling Inputs for Expansion on Detection of Corrosion and Cracking
for Section A.4.3 Only
Variable

fcorrosion

Description

The time at which corrosion initiates and
becomes detectable, as a fraction of the crack
initiation time at a given potential flaw position

Units

-

Value in Section A.4.3
Distribution
Type

Normal

μ

75%

σ

25%

Minimum

0%

Maximum

125%

Ninsp

Number of canisters to be inspected during
inspections for corrosion prior to detection of a
major corrosion indication in a given
realization

-

2
(From Set 1 of Table A-4)

Nexp

Number of additional canisters in a realization
to be inspected at subsequent inspections for
corrosion following each detection of a major
corrosion indication in a different canister

-

2
(Prioritized by ISFSI rank)

Nexp,cra

Number of additional canisters in a realization
to be inspected at subsequent inspections for
corrosion following each detection of a crack
in a different canister

-

4
(Prioritized by ISFSI rank)

Ninsp,max1

Maximum number of canisters to be inspected
in a realization where cracking has not been
detected in any canisters

-

6

Ninsp,max2

Maximum number of canisters to be inspected
in a realization where cracking has been
detected in any canisters

-

[No maximum set]

In sections of the appendix other than Section A.4.3, corrosion becomes detectable when a crack becomes
detectable (fcorrosion = 100%).

17
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A.4.3.2

Results Using Modified Model

Table A-34 provides the results for the cases run using the modified model with separate
expansion upon detection of corrosion and of cracking.
Table A-33 provides the inputs used in the first set of sensitivity cases evaluated in this section
(with results shown in the first part of Table A-34). As expected, increasing the number of
canisters by which the sample is expanded upon detection of corrosion increases the benefit
provided by inspections. Expanding the sample size upon detection of corrosion appears to be
less important than expanding upon the detection of cracking. With the set of canister
susceptibilities used (as set in Table A-4), the benefit provided by expanding to a larger sample
size increases less beyond the “Double Value” case.
The second set of cases in Table A-34 investigates the effect of different assumed mean values of
the corrosion initiation time factor (fcorrosion) for the modified default inputs listed in Table A-33.
The visibility of corrosion has a notable effect on the effectiveness of inspections in the modified
code because it increases the sample size being examined earlier in the time period evaluated.
Table A-34 also includes a case evaluating the effect of a larger initial sample size (Ninsp = 5, as
used for the base case with 100 canisters in Section A.4.1). The relative CPL for this case is still
higher than the “Double Value” case, so it appears that increasing the rate of expansion has a
greater effect in this case than having a larger initial sample size.
The “Double Value” case also results in a similar CPL to the default inspection regime for the
population of 100 canisters in Section A.4.1. Compared with the base case from Section A.4.1,
fewer canisters are initially expanded to for a given detection in the “Double Value” case.
However, the second set of results in Table A-34 shows that about half of the effect of the
inspection benefit in “Double Value” would be eliminated if the corrosion initiation time were
set to the crack initiation time.
Table A-33
Inspection Inputs for Corrosion and Crack Detection Expansion Sensitivity Cases
Variable

Half Value

Modified
Default Value

Double Value

Quadruple
Value

Quadruple,
Crack Only

Ninsp

2

2

2

2

2

Nexp

1

2

4

8

2

Nexp,cra

2

4

8

16

16

Ninsp,max1

4

6

10

18

6

Ninsp,max2

[No maximum
set]

[No maximum
set]

[No maximum
set]

[No maximum
set]

[No maximum
set]
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Table A-34
Results for Sensitivity Study with Separate Expansion on Detection of Corrosion and
Cracking
Case Designation

Relative CPL vs. No Inspection Case for
Population of 100 Canisters with Mixed ZISFSI

Cases Evaluating Effect of Expansion Size
Half Value

0.90

Modified Model Default Value

0.75

Double Value

0.56

Quadruple Value

0.47

Quadruple Value, Crack Only

0.55

Cases Evaluating Effect of Corrosion Detectability Timing
fcorrosion = 50%

0.56

fcorrosion = 75%
(Modified Model Default Value)

0.75

fcorrosion = 100%

0.89

Cases Evaluating Effect of Initial Sample Size

A.4.4

Ninsp = 2
(Modified Model Default Value)

0.75

Ninsp = 5

0.67

Model Evaluation

Four cases were run to compare the model results against available literature and operating
experience. For each case, a summary table is provided to describe the documented CISCC
occurrence and to compare this with the inputs and assumptions of the modeled case. Inspections
are not modeled; rather, cumulative probabilities of occurrence are presented for the time at
which detection of the CISCC occurred. Where possible, information is also provided on similar
systems at other locations to provide a better basis for comparison with the statistical results of
probabilistic modeling. Industry experience includes a substantial, but not quantified, amount of
exposed stainless steel piping and tanks with large lengths of weld that have not leaked during
more than 20 years of service (based on plant external surfaces monitoring programs). The
absence of cracking in such piping has generally not been confirmed by surface or volumetric
examination. Furthermore, it is important to note the lack of CISCC events due to chloride
aerosols at inland locations.
Since the initiation probability is set on a per canister basis, a larger susceptible area can be
considered by modeling multiple canisters and a smaller susceptible area can be considered by
looking at a single potential flaw position on a canister. The model discretization (Ncan and Npos)
is adjusted as needed to reflect the estimated linear length of weld for each component evaluated.
For example, a canister has about 20 m of weld; if the component evaluated has 40 m of weld,
then the component would be modeled as two canisters.
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While applying the canister ranking criteria to the non-DCSS canister applications, certain
assumptions regarding the component environment that are implicit within the criteria are not
met:
•

The piping and tank OE have neither internal heat generation nor a constant airflow over
their surface, in contrast to the canisters. For the components evaluated, a warm period
following a long period of colder temperatures could even result in condensation on the
surface. Additionally, the inlet geometry of overpacks can also act as an impactor filter—
inertially removing larger aerosols before they reach the canister surface—which is not
present for the cited OE.

•

For a canister, the start of service is well characterized since the loading date is known, and
material that accumulated during pre-loading storage is cleaned off due to immersion in the
spent fuel pool. In contrast, the start of service for the components from operating experience
is not directly specified in most cases, so the plant commissioning year is used. The time
between component receipt/installation and commissioning is not directly accounted for.

These differences are accounted for by adjusting the initiation probability when modeling OE.
The canister ranking deposition factor is set to start at +3 (instead of +1) while still increasing to
a maximum of +5, effectively adding 5 years of deposition time at a high ISFSI rank. This
compensation reflects a lack of re-entrainment and reduced volatilization of chlorides from the
component surface, when compared to DCSS canisters.
The modifications discussed above are used by the evaluations in Section A.4.4.1 through
A.4.4.4 below. In addition to those comparisons with OE, the results of atmospheric testing in
severe marine atmospheres are discussed in Section A.4.4.5. While subject to more aggressive
conditions than canister operating environments, such data provides an idea of the upper limits of
susceptibility and provides information on relative susceptibilities of different stainless steel
grades.
A.4.4.1

Refueling Water Storage Tank at Koeberg Nuclear Power Station Unit 2

Located on the South Atlantic in South Africa, the Koeberg Nuclear Power Station detected
leaks due to CISCC in the refueling water storage tank (RWST) at both units in 2001. Unit 1
began operation in 1984, and Unit 2 began operation in 1985. The Koeberg RWST operates near
ambient temperature and pressure and is reported to be fabricated of 304L [A-12]. The tank is
comprised of five different thicknesses of welded plates with the history of leakage shown in
Table A-35 below.
All the through-wall cracks and the majority of part-depth cracks detected in the Koeberg
RWSTs occurred along welds (both butt and fillet welds) [A-13]. Cracking was generally
transgranular. A summary of the conditions under which this operating experience occurred is
provided in Table A-36. This table also provides the model inputs used in the cases comparing
the probabilistic model to OE. The Unit 2 RWST is used for model evaluation because the Unit 1
RWST is painted, similar to the coated RWST that experienced CISCC at Ohi Unit 1 in Japan.
To model this OE, the 2012 climate data from Table Bay, South Africa (USAF # 688170) is used
to calculate the climate factor with a surface temperature set to a moving average of the ambient
temperature. The material factor is 304L (+2), and a low heat load factor value (+2) is used to
reflect near ambient temperature operation.
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The discretization of the model is scaled to reflect the relative difference in susceptible area
between a canister and the RWST. Given its construction by welding rolled plates, it is estimated
that the length of weld in the RWST, with multiple longitudinal and girth welds, is about 12
times greater than on the canister.
The CISCC initiation results reported at the bottom of Table A-36 are consistent with the
experience for the refueling water storage tanks at Koeberg. In the U.S., instances of stainless
steel RWST degradation are cited by the NRC [A-14] and, in some cases, are attributed to
CISCC. However, these instances are not included as relevant because the chloride source was
groundwater intrusion rather than aerosol deposition and deliquescence. Searches for additional
OE for CISCC from chloride aerosols in RWSTs did not identify relevant experience.
Furthermore, it has been reported that no through-wall cracking had been detected in the
stainless steel RWST at St. Lucie Unit 2 at the time of license renewal [A-15] after about 25
years of operation; it is noted that the St. Lucie RWST is boldly exposed and not sheltered like
the Koeberg RWSTs. Consequently, the results for leakage are also consistent.
Table A-35
CISCC Experience at the Koeberg Nuclear Power Station RWSTs ([A-13], [A-16])
Tank Section Thickness

Year of First Detection of
Leakage in Given Thickness

5 mm

2001 (Both Units)

8 mm

2009 (Unit 2)

10 mm

2012 (Unit 1)

13 mm

No leaks in this thickness in either
RWST by end of 2016

15.5 mm

No leaks in this thickness in either
RWST by end of 2016

GENERAL NOTES:
(1) Since 2001, inspections of the RWSTs at Koeberg have been performed every 2-3 months.
Inspections consist of a visual examination for the presence of boric acid crystals or wetness; dye
penetrant testing has been used for flaw characterization and extent of condition.
(2) Repeat examinations of cracks indicate crack growth rates along the surface are about 0.3-0.5
mm/yr.
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Table A-36
Sheltered RWST at Koeberg Nuclear Power Station Unit 2 ([A-12], [A-17], [A-18], [A-19])
OE
Component Dimensions
(Diameter) 12 m
(Height) 16 m
(Thickness where leak detected in 2001) 5 mm
(Full set of tank wall thicknesses) 5 mm, 8 mm, 10 mm,
13 mm, 15.5 mm (3.24 m high each)
Component Operating Temperature
Below 40°C (Typically near ambient temperature)
Stainless Steel Grade
SA-240 Grade 304L
Chloride Source
Site located on the shore of the Atlantic Ocean.
Containment is located 100-200 m from the shore
Representative Climate Monitoring Station
Table Bay, South Africa (USAF# 688170, 2012 data)
Service Life at Discovery
First leak due to CISCC detected in 5 mm thick section
of Unit 2 tank in 2001 after 16 years in service
Contributing Factors to OE
Exposed to environment for first 5-6 years in service
then sheltered from direct weather by an enclosure.
Construction welds were performed by manual welding
(shielded metal arc welding).
Relevance to Dry Storage Canister Environment
The current sheltered environment of the RWST is
similar to that of a canister, and the general levels of
cold work due to rolling are similar. However, the initial
period of unsheltered operation would provide
opportunities for washing of chlorides from the top
surface onto the sides, and the lack of a heat source
would result in higher RH at the surface of the tank.
Extent of Cracking
In 2001, part-depth cracking was detected in all
thicknesses of the Unit 2 RWST, and to a lesser extent in
the painted Unit 1 RWST. At the time, through-wall
cracks were only present in 5 mm thick sections of the
RWSTs. Detected leaks and the majority of part-depth
cracks occurred along welds (butt and fillet). Cracking
was generally transgranular.
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Evaluation Approach
Component Discretization
(Number of canisters to represent component) 12
At a minimum, the tank has girth welds between the five
different thicknesses of plate and two longitudinal seam
welds per thickness.
Modeled Thickness
5 mm
Heat Load Factor
+2
Material Factor
+2
Chloride Factor (for ISFSI Ranking)
+8
AH Factor (for ISFSI Ranking)
+0
Effective Canister Rank
(Start) 7
(End, at 16 years) 9
Model Limitations and Assumptions
The model does not account for any difference between
the historic period of bold exposure and the current
sheltered environment.
The RWST does not have continuous airflow along the
surface; such airflow would reduce deposition on DCSS
canister surfaces by re-entrainment. Condensation could
occur on the tank after a period with a low average
temperature since it is not internally heated. The canister
ranking based initiation probability does not account for
such differences.

Model Initiation Results
The model predicts a 52% probability of at least one
crack having initiated in the component. The probability
of leakage having occurred in this case is about 4%.
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A.4.4.2

Emergency Core Cooling System Piping at St. Lucie Unit 2

CISCC was first detected in the emergency core cooling system (ECCS) piping after 16 years of
operation at St. Lucie Unit 2 [A-20]. After 22 years in service, additional CISCC was detected in
both the “A” and “B” lines of the ECCS piping [A-21]. The affected piping was Type 304 and
generally operated at ambient temperature.
The St. Lucie Unit 2 piping was solution annealed after forming to relieve residual stresses.
Consequently, detected degradation was less severe at shop welds than at field welds, which are
performed after annealing [A-21]. Furthermore, the affected piping is located in a below-grade
trench near the cooling water discharge; this location shelters the pipe and increases the chloride
aerosol deposition rates.
For modeling this OE, the 2011 climate data from Witham Field, FL (USAF # 722189) is used to
calculate the climate factor. The Type 304 material factor (+3) and the low heat load factor value
(+2) are used. The length of affected weld that was replaced (66 m [A-22]) is treated as a single
component with a total weld length about four times that of a single canister. Further details are
provided in Table A-37.
The initiation results reported in Table A-37 are appropriate for the observed instances of
cracking in the St. Lucie Unit 2 ECCS piping. As discussed for other cases, there are certain
conditions applicable to this piping which increases its susceptibility relative to that expected for
canisters.

A-53

Probabilistic Confinement Integrity Assessment of Welded Stainless Steel Canisters
Table A-37
Emergency Core Cooling System Piping at St. Lucie Unit 2 ([A-20], [A-21])
OE
Component Dimensions
(Diameter) 0.61 m
(Thickness) 6.4 mm
(Length) 33 m replaced in each of 2 piping runs after 22
years (66 m total)
Component Operating Temperature
Below 50°C (Generally ambient temperature)
Stainless Steel Grade
ASTM A-358 Class 1, Type 304
Chloride Source
Site located on barrier island on the Atlantic Ocean;
piping near cooling water discharge
Nearby Climate Monitoring Station
Witham Field, FL (USAF # 722189 – 2011 data)
Service Life at Discovery
16 years until first leak
References provide details on additional detections after
22 years
Contributing Factors to OE
The affected piping run is located in a concrete trench
which shelters the piping such that chlorides can
accumulate without periodic washing by rain. The
piping is also proximal to the discharge canal.
Relevance to Dry Storage Canister Environment
The affected piping was within a sheltered environment,
and the shop welded seam was similarly a fullpenetration double weld.
Extent of Cracking
Cracks were present in both the “A” and “B” trains at
Unit 2 in 1999. The extent of cracking in each section
was not available. The indications at field welds were
more severe than in the shop welds since the pipe was
solution annealed after rolling and welding to reduce
residual stresses.
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Evaluation Approach
Component Discretization
(Number of canisters to represent component) 4
Single longitudinal seam weld present and assumed that
approximately 10 butt welds present.
Modeled Thickness
6.4 mm
Heat Load Factor
+2
Material Factor
+3
Chloride Factor (for ISFSI Ranking)
+8
AH Factor (for ISFSI Ranking)
+2
Effective Canister Rank
(Start) 8
(End, at 16 years) 10
Model Limitations and Assumptions
Similar limitations apply as to the Koeberg RWST tank
due to the lack of re-entrainment caused by consistent
airflow and the potential for condensation without
internal heating.
The potential for absolute humidity above ambient due
to the stagnant air and pooling of water in the piping
trench is also not accounted for.

Model Initiation Results
Having scaled for the susceptible surface area of the
replaced piping sections, the model predicts a 42%
probability for the piping run to have at least one crack
initiated and a 4% probability of leakage.
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A.4.4.3

Safety Injection System Piping at Koeberg Nuclear Power Station

In addition to CISCC in the RWST, numerous cracks and a small number of through-wall cracks
were detected in the safety injection system piping at Koeberg. Like the RWSTs, the piping was
Type 304L and typically operated at ambient temperature. Additionally, the piping was shown
by metallurgical investigations to have high levels of residual stress and 2% to 4% cold work
introduced by fabrication of the seam-welded piping [A-12]. This level of cold work in base
metal is greater than was estimated to be introduced by canister shell fabrication [A-1]. The
occurrence of pitting was widespread on this piping, and cracking was initiated from the bottom
of pits [A-17].
As shown by Table A-38, the environmental conditions and canister ranks used to model this
case are the same as for the Koeberg RWST. As the total affected area or susceptible length is
not reported, the discretization used for the ECCS piping at St. Lucie Unit 2 is also used in this
case.
The results of this case, presented in Table A-38, show a lower prevalence of crack initiation
than for the piping at St. Lucie Unit 2 because the Koeberg piping is 304L. NDE results
indicated that approximately 10% of piping spool sections at Unit 2 had flaws indicative of
CISCC while the piping at Unit 1 was cracked to a lesser degree [A-17]. If the susceptible length
of weld in a piping spool sections is assumed to be similar to that of in canister, about 7% of
such components would be expected to have initiated CISCC, consistent with the operating
experience.
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Table A-38
Safety Injection System Piping at Koeberg Nuclear Power Station Unit 2 ([A-12], [A-17])
OE
Component Dimensions
(Diameter) 0.32 m
(Thickness) 5 mm

Component Operating Temperature
Below 40°C (Typically near ambient temperature)
Stainless Steel Grade
304L
Chloride Source
Site located on the shore of the Atlantic Ocean;
containment is located 100-200 m from the shore
Nearby Climate Monitoring Station
Table Bay, South Africa (USAF# 688170, 2012 data)
Service Life at Discovery
Inspection of piping runs occurred in 2001 after 17 years
in service
Contributing Factors to OE
The final forming of the piping resulted in significant
cold work (estimated as 2-4%) and high residual stresses
(>50% of the yield stress). Heat treating after forming
was not performed to relieve residual stresses.
Relevance to Dry Storage Canister Environment
Much of the affected piping was enclosed in the same
sheltered environment as the RWSTs or in similarly
sheltered locations.
The levels of cold work in the piping are much higher
than would be expected in the canister base metal.
Extent of Cracking
CISCC was detected on 10% of the piping spool sections
that were inspected at Unit 2. Pitting was detected on
80% of the piping spool sections, and cracking was
generally initiated from the bottom of pits.
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Evaluation Approach
Component Discretization
(Number of canisters to represent component) 4
In this case, the length of piping is not specified, so the
same discretization is used as for ECCS piping at St.
Lucie Unit 2 in Table A-37.
Modeled Thickness
5 mm
Heat Load Factor
+2
Material Factor
+2
Chloride Factor (for ISFSI Ranking)
+8
AH Factor (for ISFSI Ranking)
+0
Effective Canister Rank
(Start) 7
(End, at 16 years) 9
Model Limitations and Assumptions
The model assumes a crack initiates from a pit, but does
not directly model pit behavior.
The length of each piping spool section is not specified,
so the component discretization is an estimate.
Similar limitations apply as to the RWST tank due to the
lack of re-entrainment caused by consistent airflow and
the potential for condensation without internal heating.

Model Initiation Results
Having scaled for the estimated susceptible weld length,
the model predicts a 22% probability of at least one
crack initiated and a 1% probability of leakage.
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A.4.4.4

Emergency Core Cooling System Piping at San Onofre Units 2 and 3

After 25 years in operation, leaks due to CISCC were detected in the ECCS piping at San Onofre
Units 2 and 3. As with the ECCS piping at St. Lucie Unit 2, the San Onofre piping was Type 304
and generally operated at ambient temperature. All observed instances of CISCC in the ECCS
piping at San Onofre were located within the heat affected zone (HAZ) of the piping, which
contained sensitized material due to the elevated carbon content (over 0.03% by weight) [A-20].
The leak was initially identified as a pinhole flaw, but follow-up NDE detected the presence of
a 13 mm (0.5 inch) linear indication associated with the pinhole leak.
The 2011 climate data from Camp Pendleton, CA (USAF # 722926) is used to calculate the
climate factor. The Type 304 material rank (+3) and the low heat load factor value (+2) are used.
Since the length of the affected piping run is not specified, the component discretization is set to
the same values as for St. Lucie Unit 2. Further modeling details are presented in Table A-39.
While the total number of welds is not readily available, the extent of leakage is known: three
leaks due to CISCC were detected on three different diameters of piping at San Onofre after 25
years of service [A-23]. Commensurate with the larger number of detections at the end of the
modeled time period, the prevalence of initiation and leakage reported in Table A-39 are
somewhat greater than that for the St. Lucie Unit 2 case.
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Table A-39
Emergency Core Cooling System Piping at San Onofre Unit 2 ([A-20], [A-24])
OE
Component Dimensions
(Diameter) 0.61 m
(Thickness) 6.4 mm

Evaluation Approach
Component Discretization
(Number of canisters to represent component) 4
In this case, the length of piping is not specified, so the
same discretization is used as for ECCS piping at St.
Lucie Unit 2 in Table A-37.
Modeled Thickness
6.4 mm

Component Operating Temperature
Ambient temperature
Stainless Steel Grade
ASTM A-358 Class 1, Type 304
Chloride Source
Site located on the shore of the Pacific Ocean, about 100
m from the shoreline
Nearby Climate Monitoring Station
Camp Pendleton, CA (USAF # 722926 – 2011 data)
Service Life at Discovery
25 years

Heat Load Factor
+2
Material Factor
+3
Chloride Factor (for ISFSI Ranking)
+8

Contributing Factors to OE
All observed cracking was located in the HAZ and the
piping had in excess of 0.03% carbon, leading to
sensitization of the HAZ during welding.
Relevance to Dry Storage Canister Environment
As with the piping described in Table A-37, the piping
seam welds were double welded. The extent of
sheltering for the pipe was not available.
Extent of Cracking
The weld HAZ contained all observed cracking and a
higher concentration of pitting than the base metal.
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AH Factor (for ISFSI Ranking)
+0
Effective Canister Rank
(Start) 8
(End, at 25 years) 10
Model Limitations and Assumptions
As noted previously, the susceptible length of weld is
assumed to match that at St. Lucie Unit 2.
Also, similar limitations apply as to the Koeberg piping
and tank due to the lack of re-entrainment caused by
consistent airflow and the potential for condensation
without internal heating.
The model accounts for the potential for sensitization by
providing different material factors for Types 304 and
304L.
Model Initiation Results
Having scaled for the estimated susceptible weld length,
the model predicts a 55% probability of at least one
crack initiated and a 5% probability of leakage.
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A.4.4.5

Atmospheric Initiation Test Data

Data for time to CISCC initiation is available for specimens exposed to the ambient environment
at severe marine locations and is summarized in Table A-40. While these data are not directly
used for model evaluation, the results provide additional context for the cracking initiation
assumptions used in the model. Assessing the variation in initiation with alloy, these tests run at
the seashore resulted in:
•

Furnace sensitized 304 specimens initiated within 1-7 years of exposure

•

Furnace sensitized 316 specimens initiated within 5-15 years of exposure

•

Some non-sensitized 304 and 304L specimens initiated after 7-15 years of exposure
–

•

Initiation did not occur at butt welds, only at the fillet welds

Initiation of cracking in specimens from a single material heat appears less variable than
from multiple material heats [A-25]

In summary, sensitization of the material appears to play an important role in promoting SCC
initiation. Type 316 and 316L stainless steel are also noted to be more resistant to initiation.
Despite the elevated fraction of specimens with initiation in Table A-40, there are some key
differences between test specimen environments and ISFSI environments:
•

Test specimens from tests in Table A-40 were exposed closer to the ocean than any U.S.
ISFSI

•

The tests use boldly exposed specimens

•

•

–

Rain falls on the specimens and provides second source of aqueous conditions, but may
also remove some deposited chlorides

–

Exposure to direct sunlight can heat specimens up to 20°C above ambient during the day
[A-26]; such unmonitored variation makes it difficult to normalize for the environmental
conditions of these tests

The specimens where cracking initiated were furnace sensitized
–

Furnace sensitization sensitizes the entire specimen and provides greater degree of
sensitization than occurs in the HAZ of controlled welds

–

The only exceptions with cracking of non-sensitized material had cracking that initiated
only at fillet welds—which formed crevices with the specimen surface and are not typical
on the exposed surfaces of canisters—and had no cracking at butt welds

Highly strained samples (e.g., U-bends) are not necessarily indicative of canister material
condition

The differences noted above indicate that the corrosion test data in Table A-40 is conservative
relative to the potential for canister degradation. Conditions typical of inservice canister surfaces
are less susceptible than those that specimen surfaces experienced.
Industry experience also includes a substantial, but not quantified, amount of exposed stainless
steel piping and tanks with large lengths of weld that have not leaked during more than 20 years
of service (based on plant external surfaces monitoring programs). The absence of cracking in
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such piping, including at coastal locations, has generally not been confirmed by surface or
volumetric examination. If this data from non-leaking pipes were available, it would
substantially reduce the inferred initiation probability for these components.
Table A-40
Exposure Testing Data for Initiation of CISCC in Marine Environments
Location

Okinawa &
Okitsu, Japan
13-20 m from
ocean

Mijakojima,
Japan
Kure Beach,
NC U.S.A.
25 m from
ocean

A.4.4.6

Specimen
Type

Time to
Detect

Material & Condition

Cum.
Number
Initiated

Total
Number
Tested

50 mm
long fillet
welded fin
(on a butt
welded
pipe, no
cracks in
butt weld)

1 year

Sensitized 304
Other

8
0

16
[See 15 yr]

7 years

Sensitized 304
Other

12
0

16
[See 15 yr]

15 years

Sensitized 304
304L & Non-sensitized 304
316 & 316L

16
9&7
0&0

16
16 & 16
32 & 16

3 years

304 (No furnace sensitized
material tested)

1

Not
Specified

5 years

Sensitized 304;
Sensitized 316;
304L
Non-sensitized (incl. welds)
304 & 316

9
2
0
0

18
6
33
54 & 21

4-pt
bending
with some
welded
material

U-bend 18

Ref.

[A-26]

[A-9]

[A-25]

Summary of Comparisons with Observations

Considering the length of stainless steel piping at coastal locations, these cases show that the
canister ranking-based initiation probability results in reasonable numbers of flaw initiations and
that the system-level initiation probability is generally between 40% and 50% for the cited cases.
Given the expected range of crack growth rates, cracks that reach through-wall within the
relatively short service lives reported for the OE are expected to have initiated soon after the
component entered service. The modification to use an initial canister ranking deposition factor
of +3 instead of +1 results in a notable increase in the probability of leakage at the service times
reported and is justified by the reasons in Section A.4.4 and summarized below. When these
limitations are considered, the results of these cases agree reasonably with the experience.
•

Since the canister ranking criteria were designed specifically for use with DCSS canisters,
they contain implicit expectation of, for instance, a sheltered condition and significant
airflow over the component surface, the combination of which is not applicable to the
components in the cited OE

U-bend specimens are highly cold worked, a condition which is not representative of typical canister material.
This data is included because it is informative of material variability since the heat of each specimen was reported.

18
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•

Additionally, the components may have been exposed to chlorides on-site for years after
installation but prior to service.

The OE examples generally have one or two factors that compound the susceptibility of the
component in question. One item of note is that the piping operating experience cited above is
for thin wall piping (Schedule 10 or 10S), where welding can cause significant distortion and
controlled heat input for minimization of sensitization may be more difficult to achieve. The
greater wall thickness and use of automated welding methods reduces the potential for these
effects in canister shells. As previously discussed, the OE is generally for sheltered components
in locations where the air is stagnant and the AH may be raised above outside ambient for
substantial periods of time.
The atmospheric test data in Section A.4.4.5 demonstrates that initiation of cracking in
components takes significant time even under severe environments. While not directly compared
against test conditions, the numbers of initiations developed from the assumed initiation
probabilities are not unreasonable given the atmospheric test results.
In summary, these results indicate that the model results are consistent with the reported
operating experience for sheltered stainless steel components at coastal nuclear power plants.
While these cases provide a useful means of evaluating the CISCC model, there remain a large
number of stainless steel components at the same sites where CISCC has not been observed.
Similarly, the absence of SCC initiated by chloride aerosols at inland sites and of SCC at inland
corrosion test programs [A-27] indicates that the much lower predicted number of crack
initiations at such sites is justified.

A.5
A.5.1

Conclusions
Summary of Modeling Approach

The probabilistic analysis detailed in this appendix uses the following overall approach to model
the probability of a CISCC crack developing in the canister austenitic stainless steel pressure
boundary and propagating through the wall:
•

The assumed crack initiation probabilities are set to be compatible with observations of OE
for CISCC of atmospherically exposed plant piping and atmospheric corrosion testing.
–

•

Initiation is modeled to occur when the initiation probability reaches a randomly sampled
threshold value. The increment in initiation probability is a function of the canister rank,
and the threshold value is sampled independently for each potential flaw position.

Crack growth is modeled by using the equation and statistical distributions developed in the
EPRI Flaw Growth and Flaw Tolerance Assessment [A-2].
–

Growth occurs over time where the surface temperature and ambient humidity result in a
relative humidity at the surface which is above a critical value that provides aqueous
conditions for corrosion processes to progress. The modeled critical RH of the deposited
chlorides is based on experimental results for the deliquescent and efflorescent relative
humidity of sea salt and the temperature dependence of magnesium chloride.

–

The growth rate slows during a second growth phase beyond a certain crack depth. Such
behavior has been observed in CRIEPI laboratory testing [A-4].
A-61

Probabilistic Confinement Integrity Assessment of Welded Stainless Steel Canisters

•

The inspection framework is designed to be compatible with potential industry approaches
involving a screening inspection for degradation of the canister surface by corrosion followed
by a detailed inspection for the presence of cracking in regions with such corrosion
degradation.

•

The model considers the time period from emplacing a loaded canister in the overpack until
60 years of storage. Each discretized potential flaw position can track degradation from crack
initiation until development of a through-wall penetration in the canister shell. Any effects of
canister penetration are not modeled.

A.5.2

Main Conclusions

Although there is substantial uncertainty in some analysis inputs due to the absence of operating
experience, the results provide insight into the efficacy of different inspection regimes and the
relative impact of inputs to modeled processes. Based on the range of cases considered and the
modeling assumptions used, the following trends regarding the probability of CISCC developing
to a through-wall size are identified:
•

The assumed value for the annual increment in initiation probability has the most significant
impact on the model results for cumulative probability of leakage (CPL). The predictions for
initiation are reasonable relative to available operating experience.

•

Inspections can reduce the likelihood of through-wall penetration, but inspection coverage of
the susceptible areas needs to be high to have a significant effect.

•

The canister ranking criteria provide a reasonably effective means of inspection prioritization
and scope expansion.

•

Starting inspections after 20 years of canister storage provides adequate improvement in CPL
results. Starting inspections from the beginning of storage has little additional benefit, given
the assumed inspection regimes and assumed susceptibility of canisters to cracking.

•

Increasing the number of canisters inspected in the initial sample improves CPL results to a
greater degree than increasing inspection frequency.

•

Changing the set of most susceptible canisters that are inspected each inspection improves
the CPL results.

•

Increasing the sample size (by at least one canister) upon detection of corrosion improves the
efficacy of sample inspections. Based on plant susceptibility and inspection results,
additional examinations may be justified.

A.5.3

Application of Results

This appendix documents a flexible probabilistic modeling framework which is easily scalable to
evaluate effects on a flaw position, a single canister, or a set of canisters and is capable of
modeling a wide range of site and fleet inspection approaches. This modeling framework will be
applied to evaluate different assumptions and approaches during the development of EPRI’s
CISCC aging management guidance. Considerations that can be further evaluated with this tool
include the impact of delayed repair and mitigation, the most effective form of inspection scope
expansion, and the optimum inspection frequency.
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ATMOSPHERIC DATA ASSESSMENT
This appendix provides further validation for the approach taken in the EPRI CISCC
Susceptibility Assessment Criteria report [B-1] to classify the contribution of climate to CISCC
susceptibility by using annual average absolute humidity (part of the ISFSI rank). Specifically,
applying climate data to nearby locations and using a single year of data to characterize climate
are demonstrated to be sufficiently accurate for this purpose. The appendix has been included, in
part, to address NRC comments (see Appendix F) on the EPRI CISCC Susceptibility Assessment
Criteria report [B-1].
The process used to obtain the climate data summarized in this section is detailed in Section C.2
of the EPRI CISCC Susceptibility Assessment Criteria report [B-1]. In summary, the U.S.
National Climatic Data Center [B-2] is a public database that makes available years of collected
data for thousands of weather monitoring stations throughout the world. Atmospheric
temperature and dew point data for a range of locations representing different climates were
obtained. Additionally, data were obtained for case studies to evaluate variation among
proximate monitoring stations and among years for a single monitoring location. The absolute
humidity was calculated from the temperature and dew point data [B-3].

B.1

Range of Climates Applicable to Dry Cask Storage

Environmental data at a number of locations have been analyzed to present the range of climates
that are applicable to ambient conditions for dry cask storage. Table B-1 summarizes key
statistics from such locations, and Figure B-1 shows the cumulative fraction of time that the
absolute humidity in these datasets is reported to be above a given value.
To present the effect of the dataset on calculations such as those in Appendix A, a climate factor
(combination of humidity-based duty cycle and thermal Arrhenius effect) is calculated as
described in the EPRI flaw growth assessment for CISCC of DCSS [B-4] and presented as a
function of surface temperature offset (difference between atmospheric temperature and canister
surface temperature) in Figure B-2. Effectively, the curves in Figure B-2 give (on the vertical
axis) the scaling factor on the crack growth rate that is predicted by the model used in
Appendix A and Reference [B-4] for a location on the canister surface that is heated to (on the
horizontal axis) a certain temperature above the atmospheric temperature. Increasing the
activation energy for the Arrhenius effect exaggerates the peaks and valleys in the plot.
Based on the plotted curves and annual statistics below, the following notable trends are
demonstrated:
•

The maximum absolute humidity (AH) at every site, including those outside the U.S.,
remains well below the 30 g/m3 value which has been previously suggested to essentially
bound ambient atmospheric conditions in the U.S. [B-5].
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•

The range of different profiles for cumulative fraction of time above an AH observed in
Figure B-1 shows that the AH varies significantly throughout the year while the maximum
value of AH listed in Table B-1 remains relatively similar among most sites.

•

Among the climate statistics reported, the mean AH provides the best correlation with the
grouping of climate factor curves in Figure B-2. Consequently, mean AH provides a simple
means for the categorization of climates into varying levels of aggressiveness once chlorides
are present. This supports the basis for using the annual average AH as a criterion by which
to assess the contribution of the environment to CISCC susceptibility, as was done in the
EPRI Susceptibility Assessment Criteria report [B-1].

Four datasets that are considered representative of the four ranks of the humidity adjustment
criterion of the ISFSI ranking criteria [B-1] are listed below:
•

For AH ≥ 15 g/m3, the 2011 data from Homestead, FL is representative.

•

For 12 g/m3 ≤ AH < 15 g/m3, the 2012 data from Marianna, FL is representative.

•

For 8 g/m3 ≤ AH < 12 g/m3, the 2011 data from Camp Pendleton, CA is representative.

•

For AH < 8 g/m3, the 2011 data from Buckeye, AZ is representative.

The note below Table B-1 indicates which climate datasets are used for the modeling in
Appendix A.
Table B-1
Sources of Climate Data Used in Probabilistic Assessment (Organized by Mean AH)
Location

USAF
Identifier

Year of
Data

Max AH
(g/m3)

Mean AH
(g/m3)

Mean RH

Mean T
(°C)

Buckeye, AZ *

720644

2011

23.0

5.8

33%

21.7

Joliet, IL

725345

2011

25.4

8.1

70%

10.6

Chester, CT

720545

2011

23.6

8.7

71%

11.4

Camp Pendleton, CA *†

722926

2011

15.5

9.1

71%

15.0

Patuxent, MD

724040

2011

25.7

10.0

67%

15.2

Cape Town, S. Africa †

688170

2012

18.5

10.2

66%

18.4

Marianna, FL *

747760

2012

24.4

13.1

72%

20.1

Witham Field, FL †

722189

2011

25.6

16.3

73%

24.3

Homestead, FL *

722026

2011

26.1

17.7

78%

24.5

Miyakojima Island, Japan

479270

2012

26.5

17.8

81%

23.7

Note: Locations marked with an asterisk (*) are used to generate results for the cases in
Appendix A. Locations marked with a cross (†) are used in the model evaluation section of
Appendix A.
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Figure B-1
Cumulative Fraction of Year that the Humidity is Above a Given AH for Different Climate
Monitoring Sites
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Figure B-2
Climate Factor for Different Monitoring Sites
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B.2

Annual Variation

Seasonal variation means that at least one full year of climate data should be collected before
using locally collected monitoring data and that partial years of data should not be included in
calculations. However, variation also exists between successive years of climate data and could
influence the propagation of corrosion degradation or affect the ISFSI rank of a site on the
threshold between two ranks of the AH adjustment criterion.
To evaluate the annual variation in absolute humidity, seven years’ data for Homestead, FL
is shown in Figure B-3. When the variation in the climate factor among the years is plotted,
Figure B-4 shows that the variation among years at a single site is much less than the variation
among locations shown in Figure B-2. While there is a range of about 1 g/m2 in the mean AH,
the data is quite consistent overall and indicates that a single year worth of data is still valid for
application of the ISFSI ranking criteria [B-1] based on the intentional imprecision provided by
wide bands of AH classifications.
Data from the year that has the highest average absolute humidity (2011) is used in Table B-1
and in calculations of flaw growth using the climate data for Homestead, FL in Reference [B-4]
and in Appendix A.
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Figure B-3
Cumulative Fraction of Year that the Humidity is Above a Given AH for Different Years at
Homestead, FL Monitoring Station USAF # 722026
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Figure B-4
Climate Factor for Different Years of Data at Homestead, FL Monitoring Station USAF #
722026

B.3

Local Climate Variation

In the event that local climate monitoring data is not available, Appendix C of the EPRI
Susceptibility Assessment Criteria report [B-1] recommends obtaining and comparing data from
at least two nearby monitoring stations when determining the value of the mean AH for use with
the ISFSI ranking criteria. The potential for local factors to influence the AH can be evaluated by
comparing the datasets for the same period of time at a number of nearby monitoring stations.
Figure B-5 provides an example of the variation in AH among four monitoring sites near Camp
Pendleton, CA that report dew point. Figure B-6 shows that these four sites lie within about 20
km of each other and within about 10 km of the Pacific Ocean. The variation in mean AH among
these four sites is less than 1 g/m2 and does not appear to be strongly correlated to the distance to
the ocean nor whether the monitoring station is at an airport. Similarly, Figure B-7 shows that,
for a given year, the variation among sites that are near each other is much less than the variation
among different geographical locations in Figure B-2.
Overall, the similarity between the data for these proximate monitoring stations reinforces the
validity of applying nearby monitoring station data for use with the ISFSI ranking criteria while
also reinforcing the appropriateness of comparing multiple nearby sources of data.
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Cumulative Fraction of Year that the Humidity is Above a Given AH for Monitoring Sites
Proximal to Camp Pendleton, CA in 2011
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Map of Monitoring Sites with Data Shown in Figure B-5 [B-2]
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Figure B-7
Climate Factor for Different Monitoring Sites Proximal to Camp Pendleton, CA in 2011

B.4

Summary

The assessments of this appendix support the development of representative climate datasets for
use in Appendix A of this report and reinforce the recommendations of Appendix C of Reference
[B-1]. In both cases, the variation over seven years at one site and among four proximal sites
over one year is less than 1.0 g/m3. Relative to the band of mean AH values used for the
humidity adjustment criterion for the ISFSI ranking criteria, these results indicate an acceptable
level of sensitivity on the annual variation and on differences between nearby sites.
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C

REMEDIATING ACTIONS AND AVAILABLE MITIGATION
TECHNOLOGIES
This appendix reviews various mitigation methods applicable to atmospheric CISCC of stainless
steel canisters. Mitigating the susceptibility of the component to the aging-related degradation
mechanism is one potential aspect of an AMP that may provide justification for a relaxed
inspection regime. For CISCC of austenitic stainless steel, there are three components that must
be simultaneously present for CISCC degradation to occur:
1. Elevated tensile stress
2. Susceptible material
3. Corrosive or aggressive environment
These factors all may be present for the stainless steel canisters considered by this report, in
particular at the weld regions.
Removing one or more of the factors listed above will effectively mitigate the potential for
CISCC of the canister external surfaces. Methods are identified that are suitable for mitigation of
both preservice and inservice canisters. The mitigation methods presented can be classified to act
through one of the following mechanisms:
•

Reducing tensile residual stresses or inducing compressive residual stress at the exposed
surface. Examples of techniques that produce such effects are peening, burnishing, and some
welding techniques.

•

Use of a material resistant to CISCC under dry storage conditions in place of austenitic
stainless steel. Examples of such materials are higher-alloyed stainless steels and nickelbased alloys.

•

Modify the canister service environment to sequester or remove corrosive species (i.e.
aqueous chlorides) from CISCC-susceptible material. Examples of such approaches are
application of a coating or cleaning the exposed surface.

This appendix updates the content of Appendix B of EPRI 1011820 [C-1] with the progress that
has been made in the intervening decade and with additional considerations for use of the
techniques for mitigation of CISCC. Additional mitigation techniques that have been applied for
the mitigation of SCC in nuclear power plants (typically primary water SCC in PWRs and
intergranular SCC in BWRs) are discussed in Sections 8.1 through 8.5 of EPRI 1019209 [C-2].
CRIEPI has also proposed a draft Japanese Society of Mechanical Engineers Code Case which
describes the practices to be used to design DCSS canisters with greater resistance to CISCC
[C-3].
The following subsections provide a summary discussion of some mitigation techniques with
potential applicability to dry cask storage system canisters. This appendix is not meant to provide
C-1

Remediating Actions and Available Mitigation Technologies

an exhaustive set of techniques; additional mitigation techniques beyond those discussed are
available or under development.

C.1

Mitigation of Inservice and Cracked Canisters

While the ideal time to perform mitigation is prior to being exposed to a corrosive environment,
various methods are also compatible with inservice application. Additionally, some mitigation
techniques remain effective on components that have CISCC cracks—providing a means to
remediate or repair the affected component.
This section describes specific considerations for the application of mitigation techniques to
ensure effective mitigation of inservice canisters or to be able to provide remediation of existing
cracks in canisters. Details on the techniques themselves are provided in subsequent sections of
this appendix.
C.1.1

Considerations for Inservice Mitigation or Repair

Two key considerations for inservice mitigation or repair are canister accessibility and ensuring
mitigation efficacy. Depending on the mitigation technique and DCSS design, mitigating an
inservice canister may be accomplished in-situ within the overpack or by temporarily removing
the canister from the overpack into a shielded container. If mitigation is performed in-situ, any
susceptible locations that were not able to be mitigated should be recorded for performance of
future inspections.
If mitigation is to be performed inservice, factors that could potentially reduce the effectiveness
of the mitigation technique should be identified and addressed. Depending on the mechanism by
which SCC is mitigated, inservice application may require additional steps such as:
•

NDE prior to performing mitigation to verify the absence of cracks or flaws beyond a certain
depth

•

Thorough cleaning of the surface to remove any deposited species and chlorides prior to
performing mitigation

•

Removing discontinuities in the surface (e.g., deep pits)

For example, surface stress improvement techniques are generally capable of preventing
initiation and halting growth of SCC within the layer of compressive stress at the surface.
However, if a crack deeper than the compressive layer exists prior to performing surface stress
improvement, SCC can continue to grow at that location after mitigation.
If a coating is breached and chlorides are trapped below it, the breach could create a crevice
environment (as reported in Reference [C-4] for a painted epoxy resin coating). Similarly,
surface discontinuities have the potential to reduce the effectiveness of mitigation techniques.
For example, a deep pit could create a void in a coating or provide a surface where tensile
stresses were not eliminated by surface stress improvement. In some cases, removal of the
discontinuities could help ensure that mitigation is effective.
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C.1.2

Applicability for Remediation of Existing Corrosion and Cracks

Some mitigation techniques discussed in this appendix can also provide remediation or repair of
cracked canisters. Examples of such techniques are:
•

Laser Beam Overlay/Cladding

•

Friction Stir Welding

•

Encapsulation

In general, techniques which are capable of remediating existing cracks are those which are
capable of (1) creating a pressure boundary that does not include the cracked area of material, (2)
isolating the crack such that either chemical half-reaction of the corrosion cell cannot occur,
or (3) eliminating the crack.

C.2

Stress-Based Techniques

Reducing or eliminating the presence of tensile stresses on the canister outside surface can
significantly decrease the probability of crack initiation. Creation of a layer of compressive stress
can also halt the transition to cracking or growth of small cracks. Since the operating stress is
low for dry cask storage systems, stress mitigation applied after welding has the potential to
induce significant compressive stresses on the canister surface. Recent modeling and
experimental testing indicates that elevated tensile residual stresses are present in the vicinity of
welds and that modest tensile stresses may be present on the surface of the canister away from
welds.
Stress mitigation techniques may be challenged by localized corrosion propagating to a depth
greater than the compressive layer, which would permit the occurrence of SCC in mitigated
areas. These issues can be addressed through the choice of appropriate minimum stress effect
and coverage of stress-based mitigation.
C.2.1

Surface Stress Improvement Techniques

The surface stress improvement techniques described in this section generally work by inducing
a plastic strain in a layer of material near the surface of application which results in an elastic
relaxation that generates compressive stresses. The potential deleterious effect of the additional
cold work is negated by the presence of compressive residual stress, which removes the tensile
stress needed for SCC to occur. All of the techniques discussed below are in-use by the nuclear
industry to mitigate the susceptibility to SCC in reactor pressure vessel or primary system piping
applications. The high degree of maturity for these systems means that there may be turnkey
solutions available for application to preservice canisters. Given the radiological conditions and
limited access, specific delivery systems would likely need to be designed for use on inservice
canisters.
Residual stress measurements were performed for circular welded plates mitigated using surface
stress improvement processes (low plasticity burnishing, laser peening, shot peening) [C-5]. In
this case, each of the techniques was able to achieve 1 mm depth of compressive residual stress.
A common concern for all surface stress improvement methods is the possibility of a pit growing
to a depth greater than the compressive stress layer, permitting a crack to initiate from the pit tip
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in the tensile region beyond. This potential degradation mechanism should be considered when
demonstrating the ability of the mitigation to be sustained for a desired lifetime, and use of a
technique capable of generating compressive residual stresses for a depth of a millimeter or
greater is recommended. Similarly, the presence of porosity at the material surface could reduce
the effectiveness of surface stress mitigation.
C.2.1.1

Shock-Based Peening (Laser Peening and Water Jet Peening)

Laser peening introduces compressive stresses to the treated surface by heating either an ablative
layer or a thin layer of the metal surface to extremely high temperatures, vaporizing and ionizing
it to form plasma. This rapid expansion, confined to the local region by an inertial tamper,
generates a shockwave which impinges on the material surface and plastically deforms the
material. The inertial confinement can be provided by immersion of the component in water or
by a thin water layer (about a millimeter) flowing over the surface of the component. After the
shockwave propagates through the surface layer and dissipates, the deformed regions relax
elastically subject to the constraint of the surrounding material, resulting in compressive residual
stresses at the treated surface [C-6]. Laser peening techniques can develop compressive residual
stresses of several hundred MPa and compressive layer depths of several millimeters. Some laser
peening techniques performed without an ablative layer can develop less compressive stresses in
a thin layer (about 35 µm or less) of material at the surface, but a much thicker layer (about 1.5
mm) of compressive residual stresses below this still inhibits formation of macroscale cracking
[C-6]. Given that laser peening can be delivered by optical fiber or a laser guide pipe without
affecting effective cooling of the canister, there is the potential for this technique to be applied
inservice, potentially even in-situ to regions of the canister surface that are accessible within the
overpack.
Similarly, water jet peening uses cavitation to induce compressive residual stress through the
production of shockwaves at the material surface [C-6]. When a high-speed water jet is produced
underwater through a nozzle, a strong shear force acts on the boundary between the high-speed
jet and the surrounding stationary water due to strong vortices in the flow as well as the induced
turbulence. As the pressure in this zone drops below the vapor pressure of the water at the
application temperature, the water locally vaporizes forming cavitation bubbles. The cavitation
bubbles are caught up in the high-speed water flow exiting the nozzle and move forward,
continuing to grow until the flow slows at the treated surface, returning the pressure to the bulk
fluid pressure and collapsing the bubbles. The collapse of the cavitation bubbles generates a
large shock pressure that propagates into the material, inducing compressive residual stress.
Water jet peening typically develops compressive residual stresses of several hundred MPa and
compressive layer depths of about 1 mm. While typically performed underwater, water jet
peening can also be performed by injecting a high-speed water jet into a low-speed water jet.
Figure C-1 provides a visual indication of the effectiveness of peening methods at preventing the
occurrence of CISCC, in this case under severe immersed conditions. In the Japanese nuclear
industry, laser peening and waterjet peening have been applied to RPV top and bottom head
nozzles, core shrouds, RPV nozzles, and other components. In the U.S., RPV top head nozzles,
RPV bottom head nozzles, and RPV nozzles are being peened using these methods in 2016
and 2017.
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Figure C-1
Boiling MgCl2 Test of Laser Peened Type 316 Plate [C-7]

C.2.1.2

Shot Peening

The shot peening process acts by impacting solid shot on the work surface, creating overlapping
dimples on the surface that plastically expand the local area ([C-1], [C-8]). As the area relaxes,
the constraint provided by the surrounding material results in a shallow layer of compressive
residual stresses. Potential concerns with the use of shot peening are that it generates more
surface cold work and a shallower compressive residual stress layer than waterjet or laser
peening. Typical compressive residual stress depths are less than a millimeter.
One variant of shot peening is dry ice blasting, which is primarily applied for surface cleaning
[C-9]. This method has the advantage of leaving no residue since the CO2 is released into the
atmosphere as it sublimates. However, the low hardness of dry ice means that it is not well suited
to developing significant compressive stresses in the material surface.
A technique related to shot peening is the abrasive waterjet conditioning process that is used to
mitigate the susceptible material remaining in service after a control rod drive mechanism midwall weld repair. This technique uses abrasive particles suspended in water that are impinged at
high velocity against the treated surface. The process removes surface material (including any
incipient microscopic cracks) and imparts a compressive layer of about 250 µm by the same
mechanism as shot peening [C-10].
C.2.1.3

Low Plasticity Burnishing

Low plasticity burnishing (LPB) uses a solid free-rolling sphere suspended in a hydrostatic
bearing to physically deform the surface layer, developing a compressive residual stress layer.
The tool is passed across the material surface and induces low cold work at the surface while
being capable of generating significant compressive layer depths after a single pass. Process
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controls (such as tapering the pressure applied near the boundary) should ensure that elastic
balancing of stresses at the boundary of the treated zone do not drive the surrounding material
into tension. In low plasticity burnishing, the force being applied by the sphere is adjusted to
produce a controlled amount of plasticity; in traditional “deep rolling” or “roll peening,” a solid
bearing is used (typically by controlling displacement) and much greater cold working occurs.
Testing in boiling MgCl2 of LPB treated specimens shows the effectiveness of mitigation [C-11].
According to Reference [C-12], the LPB process was selected for use on the final closure weld
of the Yucca Mountain waste package; Figure C-2 shows a prototype of this system. The process
was estimated to take about 2 hours per package while achieving a compressive layer depth of
about 7.7 mm and using distilled water as the lubricant.
LPB would be capable of inservice treatment of the closure weld and preservice treatment of the
shell welds; however, inservice treatment of the shell welds may require development of special
fixtures to resist the forces applied by LPB.

Figure C-2
Idaho National Laboratory Prototype Waste Containment Vessel Closure Weld LPB System
[C-13]

C.2.1.4

Ultrasonic-Driven Surface Stress Improvement Techniques

A modification of the shot peening method, known as ultrasonic shot peening, has been
performed on steam generator nozzles and RPV head nozzles in Japan [C-6]. This process uses 3
to 4 mm diameter metallic shot in a small chamber that is held to the surface of the part that is
locally accelerated by a piezoelectric element. This method of accelerating the shot is in contrast
to the typical method of entraining the shot in a bulk flow (e.g., pressurized air) toward the
treated part, resulting in loose debris. This method is capable of generating a compressive stress
layer depth of about 1 mm.
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The mechanism of ultrasonic nanocrystal surface modification utilizes aspects of both burnishing
and ultrasonic shot peening. The tool consists of a solid sphere that is passed across the material
surface while being driven into the material at a high frequency by an ultrasonic transducer to
plastically deform the material to a depth of tens of microns [C-14]. This technique results in
compressive residual stresses near the surface and the development of a fine-grained surface
microstructure. Along with inducing compressive surface stresses, ultrasonic nanocrystal surface
modification increases the surface hardness and reduces the coefficient of friction, which is
beneficial for tribological applications. This technique can also result in transformation to
martensite, which can promote corrosion due to its galvanic potential versus austenite phase
material [C-14].
C.2.2

Stress Redistribution and Relaxation Processes

Induction heating stress improvement (IHSI) employs magnetic coils to induce eddy currents in
the material to be mitigated and a flow of cooling water on the surface to be placed into
compression [C-15]. The process generally involves heating one side of the material by
about 500°C while cooling the opposite surface at a sufficient rate to achieve the temperature
gradient required to produce plastic strain. The thermal expansion of the bulk material on the
heated side causes plastic deformation in the cooled layer. When the temperature gradient is
removed, the cooled surface is left in compression while the heated surface is left in tension.
Given this, IHSI could be performed preservice by applying the induction coils to the inside of
the canister while cooling the exterior. Alternatively, the feasibility could be investigated of
obtaining the benefit of IHSI by greatly cooling the exterior surface of a hot inservice canister.
Another induction-heating based technique that has been evaluated for relaxing the residual
stress of the canister closure weld is localized induction annealing. Finite element analysis
indicated that, for an Alloy 22 final geologic storage canister design, applying the process to the
completed closure weld would not result in excess heating of the fuel [C-16]. Annealing and heat
treatment processes must be carefully controlled to avoid sensitization of austenitic stainless
steels, especially if the material is not low carbon (< 0.03% by weight). Furthermore, this
technique is designed to relieve stress, not to induce compressive stresses.
The discussion of solution heat treatment (SHT) provided in EPRI 1011820 [C-1] is repeated
below:
“Although the solution heat treatment process for components was primarily designed to
eliminate weld sensitization in Type 304 or 316 stainless steels by dissolving the
chromium carbides precipitated at the grain boundaries, SHT will also eliminate
detrimental cold work and tensile weld residual stresses in spent fuel storage canisters [C17].
Following welding, a stainless steel component is solution annealed at 1038 to 1150°C
(1900 to 2100°F) for 15 minutes per 2.5 cm (1 in.) of thickness, but not less than 15
minutes or more than one hour regardless of thickness. The solution annealing is then
followed by quenching in circulating water to a temperature below 204°C (400°F).
However, SHT is generally limited to shop fabricated weld joints where heat treatment
facilities are available, by dimensional tolerance considerations, by size constraints
(furnace and quench tank size) and by cooling rate requirements.”
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C.2.3

Advanced Welding Techniques

Welding techniques have been developed which are capable of generating substantially lower
weld residual stresses in the vicinity of the weld or even generating compressive stresses on a
desired surface. In general, these techniques can be applied for the repair of cracks in inservice
canisters or for the fabrication of new canisters. Some additional advanced welding techniques
are discussed in Section 5 of the EPRI report Welding and Fabrication Critical Factors for New
Nuclear Power Plants [C-2].
C.2.3.1

Laser Beam Welding

Laser beam welding uses the heat produced by a laser beam impinging on the metal to produce
high quality welds with low heat input [C-2]. The process is highly controlled and machine
applied. When the weld parameters are properly chosen, the generated weld is likely to have
good penetration and low residual stresses. Laser beam welding can be applied in air, inert gas,
or underwater and can be easily directed and focused to the application area. Residual stress
measurements at a depth of 0.5 mm were performed of gas tungsten arc welding (GTAW) and
laser welded plates with and without surface stress improvement (LPB, laser peening, shot
peening) [C-5]. As-welded residual stresses had a similar maximum tensile value, but the
residual stress decreased more rapidly going away from the weld than for GTAW. The postmitigation residual stresses were similar between the two welding processes. Additional
discussion is provided in Section C.4.1.1. Laser beam welding developments for reactor
components are also described in References [C-18] and [C-19].
Electron beam welding, a similar process, involves the joining of two pieces by the impingement
of a high-energy electron beam in an evacuated chamber to form a low-heat input weld in a fully
inert environment. This may be impractical for canister applications given the need for welding
in a vacuum environment.
C.2.3.2

Friction Stir Welding

Friction stir welding (FSW) is a solid-phase joining process that can result in relatively low
residual stress and minimal sensitization due to the low heat input and recrystallization of the
material. To perform a friction stir weld, the components to be welded are laid up, then a rotating
tool is plunged into the area of the joint. As the tip (pin) of the tool contacts the work piece,
frictional heating and plastic deformation soften the surrounding metal. The shoulder of the tool
expands the heated zone near the material surface. As the tool rotates and translates along the
weld, the material from the two sides of the weld joint flows and mixes, creating a joint with a
fine-grained and dynamically recrystallized microstructure.
There are efforts underway to develop FSW for performance of the canister closure weld and for
repair of weld defects or of cracks [C-20], including mockup testing as seen in Figure C-3.
Friction stir welding is currently approved for use in the joining of Metamic-HT (metal matrix
composite of aluminum and boron carbide) in some fuel baskets [C-21]. Friction stir welding
developments for reactor components are also described in Reference [C-18]. FSW is used for
final closure of copper and cast iron waste packages for geologic disposal in Sweden and Finland
[C-22].
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Figure C-3
Canister Closure Weld Mockup Testing of FSW [C-20]

C.2.3.3

Heat Sink and ID Compression Welding

Heat sink welding is a machine GTAW process that uses water cooling at the root of the weld for
passes subsequent to the root pass [C-2]. Similar to the IHSI process discussed in C.2.2, the
thermal expansion of the crown and contraction of the root, when relaxed, results in less tensile
or even compressive stresses at the cooled surface. Heat sink welding can also reduce
sensitization due to less time at-temperature. For thinner weldments such as those on the canister,
last pass heat sink welding (where the heat sink is used for only the final weld pass) can provide
essentially the same benefits [C-23].
Another machine GTAW process capable of generating compressive stresses at the root of the
weld is dry ID compression welding [C-2] (also known as FineLineTM welding [C-1]). The
process uses a very narrow groove geometry and refined process parameter control to generate
extremely low heat input welds with minimized shrinkage and distortion. The process effectively
uses the pipe itself as the heat sink instead of flowing water at the ID and, consequently,
generates compressive stresses more effectively for large bore heavier wall pipes.
Both of these methods have been used to control intergranular SCC of stainless steel piping in
U.S. BWRs. Given the challenge of placing the weld root on the shell OD, these methods are not
discussed further.
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C.3

Use of Corrosion Resistant Material in Original Construction

The use of materials resistant to CISCC under atmospheric dry storage conditions—including
chloride salt aerosols—can prevent the occurrence of SCC in austenitic stainless steels by having
a material that CISCC cannot readily initiate and propagate through. The primary methods by
which this can be done is as original construction of the exterior surface or as an engineered
barrier between the canister and the environment. Discussion of engineered barriers is provided
in C.4.
The combination of mechanical, thermal, and atmospheric corrosion requirements that a material
used in construction of a DCSS canister needs to meet significantly narrows the range of
appropriate materials. While 300-series austenitic stainless steels can be appropriate in locations
where there is a low source term for chlorides, more chloride-resistant materials may be
appropriate in highly susceptible locations if other mitigation is not performed.
In locations with elevated levels of chloride aerosols, even Type 316 (with molybdenum to
improve resistance to localized corrosion) may be susceptible to CISCC over the timescales
being considered for interim storage at ISFSI locations. Other alloys exist that have been used in
the U.S. nuclear industry and are appropriate for service in environments with chloride.
The highly alloyed nature of the materials discussed below serves to make their implementation
less economically viable for many locations. Consideration of aging management or mitigation
actions associated with using 300-series stainless steels in environments with substantial levels
of chloride may make such materials more attractive.
C.3.1

Iron-Based Alloys

Whereas Type 304 and 316 stainless steels have a single-phase austenite structure, duplex
stainless steels have a two-phase microstructure of approximately equal amounts of austenite and
ferrite. This mixed microstructure is established using phase stabilizer elements in the alloy.
There are four main categories of duplex stainless steel with increasing resistance to corrosion:
lean (lower Ni and very low Mo), standard, super (25% Cr, higher Ni, and higher Mo), and hyper
(additional Cr, Ni, Mo, and N). The corrosion resistance is reflected by the alloys’ pitting
resistance equivalency number (PREN); PREN = 1×%Cr + 3.3×%Ni + 16×%N. Lean duplex alloys
have a PREN around 25, standard duplex alloys have a PREN of 30-40, super-duplex alloys have
a PREN greater than 40, and Types 304L and 316L austenitic stainless steel have PREN of 19
and 24 respectively [C-24]. The two-phase microstructure of duplex stainless steels specifically
reduces the susceptibility to CISCC because the electrochemical conditions need to be
simultaneously corrosive to both the austenite and ferrite phases. Duplex stainless steels
generally have a higher strength but lower ductility than austenitic stainless steels.
Super-duplex stainless steels (25% Cr) are used as structural materials in offshore marine
environments in the petrochemical industry and are generally considered immune to SCC
in seawater service [C-25]. As the coastal environment is not as severe as that experienced
in offshore service, use of duplex stainless steels should be capable of precluding the occurrence
of CISCC at the temperatures relevant to dry cask storage. There is currently a dry cask storage
design under NRC review that includes a canister design using duplex stainless steel (UNS
S31803 or UNS S32205) [C-26].
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Eddy current testing and ultrasonic testing examination of duplex stainless steel is complicated
(for UT) by the anisotropic material and relatively large grain size in welds and (for ET) by the
variations in magnetic permeability due to the presence of the ferrite phase [C-27].
Another class of alloys with pitting and SCC resistance comparable to the super-duplex stainless
steels is the super-austenitic stainless steels. Super-austenitic alloys are typified by a composition
with 6% Mo (for localized corrosion resistance) and with significantly higher Ni than 300-series
austenitic alloys (for SCC resistance) [C-28]. Given recent costs of the main alloying elements
(Fe, Cr, Ni, and Mo) duplex stainless steels may be a more attractive option than super-austenitic
stainless steels and nickel-based alloys for a given level of resistance to chlorides [C-24].
Figure C-4 provides a visual comparison of the surface condition of various stainless steel alloys
following four years of exposure to a marine atmosphere in Dubai [C-29]. The RN values in the
figure are inverted with respect to the JIS G 0595 [C-30] values, as shown in Table C-1. The test
specimens were not loaded and were not examined for the presence of cracking.
Table C-1
Comparison of Rating Numbers in Figure C-4 and JIS G 0595 [C-30] Showing the Rank
Scales Are Opposite
Surface Area Rusted or Stained

Rating Number
(RN)

Figure C-4 [C-29]

JIS G 0595 [C-30]

0

Original Surface

100%

1

0% (Discolored)

69%

2

1%

47%

3

5%

32%

4

12%

22%

5

20%

15%

6

30%

2.7%

7

50%

0.41%

8

70%

0.062%

9

100%

0.0093%
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Figure C-4
Visual Condition of Duplex (Top Row) and Austenitic (Bottom Row) Stainless Steel Alloys
after Four Years of Exposure to Marine Atmosphere (Courtesy of Outokumpu, [C-29])

C.3.2

Nickel-Based Alloys

Nickel-based alloys exhibit improved corrosion resistance due to their strongly passive surface
oxide layers. Whereas the largest alloying component of stainless steels is iron, nickel based
alloys are Ni-Cr-Mo-Fe or Ni-Cr-Fe. The machinability and weldability of nickel alloys is
generally superior to duplex stainless steels. Nickel alloys (e.g., Alloy 825, Alloy 625) are used
in offshore petroleum applications with severe environments containing high temperatures, high
chlorides, and hydrogen sulfide [C-31].
Additionally, the corrosion testing work performed for Alloy 22 by the Yucca Mountain project
can be leveraged to demonstrate resistance to a wide-range of environments over the much
shorter duration of interim storage, compared with geologic storage.

C.4

Isolation of Surface from Corrosive Environment

Even if the canister material is susceptible to CISCC in the presence of deliquescent chlorides,
susceptibility to CISCC can be reduced or eliminated by ensuring that this corrosive environment
does not develop on the surface of the canister. This section discusses three approaches to
isolating surfaces of the welded stainless steel canister from a corrosive environment:
•

Addition of material as a barrier between the canister surface and the environment

•

Application of a coating to the canister surface
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•

Modification of the environment within the overpack to ensure that a corrosive environment
does not develop

C.4.1

Addition of Barrier

The methods described below function by placing additional material between the existing
surface of the canister and the environment. Because the material added is capable of being
pressure-retaining, these methods are applicable for either mitigation or repair. Additionally, the
thickness of the added barrier material means the resistance to CISCC is not compromised by
scratches or abrasion of the applied material during canister insertion or removal from overpacks
or transfer casks. In general, the barrier material should be chosen to be resistant to atmospheric
CISCC.
One challenge with these methods is that they are likely to change the exterior dimensions of the
canister which has the potential to affect canister insertion and removal from an overpack or
transfer cask.
C.4.1.1

Weld Deposition of CISCC-Resistant Material

The typical reactor application for overlay, onlay, and inlay mitigation is in dissimilar metal
welds where the susceptible region is limited in extent and is located on the piping inner
diameter. In such applications, weld overlays are deposited as a buildup of corrosion-resistant
material on the outer diameter of the piping that serves to create compressive stresses on the ID
of the piping (the susceptible surface) and, with the exception of optimized weld overlays,
replaces the SCC susceptible material as the structural component in the weld joint. In reactor
applications, weld onlays refer to the deposition of corrosion-resistant weld material on the inner
diameter of the piping to separate the susceptible material from the environment. Weld inlays are
similar to onlays but have the added step of machining away the inside surface of the component
prior to welding so that the final mitigated surface has a diameter comparable to the premitigation component. Cladding refers to the general practice of depositing a corrosion-resistant
material onto a susceptible base metal, although it typically refers to this being done preservice
and prior to component assembly. As with the techniques in Section C.2.3.3, the beneficial stress
effects of a weld overlay are not applicable to the geometry of canisters because the susceptible
surface and the surface to which a weld deposit would be applied are the same.
While the deposited material may be resistant to CISCC, care needs to be taken to ensure that
cracking does not occur at the boundary of the deposit. At the boundary, the original susceptible
material is still exposed and some degree of WRS will have been induced by the weld
deposition. All welding processes will have edges that are loaded in tension due to weld
shrinkage forces, but minimizing the heat input and the thickness of the coating required to
effectively seal-off the treated surface will reduce these stress levels. Consequently, using a lowresidual stress welding process, such as those noted in Section C.2.3, to deposit the CISCCresistant material is important for effective mitigation of canisters. In addition to the residual
stress benefits, process controls available with laser welding also permit the control of the
mixing and potential dilution of the deposited material.
Even if the entire canister surface is clad to eliminate edge effects, inspections should verify that
full coverage has been achieved and there are no breaks in the cladding. Additionally, the use of
a weld-deposited material has the potential to introduce ultrasonic testing reflectors to the
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interface between the overlay and base metal and otherwise reduce the inspectability of the
canister. Such experience has been noted in the application of weld overlays to reactor
components.
Instead of serving to mitigate the component, overlays or cladding can also be performed to seal
off or provide structural reinforcement in areas with growing cracks. Laser weld overlays have
been used to repair through-wall CISCC cracks in an inservice stainless steel RWST at an
international nuclear plant ([C-32] and [C-33]) and to perform underwater inlays and cladding of
reactor pressure vessel (RPV) nozzles. Figure C-5 shows an example of the application of a laser
weld overlay. At a U.S. ISFSI, a canister vent/siphon block was found to fail the helium leak test
during lid closure [C-34]. The vent/siphon block was mitigated using an overlay, eliminating
leakage and restoring compliance with the technical specification.

Figure C-5
Laser Beam Overlay (Sintered Powder Process) [C-33]

C.4.1.2

Encapsulation

In this section, two specific approaches to encapsulating the canister are discussed:
1. Placement of a canister within a sealed overpack (e.g. a transfer or transport overpack)
2. Placement of a canister within a larger sealed canister
In the first case (such as at the Humboldt Bay ISFSI [C-35]), the canister is placed inside a
sealed overpack that is itself not subject to CISCC degradation. The bolted cask isolates the
canister from the corrosive environment and also provides redundant sealing in the event that a
through-wall crack is present. Some transportation casks have lower thermal load limits than the
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ventilated storage overpacks; the current decay heat load should be confirmed to be permissible
before using this approach.
In the second case, a canister is enclosed within another sealed canister and placed in an
overpack. In this case, two independent layers of material are required to be penetrated for
through-wall cracking to occur. Whereas a crack would continue to propagate through a single
layer of material, two separate shell layers require a crack to re-initiate on the inner canister once
oxygen has diffused into the annulus and once chlorides have been brought into contact with the
inner canister. While the easiest manner by which to create two layers is in the original design
(such as for the Ukrainian interim storage [C-36]), it may also be possible to encapsulate some of
the smaller canisters inside the newer high capacity canisters (e.g., based on the ID and cavity
length of the larger canister [C-37] and overall dimensions of the smaller canister [C-38]). Such a
retrofit would likely consider adjusting the design basis while encapsulation within a transport
overpack may not. Additionally, if the outer canister is not resistant to atmospheric CISCC, the
susceptibility to CISCC is not truly eliminated. Rather, the ability to monitor is improved and the
propagation time is significantly increased.
Depending on the method of encapsulation, it may also permit the performance of leak detection
in the sealed annulus surrounding the encapsulated canister.
C.4.2

Coating Technologies

Corrosion-resistant coatings can mitigate the susceptibility of the substrate without the material
cost associated with a thick weld-deposited layer. When intact, coatings can provide immunity
from initiation of cracking. Since the underlying material is generally still susceptible, it is
important that any coatings used should be sufficiently adherent and durable to withstand the
insertion of the canister into the overpack without being compromised. Breaches in the coating
permit corrosion of the substrate and could result in blistering and under deposit corrosion of less
adherent coatings.
In general, methods such as those in Section C.4.2.1 and C.4.2.2 that involve plastic deformation
at the coating/substrate interface have significantly greater bond strength than chemically
deposited or painted coatings.
C.4.2.1

Thermal Spray Techniques

Thermal spray techniques use a powder entrained in a flow of gas that is accelerated to
supersonic speeds and then impinges on the surface to be coated. Two methods for the
application of thermal spray coatings are high velocity oxygen fuel (HVOF) spraying and cold
spraying. In HVOF (shown in Figure C-6), a gas or liquid fuel and oxygen are continuously
combusted to generate the stream of high-velocity gas which partially melts the particles that are
fed into the stream before depositing them on the substrate. In cold spraying, high-pressure
nitrogen (or another gas) creates the high-velocity gas without melting the particles to be
deposited. A hybrid “warm spraying” technique adds nitrogen to the HVOF process to achieve
intermediate temperatures.
One thermal spray coating option that has been explored for application as a corrosion barrier for
dry cask storage is a family of iron-based amorphous alloys with additions of Cr, Mo, W, and B
[C-39]. As an amorphous coating, the high hardness provides enhanced resistance to abrasion
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and gouges. Salt fog testing has also demonstrated that it effectively resists chloride attack.
Additionally, ceramic coatings are also available that would provide significant corrosion
benefit.
Compared with the techniques in C.4.1.1, spray coatings have the advantage of being much
lower heat input and generate lower residual stresses on the substrate than a weld deposited
cladding [C-2]. Since they are not melted, spray coatings should be carefully controlled to
minimize porosity. Particularly for cold spray coating, the action of the particles impinging on
the substrate can act to cause compressive residual stresses in the top layer of the substrate; for
hot thermal spraying, the thermal shrinkage of the coating as it is deposited results in
compressive stresses in the substrate but tensile ones in the coating.

Figure C-6
HVOF Process Coating Half-Scale Containers [C-40]

C.4.2.2

High Velocity Laser Deposition

High velocity laser accelerated deposition (HVLAD) can be used to deposit metallic or ceramic
coatings on components with very high adhesion strength [C-41]. The technique is an extension
of laser peening technology that creates a coating with interfacial properties comparable to
explosive bonding. The major steps of the process are as follows [C-42]:
1. The coating material is formed into a thin film that is advanced using a spool assembly and
coated with water. As in laser peening, the layer of water serves as an inertial tamper to
direct the energy from expanding plasma.
2. The high-powered laser pulse strikes the film material, generating high-pressure expanding
plasma.
3. The high pressure of the plasma confined by the water tamper causes a section of the coating
to be sheared from the advancing film and be accelerated at hypersonic velocities toward the
substrate.
4. The film impacts the substrate at an oblique angle, inducing plastic shear flow and surface
roughening and creating a high-strength explosive bond with an interfacial bond strength
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approaching the yield strength of the constituent materials. A micrograph of the interface
generated by this technique is provided in Figure C-7.
HVLAD is applied at ambient-temperature and can be performed in air. Additionally, the
technique introduces compressive stresses in the substrate during application of the coating
further improving resistance to SCC.

Figure C-7
Colorized Micrograph of the Coating-Substrate Interface Generated by HVLAD Process (for
Ta on Cu Substrate) [C-43]

C.4.2.3

Super-Hydrophobic Coating

Unlike the other coating techniques which act to prevent the electrochemical process of
corrosion, applying a super-hydrophobic coating would act to shed deliquescent particles or
water droplets and reduce the surface area of a deliquescent droplet that is touching the canister
surface [C-44] (effectively limiting the cathodic area for the electrochemical processes of
corrosion). Super-hydrophobic coatings are characterized by high contact angles (greater
than 150°) between the surface and surface of a water droplet. The low interfacial energy also
reduces the adhesion of dust particles, promoting the ability of a treated surface to be cleaned by
rinsing with water and reducing the deposition of particles on vertical or downward-facing
surfaces. Super-hydrophobic coatings have been shown to improve corrosion resistance of metals
to seawater and NaCl solutions by avoiding wetting of the substrate [C-44]. Given the
dependence of super-hydrophobic coatings on a highly-structured surface morphology, the
coatings would not be as wear-resistant as those discussed in the preceding subsections.
Additionally, super-hydrophobic coatings can denature if their service temperature is exceeded,
resulting in an irreversible change to hydrophilic behavior.
Coatings are also available that are both hydrophobic and oleophobic. However, the service
temperature [C-45] generally appears to be lower than the hottest canister surface temperatures
during the early stages of dry cask storage.
C.4.2.4

Other Coatings

There are a number of other coatings available that are marketed for application to stainless
steels for the control of corrosion and can be applied by painting or by low-pressure spraying. In
general, these coatings either act by forming a barrier to isolate the susceptible material or act as
a corrosion inhibitor.
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Recommendations have been developed for the use of coatings on stainless steel piping under
insulation [C-46]. Given that this environment contains chlorides and a concentrating
environment with limited electrolyte, the recommendations for preventing external SCC under
insulation are expected to largely be conservative relative to dry cask storage environments.
High-build epoxy is recommended for applications in the temperature range of -45°C to 60°C
(-50°F to 140°F). For high-temperature applications to 540°C (1000°F), modified silicone
coatings are recommended. In addition to the coatings, heavy-gauge, aluminum-foil wrapping or
thermal sprayed aluminum has been successfully used to prevent atmospheric SCC. In general,
duplex alloys are specified rather than austenitic.
In general, painted (or low pressure spray) coatings have low interface bond strength and are less
wear resistant than the techniques discussed in Section C.4.2.1 and C.4.2.2. If scraping during
insertion results in breaches in the coating, the effectiveness of the coating is reduced.
Particularly if an isolating coating is applied on a surface that is not clean, a breach could result
in under deposit corrosion and blistering of the coating, as has occurred on an RWST [C-4].
However, such coatings have the benefit of being readily available and easily applied. Operating
experience with painted coatings of steel components within overpacks indicates that periodic
maintenance is likely to be necessary if the coating integrity is to be maintained ([C-47] and
[C-48]).
C.4.3

Environmental Control

By reducing the chlorides in the airflow through the overpack, it may be possible to delay or
prevent corrosion degradation of the canister. As seen in Figure C-8, CRIEPI has investigated the
use of a non-blocking filter that uses water running across trays in overpack air inlets to capture
chlorides [C-5]. Capture efficiencies on the order of 40% of chloride aerosols were reported.
Discussion of this technique is also included in recent work by CRIEPI [C-3].
Some countries (e.g., Japan and Germany) having bolted DCSSs store them inside of enclosed
buildings. Housing even within a well ventilated building tends to reduce the size and quantity of
aerosols [C-49].
The methods described in the remainder of this section have not been formally evaluated for use
in DCSS applications. They are included to highlight potential benefits and drawbacks of
reducing the susceptibility to CISCC by modifying the environment that canisters are exposed to.
To achieve greater capture efficiency, a fiber-based filter (e.g. HEPA filter) could be used if the
pressure-drop were low enough or if an active air circulation system were added. Use of a
filtration system that requires active circulation of air to overcome the pressure-drop across the
filter media may affect the thermal design basis. In some international used fuel storage facilities,
the dry casks are stored inside a ventilated building, which has the potential to reduce chloride
concentrations below outside ambient.
Periodic cleaning of canister surfaces would remove aerosols deposited on the canister and,
depending on method, could also be used to remove any superficial rust staining. One concern
associated with in-situ cleaning is the potential for chlorides and other surface contaminants to be
washed into a crevice where they could concentrate and promote corrosion. It is expected that the
frequency of cleaning would need to be associated with the rate of chloride deposition.
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Significant effort would be required to periodically clean all canisters at an ISFSI without
leaving effluent in the overpack.
Another approach would be to preclude deliquescence by ensuring that the canister
surface temperature remains high enough to avoid deliquescence under ambient humidity
(AH of ≤ 30 g/m3, see Appendix B). Gradually choking the overpack vents to restrict airflow
would raise the canister surface temperature and would extend the period of time over which
large portions of the canister surface are too hot to permit deliquescence under ambient
humidity. However, such a modification may impact the design basis of the canister.
Once the canister decay heat is low enough that airflow through the overpack can be halted,
volatile corrosion inhibitors could be used to inhibit the occurrence of chloride-induced
degradation [C-50]. Volatile corrosion inhibitors act by slowly dispersing in the vapor phase over
the area to be treated, adsorbing to exposed surfaces where they chemically inhibit corrosion
processes. They can be incorporated into painted coatings or dispersed into a volume by slowly
releasing capsules; however, they require an essentially sealed airspace to accumulate to
concentrations at which they effectively inhibit corrosion and are not typically used at elevated
temperatures.

Figure C-8
Front (on Left) and Side (on Right) Profiles of CRIEPI Low-Pressure-Drop Filter [C-51]
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DCSS CANISTER INSPECTION TECHNIQUES
The development of novel inspection techniques to detect the presence of cracking in canister
exteriors has been the subject of significant recent research. These techniques are in addition to
the application of more traditional ultrasonic testing and eddy current testing techniques that
could also be applied. DCSS vendors, EPRI, the Department of Energy (DOE), and their
subcontractors have also worked to develop remote delivery systems capable of performing more
thorough inspections on the canister surface. This brief appendix points the reader to key reports
and developments in this field.

D.1

Inspection Delivery Systems

Section 5 of Reference [D-1] provides images of two approaches in development for a remotely
operated vehicle capable of performing visual and non-visual inspections on vertically oriented
canisters. Section 6 documents field trials, which were performed with prototypes with NDE
payloads to determine if the vehicles could navigate the casks. The vehicle was able to access
vents that had less than a 90° transition without becoming stuck. Since Reference [D-1] was
published, additional examinations have been performed at two additional sites using upgraded
vehicles that incorporate the lessons learned at the prior field trials (such as strengthening the
NDE payload actuator to create enough pressure to obtain consistent readings and more securely
attaching the vehicle wheels).
Pacific Northwest National Laboratory (PNNL) developed a report [D-2] that assesses the
fraction of the canister shell surface that is accessible for direct inspection and provides
conceptual treatment of three NDE sensor delivery options for the HI-STORM 100 system: a
long spring steel handle, a spring loaded wheeled buggy, and a magnetic crawler system. This
discussion is extended to the NUHOMS system. The report also assesses the conditions in which
a delivery system would need to operate, which includes elevated temperature and gamma
radiation exposure.
Reference [D-3] provides images of a technique under development by a vendor to provide
inspections of the entire canister surface when removing a canister from an overpack. The
inspection tool can be designed to use a variety of NDE techniques such as visual, eddy current
and ultrasonic tests around the entire circumference of the canister and can provide full coverage
of the entire canister shell OD. Also discussed is a low profile delivery system for surface
chloride concentration measurements through the canister insertion opening that has been
successfully used at one ISFSI.

D.2

Inspection Techniques for Detection of CISCC

Section 4 of Reference [D-1] describes development of an ultrasonic testing (UT) technique
using electromagnetic acoustic transducers (EMATs) and of eddy current testing (ET) probes
with multiple scanning heads. Acoustic emission inspection is discussed but not developed in
D-1
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detail. Figure 6-4 of Reference [D-1] shows a field trial of EMATs deployed by a remotely
operated vehicle in an empty canister, as well as a visual of the seam weld. Additional details on
the EMATs technique is provided in Reference [D-4].
Reference [D-5] provides a comprehensive assessment, performed by PNNL, of the applicability
of different NDE technologies such as traditional ultrasonic techniques, acoustic emission
techniques, visual techniques, eddy current techniques, and advanced ultrasonic techniques to
screening, detection, and characterization of CISCC in DCSS canisters and of degradation in
DCSS concrete structures. The reference provides descriptions of the techniques considered,
their level of current implementation, estimations of their performance and effectiveness for
DCSS applications, and key parameters affecting the effectiveness of the technique. The report
also provides implementation considerations and applicability rankings for the example of a
NUHOMS dry cask storage system.
Section 4.3 of a report developed by Los Alamos [D-6] describes the current state of the art and
promising new detection techniques. Phased array ultrasonic methods are routinely used for
volumetric examinations of operating and reactor components, and can locate and image
individual cracks. Vibrothermography is a non-contact technique in prototype which acoustically
excites cracks causing them to heat up, allowing the crack to be captured in an IR image.
Nonlinear elastic wave spectroscopy (NEWS) also shows promise to be more sensitive to cracks
than traditional UT, which is most sensitive to voids.
PNNL developed a report [D-7] that describes experimental work looking at the ability of ET
probes to perform depth sizing of branching cracks, such as CISCC, in DCSS canisters. This
experimental work follows earlier finite element modeling work, also performed by PNNL
[D-8]. Overall, the experimental results and the finite element models were in reasonable
agreement, showing that the response of ET probes to varying crack depths may be accurately
modeled. Section 4 of the report also summarizes eddy current techniques that are promising for
application to detection of CISCC cracking in DCSS canisters, such as Hall probes, giant
magnetoresistive sensors, and superconducting quantum interference detectors. Section 4 also
discusses alternate probe configurations for the existing ET technology and using a pulsed signal
to detect deep cracks.
Los Alamos developed a report [D-9] that describes experiments using time reversal signal
processing on a nonlinear elastic wave spectroscopy technique to permit imaging of cracks
distant from the location of the ultrasonic transceiver. Section 2 of the report discusses the theory
of time reversal and describes the results of these experiments in 304L stainless steel. This
method was able to image the crack and provide information about the internal structure and
orientation of the crack.
Idaho National Laboratory developed a report [D-10] that describes testing and development
work performed to develop an eddy current probe capable of detecting cracking in canisters, with
a particular focus on weld inspections. The tooling under development is designed to fit into the
confined space of the canister by using smaller transducers than current eddy current testing
probes and requiring little mechanical scanning. Modeled performance of various probe spacings
and diameters are presented.
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Reference [D-11] describes work performed by CRIEPI to demonstrate the use of UT for
inspection of canister lid closure welds. The focus of the document was on the weld fabrication
inspection rather than inservice inspections.
Table D-1 provides a selection of surface examination methods that have been identified and
described in the ASME Code.
Table D-1
Example Surface and Volumetric Examination Methods (per ASME Boiler & Pressure
Vessel Code, Section XI, IWA-2200 [D-12])
Surface
Examination
Method

Section XI
Paragraph

Volumetric
Examination
Method

Section XI
Paragraph

Magnetic
Particle

IWA-2221

Radiographic

IWA-2231

Liquid Penetrant

IWA-2222

Ultrasonic

IWA-2232

Eddy Current

IWA-2223

Eddy Current

IWA-2233

Ultrasonic

IWA-2224

Acoustic
Emission

IWA-2234

GENERAL NOTES:
(1) A surface examination indicates the presence of surface discontinuities. A volumetric examination
indicates the presence of discontinuities throughout the volume of material.
(2) For inspections performed per Section XI, alternative examinations are allowed by IWA-2240
provided that: “Alternative examination methods, a combination of methods, or newly developed
techniques may be substituted for the methods specified in this Division, provided the Inspector is
satisfied that the results are demonstrated to be equivalent or superior to those of the specified
method.” [D-12]

D.3

Long Term Monitoring Techniques

Section 6.4 of Reference [D-1] briefly describes the theory of acoustic monitoring techniques
and presents results from field testing using this method on empty horizontal and vertical
canisters and casks. Laboratory testing was not performed before field testing, as no mockups
could be made that would meet the size requirements. Additional details about acoustic
monitoring are provided in Reference [D-13].
Reference [D-14] provides a summary of crack monitoring by fiber optic strain gauges and by
instrumented surrogate/coupon samples. Additionally, it provides a summary of canister internal
pressure monitoring techniques that have either been deployed in non-nuclear industries or are
currently under development that could be used for leakage monitoring. These methods may be
better suited at monitoring a large area than current methods, though the reference does note that
all results discussed are to be regarded as preliminary.
Argonne National Laboratory developed a report [D-15] that provides a discussion of various
temperature monitoring and measurement technologies that are applicable to remote application.
These technologies include Type N thermocouples, Johnson noise thermometers, ultrasonic and
fiber-optic sensors, and thermal imaging. Section 5.5 provides a brief description of emerging
technologies which may provide detection of a sudden leakage of the helium from the canister.
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These leak detection technologies rely on the variation in the speed of sound due to the
concentration of helium gas in air. A sudden increase of in the speed of sound at the outlet vent
may indicate a leakage; research to confirm this is ongoing.
Reference [D-16], summarized in English in [D-17], summarizes work to develop a leakage
monitoring technique based on changes in the temperature difference between the top and
bottom of the canister. A large scale instrumented and heated mockup was developed and used in
this testing. It was found that the temperature at the top of the canister falls and rises at the
bottom during a helium leak due to the sudden lack of convection currents. This difference
increases monotonically during a leak, regardless of the inlet air temperature.
Argonne National Laboratory developed a report [D-18] that describes DOE-supported work to
develop a sensor platform called ARG-US, which is capable of remotely monitoring canisters
and reporting the results using radio frequency identification. Monitoring can be continuous and
comprehensive, allowing for improvements in safety and radiation exposure. Integration of
usable sensors was not the focus of the work at the time; instead, the paper focuses on the
development of the platform and software interface. Potential methods of detection to be used
with ARG-US include pressure transducers and Kr-85 detectors.
The U.K.’s National Nuclear Laboratory has also investigated the use of instrumented coupons
with corrosion monitoring capabilities for use with radioactive waste packages [D-19]. The
concept for these coupons combines climate monitoring sensors, a corrosion monitoring sensor,
and remote access capability. A brief summary of recent work on corrosion monitoring and
inspection performed for the U.K.’s National Decommissioning Authority is also available [D20].

D.4

Surface Deposit Characterization Techniques

Reference [D-21] describes the development of a laser-induced breakdown spectroscopy system
and delivery system for the in-situ measurement of the chloride areal density on DCSS surfaces.
Laser-induced breakdown spectroscopy uses a high-energy laser to atomize and excite any
deposits on the canister surface (turning them to plasma) then determines the composition of the
deposits by characterizing the spectrum of emitted photons. This report follows significant
earlier CRIEPI work to develop this technique ([D-22], [D-23], and [D-24]).
Reference [D-14] provides a summary of various surface deposit characterization and monitoring
techniques that can determine the areal density of chlorides on a canister in-situ. Additionally,
the report provides a summary of monitoring techniques for canister surface temperature and
ambient humidity. The techniques are in varying stages of development, and the results of field
testing given in the reference are considered preliminary.
References [D-25], [D-26], [D-27], and [D-28] describe investigations by EPRI and Sandia of
surface deposit compositions that have been performed to-date on canisters stored in overpacks
at ISFSIs. These investigations included areal density measurement of soluble salts and
assessment of the dry deposit composition using swabs of the canister surfaces. The SaltSmart
device provides a method for collecting soluble salts from the surface that can be analyzed in a
lab to determine the areal density of species. However, using the SaltSmart Meter to perform infield measurement of the salt concentration is not recommended because calibration is required
for the composition of the deposit being measured.
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EXAMPLE AGING MANAGEMENT PROGRAM
This appendix provides an example aging management program (AMP) that is written using the
guidance contained in this report, with consideration of the guidance in NEI 14-03R2 [E-1], and
with consideration of the NRC aging management review guidance [E-2]. The sections of this
appendix reflect the standard components of an AMP, as listed in Table 1-2. Aging management
actions that were noted to be optional in this report are not included in this example AMP. The
AMP is written under the assumption that the ISFSI AMID contains limited data at the time the
AMP is developed.
Examples of aging management programs for CISCC of stainless steel canisters are also
available as Table B-1 of NUREG-1927R1 [E-2] and as Section IV.M.3 of ANL 13/15R2 [E-3],
which are compared by Table 2-5 in the main body of this report. The first AMP for CISCC of
stainless steel canisters that was approved by the NRC is described in Reference [E-4].
An explicit and periodic review of the AMP’s effectiveness and content (i.e. the NEI 14-03R2
“tollgate” approach) may be included in addition to the mechanisms included in this example
AMP that adjust the inspections based on OE and detections of degradation.

E.1

Scope of Program

This program manages the aging effects of the external stainless steel surfaces of canister
confinement boundaries that are directly exposed to air within DCSS overpacks (i.e., the canister
shell and external lids). The scope of this AMP includes inspection of these surfaces for evidence
of localized corrosion and stress corrosion cracking (SCC) that may be caused by deposited
chloride aerosols.

E.2

Preventive Actions

This AMP consists of condition monitoring; no preventative or mitigating attributes are
associated with these activities.
[It is noted that there are design aspects and fabrication processes that can act to mitigate the
potential for chloride-induced SCC of stainless steels and that some of these also mitigate the
potential for chloride-induced localized corrosion. A non-exhaustive review of such techniques is
provided in Appendix C. If such techniques are used, analysis and data demonstrating the
effectiveness of the preventative action should be described. The AMP should then reflect any
needed monitoring or maintenance to ensure the continued effectiveness of the preventative
technique.]

E.3

Parameters Monitored / Inspected

This AMP uses visual inspections to monitor for indications of corrosion on the accessible
external surfaces of the canister shell and lids. For indications where there is a potential for
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cracking to be present, additional examinations are performed to detect and, if present,
characterize the crack. The parameters monitored or inspected include:
•

Visual appearance of the canister surface, including visual appearance of any deposited
material or indications identified during examinations (if present)

•

Location of indications identified during examinations (if detected)

•

Extent or size of indications identified during examinations (if detected)

•

The chloride areal density in the vicinity of indications that classify a canister as “Corroded”
or “Cracked” (as applicable)

[If desired, the AMP may also commit to: collecting and analyzing the composition of deposits
on the canister surfaces, measuring the range of canister surface temperatures on examined
canisters, wet candle measurements of the chloride aerosol levels, measuring atmospheric
humidity, or using surrogate material to monitor for chloride deposition and occurrence of
localized corrosion or SCC. However, these should be considered on a case-by-case basis.]

E.4

Detection of Aging Effects

Non-destructive examination methods are used to inspect the accessible portions of the canister
external surfaces. Each inspection, a sample of canisters chosen from the sampling population is
inspected. If aging-degradation has previously been detected on canisters in the sample,
augmented examination methods are used on those canisters.
E.4.1

Method

Canister Classification for Examinations
This AMP includes four classifications for individual canisters that reflect the level of
degradation that has been observed on that canister. These classifications are used to determine
the appropriate examination methods and frequency.
•

Cracked – If an outside surface connected planar flaw attributable to CISCC has been
detected, then that canister is considered “Cracked.” This includes canisters for which all
detected cracks have been remediated, unless the entire canister has been remediated.

•

Corroded – If at least one “major corrosion indication” (per the Acceptance Criteria) has
been detected but the canister is not “Cracked,” then that canister is considered “Corroded.”

•

Uncorroded – A canister that has been examined and is neither “Corroded” nor “Cracked” is
“Uncorroded”.

•

Uninspected – A canister that has not been examined is “Uninspected”.

Standard Examination Method
All canisters in the sample are inspected using the Standard Examination Method, as follows:
•

E-2

A VT-3 examination will be performed of the accessible portion of the canister surface
within 50 mm (2 in) of the visually determined location of a weld. The VT-3 examination
will be performed using personnel and procedures qualified to relevant portions of ASME
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BPVC Section XI, Article IWA-2000 [E-5]. The examination coverage will be no less than
80%, except as specified by the following two conditions:

•

–

Inspections of additional canisters may be used to reach this 80% threshold by adding the
percent coverage (i.e., 40% of the full VT-3 examination surface of two canisters is
permitted instead of 80% of one canister).

–

Surface or volumetric examination methods may be performed as an alternative to VT-3
for any portion of the inspection surface.

A general visual examination will be performed of the portion of the accessible canister
surface that is not examined by VT-3. The general visual examination is performed for
canisters in the sample and any additional canisters inspected to meet minimum coverage.
The general visual will be performed using personnel and procedures qualified to IWE-2300
or equivalent [E-5].

Augmented Examination Method
An augmented examination is performed on canisters in the sample classified as “Cracked” or
“Corroded”. These examinations will be performed using qualified personnel and, if available,
qualified examination procedures. The criteria defining an indication as cracking, a major
corrosion indication, or a minor corrosion indication are provided in Acceptance Criteria.
•

A volumetric examination is performed of cracking indications and the surrounding volume
within 25 mm (1 inch) of the indication.

•

A volumetric or surface examination is performed of the regions that are both (a) within
50 mm (2 inch) of a weld and (b) within 25 mm (1 inch) of the extent of a major or minor
corrosion indication.

•

The canister is also inspected using the Standard Examination Method; locations inspected
using surface or volumetric examinations do not need to receive a VT-3 examination.

[If desired, the AMP may also take credit for exclusion of corrosion in regions too hot to support
deliquescence.]
E.4.2

Inspection Timing and Frequency

Inspections commence with the pre-application inspection performed per Section 3.4.1.2 of
NUREG-1927 Rev. 1 [E-6] as part of the license renewal process. If the pre-application
inspection was not necessary, the first inspection occurs within 20 years after the first canister
was emplaced in an overpack. The timing of inspections may be adjusted ±1 year for scheduling
considerations.
[This example AMP assumes there is not sufficient data in the ISFSI AMID to use the alternative
schedules for the initial inspection in Section 4.2.1.]
Subsequent inspections are performed at the frequency described below:
•

If there are no “Corroded” or “Cracked” canisters, then the inspection frequency is once
every 10 years. If there are still no “Corroded” canisters, “Cracked” canisters, and no minor
corrosion indications, then the inspection frequency after the third inservice inspection is
once every 20 years.
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•

If there are canisters classified as “Corroded,” but no canisters classified as “Cracked,” then
the inspection frequency is once every 5 years.

•

If there are canisters classified as “Cracked,” those canisters are inspected at a frequency
determined by the Acceptance Criteria; in this example, sample inspections of additional
canisters are performed once every 5 years.

E.4.3

Sample Size and Selection

The sample size for the initial inspection is two canisters, adjusted as needed to obtain sufficient
examination coverage. The sample size for successive inspections is the same, unless otherwise
determined by the licensee’s Corrective Action Program (CAP), as described in Corrective
Actions.
The initial sample and any subsequent samples until the population includes a “Corroded” or
“Cracked” canister will be chosen from among those accessible for inspection as follows:
•

One canister will be the canister that is considered the most susceptible using the canister
susceptibility assessment criteria rank and guidance in the EPRI aging management guidance
report [E-7]. This canister will be reexamined at each successive examination for as long as
no “Cracked” or “Corroded” canisters exist in the population.

•

The other canister examined at each inspection will be the canister considered to be the most
susceptible “Uninspected” canister in the sampling population.

If there are canisters classified as “Corroded” or canisters classified as “Cracked,” then the site
processes and procedures of the site CAP will determine the canisters to include in the sample.
At a minimum, the canister with the most severe degradation detected and one additional canister
will be inspected. The current industry practice for sample size and selection of canisters for the
sample, as reflected in the ISFSI AMID, will be reviewed as part of the planning for each
inspection.
E.4.4

Data Collection

The collected data will include documentation of the canister inspections, records of the
Parameters Monitored / Inspected, documentation of any flaw evaluations performed as part of
the Acceptance Criteria, and documentation of any Corrective Actions.
Documentation of the canister inspections includes images of indications or video from visual
examinations as well as augmented examination data and records for detected cracking.

E.5

Monitoring and Trending

[This example AMP assumes that any preservice inspections that were performed were not
sufficient to count as a baseline examination.]
The pre-application inspection is considered the baseline inspection for the canister(s) examined
at that time. For other canisters examined, the first inspection of those canisters will be
considered the baseline inspection.
As discussed in Sample Size and Selection, the sample for successive inspections will always
include at least one canister examined in previous inspections, for trending purposes.
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The CAP, implemented per the Quality Assurance (QA) program, uses corrective actions to
provide monitoring and trending for instances of degradation. Using visual examination data, any
growth of areas of corrosion or appearance of new areas of corrosion will be noted. Any changes
in the appearance of the canister deposits (e.g., thickness or color) will also be noted. If any
cracking is present, the measured size of all cracks over successive examinations is trended for
comparison with flaw assessment results and the predicted crack growth rates.
Current industry operating experience, as recorded in the ISFSI AMID, will be reviewed as part
of the planning for each inspection to identify any industry trends. In order to permit trending
throughout the fleet of canisters, results from all inspections are also reported to the ISFSI
AMID.

E.6

Acceptance Criteria

There are three tiers of acceptance criteria. Visual examination results are evaluated using the
Visual Examination criteria. If a surface or volumetric examination is performed, the Augmented
Examination criteria are used. If cracking is detected, the Flaw Evaluation criteria are used.
E.6.1

Visual Examination

Criteria are provided below to classify the indication as a major corrosion indication, a minor
corrosion indication, or an insignificant corrosion indication.
Relevant conditions for a visual examination are the presence of a major corrosion indication
anywhere on the canister or a minor corrosion indication within 50 mm (2 inch) of a weld.
Relevant conditions within 50 mm (2 inch) of a weld will receive a supplemental examination
for the presence of cracking; other indications are acceptable without supplemental examination.
Any detection of a major indication of corrosion, will reclassify the canister as “Corroded,”
causing the associated actions in Corrective Actions to be performed. If no visual indications of
corrosion are present (i.e. visually clean), no additional action is required.
Relevant conditions classified as a minor corrosion indication may be accepted by a
supplemental examination using VT-1 to demonstrate that there is no attack of the metal under
the corrosion indication. Otherwise, supplemental examinations to detect the presence of
cracking will be surface or volumetric examinations.
Major Corrosion Indications
If a corrosion indication meets any of the following, it will be considered a major indication:
•

Cracking of any size

•

Corrosion products having a linear appearance, except light corrosion indicative of iron
contamination

•

Corrosion products having a branching appearance

•

Evidence of pitting corrosion, under deposit corrosion, or etching with measurable depth
(removal/attack of material by corrosion)
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•

In a 10 cm × 10 cm region, corrosion product is present in 25% or more of the surface with
evidence of attack into the canister material (e.g., classification as RN 4 or lower per JIS G
0595 [E-8])

•

Evidence of water intrusion that runs into a crevice location with rust staining at the edge of
the crevice

•

Corrosion product deposit present at the mouth of an occluded region that includes a portion
of the canister shell weld

Minor Corrosion Indications
If a corrosion indication is not a major indication and if it meets any of the following, it will be
considered a minor indication:
•

Evidence of water intrusion stained the color of corrosion products

•

Areas of light corrosion that follow a fabrication feature or anomaly (e.g. scratch or gouge),
such indications are indicative of iron contamination

•

In a 10 cm × 10 cm region, corrosion product is present in 10% to 25% of the canister surface
(e.g., classified as RN 5 or 6 per JIS G 0595 [E-8])

•

Corrosion product greater than 2 mm in diameter

Corrosion indications that do not meet the criteria for being a major corrosion indication or the
criteria for being a minor corrosion indication are considered insignificant corrosion indications.
Insignificant corrosion indications are not considered relevant conditions and are acceptable
without further action.
E.6.2

Augmented Examination

If a surface examination is performed, no further actions are required if any of the following
apply:
•

If a surface examination confirms the absence of flaws

•

If the detected flaw is a rounded indication, and if no corrosion products or masking deposits
are present

•

If the detected flaw is a linear indication, if no corrosion products or masking deposits are
present, and if the linear indication is determined to not have a crack-like morphology

If a volumetric examination is performed, whether as an augmented examination or supplemental
examination, no further actions are required if any of the following apply:
•

If a volumetric examination confirms the absence of planar flaws

•

If the detected indication is determined to not be connected to the exterior of the canister
(i.e., not outside surface connected)

•

If the entirety of the detected flaw is in an area that is confirmed to have no corrosion
products present, and if the indication is determined to not have a crack-like morphology

E-6

Example Aging Management Program

•

If the detected indication was recorded prior to being mitigated or remediated and there has
been no measurable increase in the flaw size after being remediated.

If any of the above bullets do not apply, the detected indication is an outside surface connected
planar flaw and is considered cracking that is attributable to CISCC. If cracking is detected, the
canister is re-classified as “Cracked,” the associated actions in Corrective Actions are performed,
and an engineering evaluation is performed to demonstrate the acceptability of the indication of
cracking using Flaw Evaluation.
At the discretion of the personnel performing the examination, supplemental examinations can
be performed in a timely manner to characterize an indication (e.g., to determine if an indication
is non-surface connected, to measure the size of a flaw, or to determine flaw position with
greater accuracy).
E.6.3

Flaw Evaluation

Canisters with cracks measured to be less than 75% through-wall will be reexamined with an
augmented examination at a frequency of every 5 years or occurring before the limiting crack is
calculated by an engineering evaluation to reach 75% through-wall, whichever is sooner.
If this inspection frequency is not feasible or if the flaw is measured to be greater than 75%
through-wall, the site CAP is used to address such flaws. The ISFSI AMID will be reviewed to
identify any relevant operating experience, repair experience, or generic industry analyses
relating to the consequences of through-wall CISCC with an appropriate limiting length.

E.7

Corrective Actions

Corrective actions are performed in accordance with the QA program meeting the requirements
of [10 CFR 50 Appendix B or 10 CFR 72 Subpart G] and site corrective action procedures. 19
Corrective actions are taken in a timely manner commensurate with the significance of the
indication. Such conditions are either corrected or are evaluated to be acceptable for continued
service through engineering evaluation, which may be performed on a site-specific or generic
basis.
Upon each new classification of a canister as “Corroded” or “Cracked,” the following will occur:
•

The chloride areal density in the vicinity of the indication(s) that reclassified the canister will
be assessed. When feasible, a deposit sample will be used to determine composition and
measure areal density.

•

The CAP will determine whether an extent of condition investigation is justified. If extent of
condition is to be determined, the ISFSI AMID may be reviewed to determine current
industry practices and Section 6.2 of the EPRI aging management guidance report [E-7] will
be used to select which canisters are included in the additional examinations.

The guidance in section E-HU1 of NEI 99-01[E-9] relative to ISFSI malfunction and 10 CFR 72.75 reporting
requirements will be given immediate consideration.
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E.8

Confirmation Process

Activities initiated in accordance with this AMP are subject to the controls of the site QA
program meeting the requirements of [10 CFR 50 Appendix B or 10 CFR 72 Subpart G]. In
particular, any corrective actions are implemented using the CAP per the QA program with its
associated review process, approval process, and administrative controls. Use of these processes,
controls, and procedures ensures that any corrective actions taken are effective.

E.9

Administrative Controls

Administrative controls are addressed through the site QA program meeting the requirements of
[10 CFR 50 Appendix B or 10 CFR 72 Subpart G].

E.10 Operating Experience
NRC Information Notice 2012-20 [E-10] describes instances of chloride-induced stress corrosion
cracking in welded stainless steel piping and tanks at some nuclear power plants in the U.S. and
internationally. Section 3.2 of the EPRI literature review on degradation relevant to DCSS
canisters [E-11] provides a summary of additional experience of CISCC of austenitic stainless
steel at near-ambient temperatures caused by deposition of atmospheric chlorides. This
experience indicates that there is the potential for CISCC to occur in the external surfaces of
stainless steel canisters and that these cracks may grow through-wall over the duration of the
license renewal period.
[Include brief summary of pre-renewal inspection results, as applicable.]
Additionally, the tollgate approach to learning aging management involves periodic reviews of
new operating experience contained in the ISFSI Aging Management INPO Database. This
experience will be reviewed in accordance with site procedures to determine its applicability to
the conditions at the ISFSI.
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ASSESSMENT CRITERIA REPORT (EPRI 3002005371)
The NRC provided comments on the EPRI Susceptibility Assessment Criteria for CISCC of Welded SS Canisters for DCSS [F-1] to
EPRI in a letter dated February 25, 2016 [F-2]. EPRI’s response to these comments was submitted to the NRC [F-3] as part of the
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Resolution of NRC Staff Comments on Susceptibility Assessment Criteria Report (EPRI 3002005371)

F.2

Comment Resolution Table

Table F-1
Resolution of NRC Staff Comments on Susceptibility Assessment Criteria (SAC) Report, EPRI 3002005371 [F-1]
Additional
Resolution in
Report
Section(s)

#

Referenced
SAC Report
Section

1

General

This is a well written report that provides a useful
description of the ISFSI and canister ranking criteria.
While there are numerous comments and questions
by the NRC staff, the NRC recognize that the
approach described in this report is a result of a
significant effort.

Thank you.

-

2

General

The approach described is clear and the existing
limitations of information are accurately stated. The
EPRI staff (and contractors) should consider
identifying and prioritizing any additional information
needed to refine and/or validate the approach to
assess susceptibility.

Information needs are prioritized via EPRI’s
ESCP program. Inspection results are expected
to be necessary to validate the canister ranking
results. Wet candle data from a range of ISFSIs
(of different ranks) could provide some
validation of the ISFSI ranking. Additional
CISCC growth rate testing has been recognized
as an information need by ESCP.

3

Pitting and transition to SCC. This is an important
consideration because it determines what size pits
are of concern. Need a better understanding of what
size pits can initiate cracking as a function of material
condition (stress, strain, composition, potential
mitigation methods such as peening).

EPRI agrees with this sentiment.

3
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1.1

Comment

Response

6.3

2.2.2
Appendix C

Resolution of NRC Staff Comments on Susceptibility Assessment Criteria Report (EPRI 3002005371)

#

Referenced
SAC Report
Section

4

1.1

Comment

Response

See ML14274A030 for the Calvert Cliffs ISFSI license
conditions on aging management programs. License
Condition 23 states:

While the Calvert Cliffs submitted aging
management plan was accepted by the SER
(reference 20), conditions were placed in the
renewed license stating that adjustments to the
canister inspection frequency would require
revision to the renewed license. EPRI would like
to allow for flexibility as new information is
gained when we publish aging management
guidelines.

With respect to the aging management activities for
the Dry Shielded Canister (DSC), as described in the
“DSC External Surfaces Aging Management
Program” in Attachment 2 to the Response to Fourth
Request for Additional Information for Renewal
Application (hereinafter referred to as Attachment 2),
the licensee must perform the inspections at intervals
not to exceed 5 years.
5

1.4

Approach and statement on geographical variability:
The primary sources of chloride containing salts
identified includes bodies of salt water, cooling towers
and salted roads. For most ISFSI sites, these are
likely the only potential sources of chloride containing
salts. A few sites may have to be in close proximity to
other sources of chloride containing salts such as
evaporation ponds and/or salt deposit storage areas
that are generated from the evaporation ponds. Other
sources may include naturally occurring geographical
features such as dry lake beds and ephemeral lakes
and industrial operations with emissions that contain
chlorine and inorganic chloride salts such as
secondary aluminum production (i.e., aluminum
recycling). Guidance on assessing susceptibility to
these less commonly encountered potential sources
of chloride containing salts should be considered.

EPRI’s Susceptibility Criteria identified the most
common sources of chloride containing salts but
the criteria do not address every possible
source. EPRI’s aging management guidelines
will recommend that the wet candle
measurements should be taken in order to
classify any site which has chloride sources that
are not specifically addressed by the criteria OR
that sites with a source such as an evaporation
pond or other natural or industrial source should
adjust their ISFSI rank based on available data
about the salt source (proximity, particle size,
seasonal variation).

Additional
Resolution in
Report
Section(s)
4.2.2
A.4.1.1

3.3

F-3
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#

Referenced
SAC Report
Section

6

Additional
Resolution in
Report
Section(s)

Comment

Response

2.0

Statement on probability of CISCC: A little awkward
and perhaps confusing to some readers. The
statements on chloride and stress are simple enough
but adding temperature to the discussion without
details may add confusion. While correct the
statement on the effect of temperature are more
complicated than indicated here. Perhaps either a
qualifier on the temperature (i.e., when the surface is
cool enough for the deposited salts to deliquesce in a
given environment), or discuss temperature
separately.

This comment is mainly editorial in nature. EPRI
will work to provide clarity in the upcoming aging
management guidelines.

2.2.1.3

7

2.1

“material alloys” Suggest using either “alloys” since
that is the proper term or being consistent with the
opening paragraph in Chapter 6 specifically uses the
term "austenitic stainless steel" which is accurate.

This comment is mainly editorial in nature. EPRI
will work to provide accurate and consistent
language in the upcoming aging management
guidelines.

All

8

2.1.1

Statement on the effect of Mo additions is somewhat
awkward. The important effects of the addition of Mo
are increased resistance to localized corrosion and
stress corrosion cracking.

This comment is mainly editorial in nature. EPRI
will work to provide clarity in the upcoming aging
management guidelines.

2.2.1.1

9

2.1.2

Statement on annealing and stress relief treatments
that can also desensitize material: The point of this
statement is not clear. There are presently no
annealing processes used in DCSS after canister
fabrication. The statement is correct but it is
misleading to include it here without indicating that
annealing is not a common practice. A more detailed
discussion should be considered on the temperature
necessary for annealing, the distortion that is likely at
those temperatures, and cooling rates necessary to
avoid sensitization of grades that are not low carbon.

The statement in the report does include the
caveat that, with regard to annealing or stressrelief, “there are practical limitations to their
application.” EPRI will work to provide clarity in
the upcoming aging management guidelines.

2.2.1.1

F-4

EPRI’s aging management guidelines will also
provide discussion of the importance of using
available fabrication information when
considering susceptibility and improved
treatment of temperature and annealing, if
included in the discussion.

2.4.3
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Additional
Resolution in
Report
Section(s)

#

Referenced
SAC Report
Section

10

2.1.2

The term “oxygen cells” should be “oxygen
concentration cell” but the real issue with crevices is
more complicated than described in Section 2.2.2.
Consider using the term “occluded region” and then
maybe reference the work of A. Turnbull, “Chemistry
Within Localized Corrosion Cavities,“ in Advances in
Localized Corrosion, NACE-9, H. Isaacs, U. Bertocci,
J. Kruger, and S. Smialowska eds., Houston, TX:
National Association of Corrosion Engineers, pp. 359373, 1990. Many other references are also available
on the chemistry within pits, cracks, and crevices.

This is mainly an editorial comment. The
upcoming aging management guidelines will
continue to consider the effects of crevice
environments on susceptibility of canisters to
degradation.

2.2.3

11

2.1.2

Statement on grinding welds: This is a significant
factor and should be considered in detail. Many
fabrication welds are subjected to grinding. The
orientation of the grinding with respect to the
orientation of the welds and the weld residual
stresses may influence crack orientation.

EPRI’s upcoming aging management guidelines
will provide discussion of the importance of
using available fabrication information when
considering susceptibility, including potential
impacts of grinding.

2.4.3

Comment

Response
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#

Referenced
SAC Report
Section

12

2.2

Comment

Response

Statement on residual stresses: The reference here is
to a prior EPRI report. Suggest including a reference
that has real data to support this statement. It is not
clear whether the authors considered possible
variations in fabrication processes that are used to
construct canisters.

The cited EPRI report includes finite element
analysis of weld residual stresses (WRS) for a
few common weld configurations and a hand
calculation basis estimation of residual stresses
from rolling. The WRS results were consistent
with those of the recent NRC technical letter
report. While details regarding the shell
fabrication process may vary, it invariably
involves the rolling of a plate into a cylindrical
shape and associated plastic forming, and the
residual stresses associated with this forming
process are generally well understood.

Additional
Resolution in
Report
Section(s)
4.4.2.4

There are many challenges to gaining detailed
information on the variability of fabrication
processes. The susceptibility criteria do allow
for consideration of available fabrication
information when choosing a lead among
equally ranked canisters. In the aging
management guidelines this variability will be
considered when recommending the coverage
for inspection or mitigation methods.
13
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2.2

Statement on elevated WRS: Whether tensile WRS is
"only" present parallel to the weld is dependent on the
definition of "elevated." While it is likely true that the
highest tensile stresses run parallel to the weld, it has
been shown in the recent work on the Mockup from
Sandia national Laboratories that tensile stresses are
also positive perpendicular to the weld. Also the
effects of weld repairs are not considered here.

EPRI’s research concedes that sufficient stress
is present to support CISCC in the weld region
and concludes that the orientation of SCC flaws
tends to be perpendicular to the direction of the
maximum principal stress. The susceptibility
criteria are not contingent on this variability. The
susceptibility criteria do allow for consideration
of available fabrication information, such as
knowledge of a weld repair, when choosing a
lead among equally ranked canisters. In the
aging management guidelines this variability will
be considered when recommending the
coverage for inspection or mitigation methods.

4.4.2.4
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#

Referenced
SAC Report
Section

14

2.2

Comment

Response

Statement on KI increases: There is continuing
discussion about the results of these tests and why
these results were obtained. It is not clear whether
this is real or an artifact of the test conducted. Several
factors may be important including the limited
cathodic surface area available and the applied
stresses going through the specimen thickness

EPRI and NEI have identified the need for
additional crack growth rate testing as a high
priority research area and communicated this to
DOE. The significant uncertainty in crack growth
behavior will continue to be a consideration in
EPRI’s aging management guidelines.

Additional
Resolution in
Report
Section(s)
5.3.2
A.3.2

15

2.3.1

Statement on primary sources of chloride. The
statement is accurate but the evaluation should
consider location specific activities that may influence
chloride deposition rates.

In addition to the primary sources (marine
shore), location specific road salts and cooling
towers are considered in the evaluation. EPRI’s
aging management guidelines will recommend
that the wet candle measurements should be
taken in order to classify any site which has
chloride sources that are not specifically
addressed by the criteria.

3.3

16

2.3.1

Statement on chloride accumulation and effects of
canister orientation and overpack design: It is not
clear if the statement on the overpack design being
less important on chloride accumulation is an
assumption, a modeling result, or something that is
based on actual data. If actual data were used then
the source of information should be cited. If it is an
assumption, then that needs to be clearly stated.

Appendix B of the report includes a detailed
discussion of the Cl deposition modeling and
benchmarking efforts which were undertaken in
order to inform the susceptibility criteria. The
statement on the importance of orientation is
based on this work.

-

17

2.3.2

Statement on majority of deposits being insoluble
silicates: Can any statement be included here to
indicate the possible (or known) source of the
silicates? Earlier reports suggested much of the
deposits were thought to be concrete dust.

The statement is based on the listed references.
SAND2014-16383 notes: “At both sites,
terrestrially-derived silicate minerals, including
quartz, feldspars, micas, and clays, comprise
the largest fraction of the dust”

-
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Additional
Resolution in
Report
Section(s)

#

Referenced
SAC Report
Section

18

3

Statement on environmental parameters: Both
Atmospheric Chlorides and Mean Absolute Humidity
may be affected at the actual ISFSI site by local
activities. For example cooling towers are considered
in the deposition of chlorides but are not considered
in the potential effects on humidity. Other industrial
activities may affect either chloride and/or humidity.

While these activities may have an effect, it is
anticipated that these activities would likely fall
within the “noise” of the criteria. Section 3.3 of
the report also cites a table within a reference
that indicates that cooling towers increase site
relative humidity by an insignificant amount
(about 1% RH). Note that the AH criteria has
only 4 bands and the impact of AH on canister
ranking is diluted into the chloride deposition
ranking for a canister, which has only 5 bands
out of a rank of 10.

Appendix B

19

3

Statement on Mean Absolute Humidity: The approach
used here based on the yearly mean absolute
humidity may be appropriate. However, the yearly
mean absolute humidity really cannot be used to
assess crack growth. Was an approach for ranking
sites based on the fraction of time when the AH >
Specified Value considered? This would seem to be
more appropriate for determining fraction of time
where conditions exist for localized corrosion, CISCC
initiation and CISCC growth compared to the yearly
mean absolute humidity.

Mean absolute humidity was found to correlate
well with the combined temperature/humidity
factor (calculated with consideration of fraction
of time when AH > threshold in flaw growth and
tolerance report), See Figure 3-1.

A.3.2.3

Comment

Response

20

3.1

Saline cooling towers, What is the basis for defining
low-saline cooling towers? Water with more than 250
ppm salt will taste salty and is typically used as the
marker for a salt line in estuaries based on drinking
water standards. Other definitions of brackish are 0.5
to 30 g of salt per liter.

The basis for the definitions and rankings is
described later in the section. The intent is to
provide relative Cl- adjustment factors that result
in relative ranking inputs that are proportional to
the prevalence of Cl- in the atmosphere.

21

3.2

Statement on local geography and prevailing winds
reducing the concentration of chloride: The word
"reduce" should be changed to "affect".

This is mainly an editorial comment. The aging
management guidelines will provide additional
clarity relative to consideration of such factors.

F-8

Appendix B

-

3.3
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#

Referenced
SAC Report
Section

22

Additional
Resolution in
Report
Section(s)

Comment

Response

3.2.1

Statement on longer exposure to lower chloride
aerosol concentrations: This is well supported and
clearly should be an important factor in assessing
susceptibility. Changes in elevation are also
considered and known to affect chloride transport.
What about humidity? Some models of chloride
transport suggest that chloride transport is favored by
low humidity conditions. It seems that the
combination of humidity and prevailing wind
conditions (i.e., seasonal variations) might be an
important consideration. It is recognized that the
combination of these factors is more challenging to
incorporate than distance and elevation.

While humidity may have an effect on chloride
transport, such an effect would fall within the
“noise” of the criteria. Note that the AH criteria
has only 4 bands and the impact of AH on
canister ranking is diluted into the chloride
deposition ranking for a canister, which has only
5 wide bands. The criteria, by design, do not
have sufficient precision to account for weather
anomalies or the potential competing effects of
humidity (increasing transport of Cl while
decreasing surface for deliquescence).

23

3.2.1

The comparison of distance from marine bodies of
water to ISO-9223:2012 rankings is helpful.

Aging management guidelines may encourage
use of consensus standards to validate
approach.

3.3

24

3.2.2

It is unclear if cooling water chemistry includes
consideration of additives that are commonly used to
control scaling and microbial activity.

The intent of the +1 adjustment factor for a nonsaline cooling tower is to account for potential
effects of additives compared to a site with no
cooling tower. Greater fidelity on this item is not
achievable with readily available information.

-

25

3.2.2

Agree with the statement on the generation of
chloride aerosols and the relationship to the
whitecaps but it is not clear that this was actually
considered in the criteria. It appears to be based on
distance to the shore.

Elevation is a measurement of vertical distance
from the shore and this measurement is used to
apply a -1 adjustment factor to some cases. The
statement on whitecaps is basically just an
illustrative description of the mechanism for
chloride transport and the importance of vertical
distance for this mechanism. The intensity and
duration of whitecap activity is not readily
measurable and thus is not specifically
considered in the criteria.

-

-
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Resolution in
Report
Section(s)

#

Referenced
SAC Report
Section

26

3.2.2

How does the assessment of the predicted effects of
cooling towers compare with actual data?

There is little actual data available, but the cited
studies included this data. For instance, see
Table III-3 and associated discussion in
Reference 49 of the report. Surface sample data
from Hope Creek was also a consideration in
the decision to differentiate between saline and
low-saline cooling towers.

-

27

3.2.2

Cooling tower additives. This section specifically
recognizes that anti-fouling agents are added to
cooling water towers. It is unclear of the anti-fouling
agents includes both biocides and additives to
prevent scale formation. It seems (although not
completely clear) that the chemistry and/or
concentration of these additives is not considered in
the adjustment factor. Where ranges of additive
concentrations and chemistries considered in this
assessment?

The intent of the +1 adjustment factor for a nonsaline cooling tower is to account for potential
effects of additives compared to a site with no
cooling tower. Greater fidelity on this item is not
achievable with readily available information.

-

28

3.3

Use of NOAA data: The drawback to this approach is
that the local humidity may be altered by site specific
or near site conditions or activities. For example, if
there are cooling towers present or large evaporation
ponds or large cooling water ponds, the local humidity
may altered compared to the information obtained at
a NOAA site.

As noted in comment 18, much of this variation
would likely fall within the “noise” of the criteria.
Additionally, site specific measurements are
allowed and encouraged by the susceptibility
criteria report; this will be echoed and
emphasized in the aging management
guidelines.

Appendix B

29

3.5

CISCC OpE and Rankings: An important practical
question on the application of the susceptibility
assessment, is how it will be used. Specifically, how
will the values of the parameters be used to guide
inspections? How will the assessment criteria be
verified? What additional data is necessary to validate
the approach developed here?

The aging management guidelines will address
these questions. Wet candle data, site specific
humidity data, and most importantly inspection
results will inform the effectiveness of the
criteria and allow for refinement as needed.

3.3
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Comment

Response
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Additional
Resolution in
Report
Section(s)

#

Referenced
SAC Report
Section

30

4.3

Deposition Factors. P. 4-8. Deposition factors stop
increasing with XCl for values greater than 5 because
of the existence of OE indicating that initiation at a
site with a ZISFSI of 10 can occur after about 10 years
and because of the uncertainty associated with crack
initiation at low chloride loads. It is unclear why
uncertainties about crack initiation at low chloride
have an effect on the maximum value of XCl.

The uncertainties associated with CISCC
initiation at low chloride loads are an important
consideration when weighting the effects of
canister storage duration and canister storage
environment. Setting a maximum value that is
reached early in life for the most susceptible
environments conservatively allows for the
possibility that canisters in less susceptible
environments will become equally susceptible
after a longer duration but still within the
timeframe of interest.

-

31

4.5

Given the environmental factor results in Figure 3-1
from the flaw growth assessment, surfaces that are
heated to more than 30°C above ambient do not
deliquesce; surfaces more than 25°C above ambient
do not deliquesce for enough of the year to cause
substantial potential for CISCC.

The assessment criteria here are intended to be
used as an initial assessment of conditions in
order to prioritize the inspections necessary to
identify SCC and/or precursors.

-

Comment

Response

The approach stated here is understandable but the
formation of corrosion products on the surface may
alter the total time where an aqueous phase may be
in contact with the surface of the canister. In other
words, the assessment criteria here might be a valid
for an initial assessment of conditions but does not
account for how changes to the deposit chemistry at
the surface may affect the conditions where an
aqueous phase could be present.
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32

33
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Additional
Resolution in
Report
Section(s)

Comment

Response

4.7

Summary statement on differentiating among
canisters with the same rank. It is unclear if there
could be a situation where there are multiple
canisters with the same rank but with significantly
different heat loads. Would the “longest duration of
storage criterion” reliably select the canisters with the
longest time at conditions (i.e., temperatures) where
deliquescence can occur is a better criterion than
total time in storage?

The middle ranking of the heat load criterion for
both Horizontal and Vertical canisters is a
relatively wide band which could include
canisters that vary in current heat load by up to
10 kW. Note the statement just prior to the
summary statement that is being commented
on: If outlet air temperatures are measured, the
canister with the coolest outlet temperature
likely has the lowest decay heat loading and is
likely to support deliquescent conditions over
the greatest surface area. The criteria do allow
for additional considerations beyond storage
duration when selecting a lead among equally
ranked canisters. The upcoming aging
management guidance will continue to consider
the contributions of both heat load and canister
age when recommending a set of canisters to
inspect out of a group of equally ranked
canisters.

2.4.3

5.2

Please provide more details on how the ranking
methodology and inspection results will inform aging
management programs of other locations. Section 1.2
states that the objective of the report is to develop a
set of criteria and associated ranking values to
assess welded stainless steel canisters at the ISFSI
with regard to the relative priority for inspections or
other actions. The statement here seems to imply a
greater use of the ranking methodology combined
with inspection results. See also the comments in the
report Section 3.5 on CISCC OpE and Rankings.

The susceptibility assessment criteria are
provided as a first approach to prioritizing
inspections. Each additional canister inspection
will provide new data and continue to inform
aging management for the rest of the fleet. The
inspection frequency and sample size for a
given canister population may be adjusted
based on inspection results for similarly or more
highly susceptible canisters.

4
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SAC Report
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34

5.3

Comment

Response

Statement on additional data: The statement is
consistent with earlier statements in the report but it is
not actual guidance on how the additional data should
be used. What additional guidance is necessary to
ensure that additional data will be used
appropriately? Will additional guidance be issued on
the use of additional data including the types of
possible additional data listed here?

Such a statement is included later in the report;
“The criteria of this report provide a bestestimate rank of CISCC susceptibility that will
be updated and reassessed through aging
management programs using the “tollgate”
approach as additional information on the
potential for chloride-induced degradation of
canisters becomes available.” Additional
guidance on the types of additional data of
interest and the use of this data will be provided
in EPRI’s aging management guidance.
NEI 14-03 provides a framework for collecting
and sharing inspection and operating
experience. EPRI’s ESCP also provides a
venue for data sharing relevant data.

Additional
Resolution in
Report
Section(s)
2.4.3
2.6
3
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#
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35

5.2

Comment

Response

Atmospheric Chlorides: It is noted that monthly wet
candle measurements at the same location
demonstrate that chloride levels may fluctuate over
time (month-to-month and year-to-year) by more than
a factor of 10 and can be significantly influenced by
periodic weather events (e.g. hurricanes) [47].
Therefore, the measurement program should be
performed for a minimum of one entire year, and the
average value should then be used in the
comparison.

A minimum of one year’s worth of data is
specified in order to account for seasonal
variations while still being able to apply the
gathered data in a timely fashion. The upcoming
aging management guidelines will clarify that
continuing, multi-year monitoring programs are
recommended where feasible.

Additional
Resolution in
Report
Section(s)
3.3
(Recom.)
Appendix B
(Justification)

Need to support only having one year of data. How
are annual uncertainties accounted for if only one
year of data is considered appropriate? The factor of
10 stated is a month to month or year to year
variation and it is doubtful that would be deemed
appropriate for uncertainty. The monthly and annual
variations are probably more influenced by seasonal
variations including surf conditions, wind speed and
prevailing wind direction than periodic weather events
such as hurricanes.
36
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6

Table 6-1 and the chloride values affecting only
initiation. There are other models suggesting that
chloride concentration has an effect on growth rate.
For Example: G. Nakayama and Y. Sakakibara,
“Prediction Model for Atmospheric Stress Corrosion
Cracking of Stainless Steel,” ECS Transactions, 50
(31) 303-311 (2013).

This table specifies how the factors were
considered in developing the susceptibility
criteria. Given the lack of any data set showing
a definitive dependence of CISCC growth rate
on chloride surface loading this dependence
was not considered. Given that the ranking
criteria are implemented in a relative fashion the
treatment of chloride concentration relative to
crack growth rate (or lack thereof) does not
impact the ranking results.

-
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38

Additional
Resolution in
Report
Section(s)

Comment

Response

6.1

Z(ISFSI) truncation: The maximum value of ZISFSI is
limited to 10 but as shown in Table 6-2 the maximum
calculated value theoretically could be as high as 17.
The basis for limiting ZISFSI to 10 as stated in section
3.4 is because ZISFSI is used in the canister ranking
assessment. The basis for limiting ZISFSI to a
maximum value of 10 really is not well supported
because a different parameter could be used in the
canister ranking assessment based on the nontruncated value of ZISFSI. What is the maximum value
(i.e., not the truncated value) of ZISFSI for existing sites
in the US? Is there value in not truncating the value of
ZISFSI? Are there potential downsides to this approach
such as possibly limiting sites that could be bounded
by another site with a higher ranking?

This truncation boils down to the same issue
discussed relative to the XCl parameter. As
indicated by the formula for XCl, the ZISFSI does
not have a purely linear relationship with
susceptibility. For instance, the presence of a
salted road within 200 m would be expected to
have less of a relative effect on the chloride
aerosol concentration at an ISFSI less than 90
m from an ocean shore than at an ISFSI 100 km
from an ocean. Truncating the rank of ZISFSI
ensures that the effects of such adjustment
factors are not unduly exaggerated. The
rankings can be thought of as facilitating the
grouping of sites and canisters into categories
of “reduced,” “moderate,” and “elevated”
susceptibility. Additionally, the criteria
conservatively allow for the possibility that
canisters in less susceptible environments will
become similarly susceptible to CISCC initiation
after a longer duration but still within the
timeframe of interest. Eliminating the truncation
would be necessary if the industry or regulator
were seeking to minimize the set of sites where
canisters are inspected to something on the
order of 1 to 3 sites.

-

6.2

Canisters that have been transferred during storage
between ISFSIs at different geographic locations are
not considered by the criteria.

Canisters that are transferred between different
geographic locations will be subject to unique
transportation related inspection requirements.
It is anticipated that there will be time to gather
additional CISCC data and experience with
CISCC inspections prior to transportation of
canisters.

-

Why not? There should be adequate records to
calculate ISFSI and canister factors.
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39

6.3

Comment
The criteria used to rank ISFSI and canister
susceptibility are designed to provide a reasonable
level of accuracy while using a level of precision that
is congruent with the substantial uncertainty
regarding the precise conditions that can lead to
CISCC.

Response
Section 5.2 of the report notes the substantial
conservatisms included in any comparison
among sites or canisters to address such
uncertainties. The learning aging management
approach taken by the industry will also ensure
that additional information and lessons learned
will be incorporated as they become available.

Additional
Resolution in
Report
Section(s)
2.6
4

This statement identifies substantial uncertainty
regarding the precise conditions that can lead to
CISCC. While not explicitly stated, it is not clear if the
statement is specific to initiation or whether it also
considers propagation. There are considerable
uncertainties in both the conditions for initiation and
the effect of conditions on propagation rates. Some
additional clarification would be helpful. In addition,
any future considerations on updating the
susceptibility assessment methodology should be
added here.
40

A.2

Effects of penetration: Should indicate there is a
regulatory compliance issue

Such a statement is not consistent with the
scope and objectives of this document.

41

A.4

Furthermore, limited data on the effect of chloride
areal density on CISCC initiation and growth restricts
the use of the chloride deposition model in
deterministically calculating a time to initiation and
when calculating growth rates.

Yes, additional CISCC growth rate testing is
needed to resolve uncertainty in growth rate.
Currently, it will be addressed by developing
learning aging management approaches that
acknowledge the need for new data and include
flexibility to incorporate that data when it
becomes available.

See earlier comment on effects of chloride
concentration on growth. It seems that this is an
indication that more data is needed to resolve this
uncertainty. Is that the case?
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42

A.6.1

Residual stress analyses: consider the recent Sandia
National Laboratories results.

While these results were not publicly available
early enough to be included within this report,
the current assessment is that Sandia’s initial
WRS measurements are consistent with EPRI
and NRC models.

4.4.2.4

43

A.7.1

Flaw Size Tolerance: Is the critical flaw size the basis
for defining failure? If so, what is the basis for that as
a criterion? Penetration of the canister means that
there is a penetration of the confinement barrier and
confinement is one of the safety functions of the
canister. Note also that most canisters are designed
and licensed as "leaktight" per ANSI 14.5 (i.e.,
leakage rate less than 1E-7 ref cm3/second). If there
is a penetration of the containment boundary then the
boundary is not likely to be leaktight and the design
basis is not maintained. Why is this not the definition
of failure?

It is noted at the beginning of section A.7 that:
“These considerations do not factor into the
criteria in the main body of the report, but are
included here for completeness.”

5.3.1

44

A.7.2

Crack Opening Area: Are loads from natural
phenomena such as earthquakes considered? If so,
include a description.

Crack opening area calculations were
performed for the most common loading
scenarios, i.e. storage on the pad and removal
of the canister from the overpack. The scope of
the work did not provide for consideration of
more complex loading configurations such as
earthquake or tip-over loads. Please refer to
EPRI 3002002785 for additional details.

Comment

Response

-
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A.7.3

F-18

Comment
Helium Leakage: Are loads from natural phenomena
such as earthquakes considered? If so, include a
description.

Response
The helium leakage calculations were
performed to evaluate the effect of crack
opening area and diurnal variations in
environment on the rate of helium leakage and
replacement by ambient air. A range of crack
opening areas were evaluated but were not tied
to specific loading scenarios. Please refer to
EPRI 3002002785 for additional details.

Additional
Resolution in
Report
Section(s)
-
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GLOSSARY
•

Accessible [for examination coverage] – The accessible parts of the canister are defined as
those parts that can be examined using a given examination method without the need to move
the canister or remove the lid from the overpack. The accessible parts of a canister may be
different for different examination methods.

•

Augmented Examination – Examination performed using a technique capable of directly
assessing whether cracking is present on the examined surface.

•

Canister – Refers to cylindrical vessel with welded closure used to provide confinement for
dry storage of used fuel in DCSS systems that use a ventilated overpack. Only those
fabricated from 300-series austenitic stainless steel are considered within the scope of this
report.

•

Canister rank – A relative ranking of the susceptibility of a given canister to having CISCC
occur. The canister rank is calculated using factors for the susceptibility of a location (as
indicated by its ISFSI rank) and characteristics of the individual canister (shell alloy, decay
heat load, and time in storage). The canister rank increases over time as the decay heat load
decreases and the time in storage increases. See Section 2.4.2 for a full definition of how to
calculate canister rank.

•

Corroded – Canisters that have been examined and have “corrosion degradation” but are not
“cracked”

•

Corrosion degradation [also, Degraded by corrosion] – An indication of corrosion that is
significant enough to reclassify the population of canisters as Category B. In this report,
major corrosion indications are corrosion degradation.

•

Corrosion indication, insignificant – An indication of corrosion that is identified by a visual
examination and that meets the criteria in Section 5.1.3. Such corrosion indications are very
unlikely to indicate the presence of CISCC and no further actions are recommended.

•

Corrosion indication, minor – An indication of corrosion that is identified by a visual
examination and that meets the criteria in Section 5.1.2. Such corrosion indications are
unlikely to indicate the presence of CISCC, but minor corrosion indications near welds
should be examined for cracking.

•

Corrosion indication, major – An indication of corrosion that is identified by a visual
examination and that meets the criteria in Section 5.1.1. Such corrosion indications may
indicate the presence of CISCC. Major corrosion indications near welds should be examined
for cracking. The population should be reclassified based on the results.

•

Confinement – The ability to limit or prevent the release of radioactive substances into the
environment.
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•

Cracked – Canisters in which an outside surface connected planar flaw is present or has
previously been detected

•

Fleet – All canisters that are stored with the same orientation (horizontal or vertical) across
all sites

•

ISFSI rank – A relative ranking of the susceptibility of a given location to having CISCC
occur on a typical canister. The ISFSI rank reflects the level of chloride exposure (based on
distance and elevation relative to sources of chloride aerosols) and the prevalence of
deliquescent conditions (based on the average annual absolute humidity) for a given site. See
Section 2.4.1 for a definition of ISFSI rank.

•

Limiting fleet canister rank – The lesser of (1) a rank of two less than the highest canister
rank for the same canister orientation that has been inspected at any site or (2) a rank of three
less than the lowest canister rank of canisters classified as cracked at any site and with the
same canister orientation. See Section 4.2.1 for additional details. If no applicable canisters
have been inspected, the limiting fleet canister rank is equal to 0.

•

Maximum possible canister rank [at X years of service] – The maximum possible canister
rank is the canister rank calculated assuming a decay heat load of 0 kW and assuming the
most susceptible canister alloy in use in a population. Typically, the time of service (duration
of storage) is specified, and the deposition factor value should be calculated for that duration
of storage.

•

Overpack – The reinforced concrete or steel and concrete structure designed to store a
canister at an ISFSI while facilitating passive cooling of the fuel decay heat. The overpack
provides radiological shielding for the stored fuel and physical protection for the canister.

•

Population [of canisters] – All canisters that are stored at an ISFSI under a single (specific or
general) license

•

Remediated – A crack is considered remediated if it is ensured that the crack will not grow
beyond its current size. A canister is considered remediated if both (1) all the detected cracks
on that canister have been remediated and (2) mitigation has been applied to prevent the
occurrence of new cracks in the susceptible parts of the canister.

•

Relevant Condition – An indication observed in a visual examination that requires further
measures. These measures include the performance of a supplemental examination using an
augmented examination method and/or classification of the canister as “corroded” or
“cracked.” Minor corrosion indications in the VT-3 examination surface and major corrosion
indications anywhere on the canister are relevant conditions.

•

Sample – The set of canisters to be examined during a given inspection.

•

Sample inspection – In a sample inspection, examinations are performed on a sample of
canisters. The results of the examinations on the sample are taken to be representative or
bounding of other canisters that were not examined during the inspection.

•

Sampling population – The set of canisters in a population that are being considered for
inclusion in sample inspections. The sampling population is defined to exclude canisters that
are considered to have a very low likelihood of developing a through-wall CISCC crack. For
populations without cracking, the sampling population includes those canisters having the
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two highest canister ranks at the ISFSI. For populations with cracking, the sampling
population is defined relative to the lowest canister rank for which cracking has been
detected at the ISFSI minus one; the sampling population includes the canister ranks with
this rank or higher. See Section 4.3.1 for examples.
•

Supplemental Examination – If a visual examination detects a relevant condition indicative of
corrosion degradation, it should be supplemented by an augmented examination to assess
whether cracking is present on the examined surface. If an examination detects the presence
of cracking, supplemental examinations may be performed to help further characterize the
extent of the condition and the need for corrective measures, analytical evaluation or
remediation.

•

Uncorroded – Canisters that have been examined and are neither “corroded” nor “cracked.”

•

Uninspected – Canisters in a population that are part of the sampling population but have not
been examined during any inspection.

•

α and β – These are shape parameters that define beta distribution. The beta distribution is a
statistical distribution for a finite interval (such as from 0 to 1).

•

μ and σ – These are the mean and standard deviation, respectively, for the normal
distribution. The log-normal distribution is defined by the logarithmic mean and logarithmic
standard deviation (log-μ and log-σ, respectively).
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