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REPORT SUMMARY 

 
Independent spent fuel storage installations (ISFSIs) are currently licensed for 20 years. 
However, delays in developing permanent spent fuel disposal capability require continued ISFSI 
storage beyond the 20-year term. This report provides a technical basis for demonstrating the 
feasibility of extended spent fuel storage in ISFSIs. 

Background 
ISFSIs use storage systems in which spent fuel is placed in a dry gas environment (typically 
helium) inside a metal container, which is sometimes placed inside a concrete cask. Because the 
Nuclear Regulatory Commission (NRC) limits the license term for an ISFSI to 20 years from the 
date of issuance and no final solution for spent fuel disposition is available, utilities must prepare 
for license extension. 

Objective 
To summarize potential dry storage system degradation issues that may affect the maintenance  
of ISFSI safety functions for time periods beyond 20 years along with approaches for managing 
these potential degradation issues. 

Approach 
Investigators examined documents containing information on long-term aging of ISFSIs  
(beyond 20 years). These documents included existing regulations governing extended spent  
fuel storage, 10 CFR Part 72, several documents that discussed specific aging issues, reports  
that provided data on the potential importance of aging issues, a summary of the first ISFSI 
license extension application to be filed with the NRC, and a discussion of possible aging 
management options. Investigators next evaluated the license renewal application for the ISFSI 
at Dominion Generation’s Surry nuclear plant, focusing on approaches to identifying, evaluating, 
and managing aging issues associated with extended storage. In addition, a review of prior work 
provided data to evaluate the relative importance of degradation issues. This review focused 
primarily on the Dry Cask Storage Characterization (DCSC) Project during which a metal cask 
that had stored spent fuel for approximately 14 years was opened, and the cask and stored fuel 
assemblies were examined for signs of aging. Finally, investigators reviewed aging management 
practices to determine if current monitoring and inspection programs would be adequate for 
extended storage. 

Results 
This report reviews specific aging issues related to extended storage in ISFSIs. Among the aging 
issues discussed are the following: degradation of the spent fuel assemblies (including, for 
example, cladding creep, diffusion-controlled cavity growth, hydride reorientation, radiation 
embrittlement, and thermal annealing), corrosion of metals inside the sealed spent fuel canister, 
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corrosion of metals outside the canister, radiation damage to metals and concrete, neutron 
shielding irradiation and thermal damage, and concrete degradation. These aging issues have 
already been identified, evaluated, and managed as part of the initial 20-year ISFSI licenses 
granted by the NRC. Only a few aging issues associated with continued dry storage beyond  
20 years need to be revisited. 

Data collected in the DCSC project showed no evidence of significant degradation of metal  
cask systems important to safety from the time of initial cask loading in 1985 to testing in 1 
999. DCSC project examinations of the spent fuel in this cask after approximately 15 years  
of storage suggested that there was little to no cladding creep or evidence of significant hydride 
reorientation and no rod failure. Residual creep testing on the spent fuel cladding suggested there 
was significant residual creep available such that maintenance of spent fuel integrity well beyond 
20 years is likely. The surveillance and monitoring programs ISFSI licensees currently use 
appear sufficient for extended storage as well. 

EPRI Perspective 
The NRC has not fully developed a license extension approach for ISFSI licensees, and there has 
been some concern that aging issues associated with continued dry storage beyond 20 years will 
prevent ISFSI storage for several more decades. A summary of aging issues related to extended 
dry storage—and how to manage them—is needed to ensure the safety of long-term spent fuel 
storage, either at the surface or underground. 

Keywords 
Spent Fuel Storage 
Independent Spent-Fuel Storage Installation 
License Extension 
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1  
INTRODUCTION 

1.1 Background 

During the 1960s and 1970s when the nuclear power plants were designed that are in operation 
today in the U.S., it was thought there was little need to store significant quantities of spent fuel 
on site. At the time, it was thought that spent fuel would be removed from the spent fuel pools 
after only a few years of cooling, and sent for reprocessing. Furthermore, it was understood that 
a long-term interim storage and/or a permanent disposal facility would be available by some  
time in the 1980s. The subsequent elimination of the reprocessing option, along with significant 
delays in the availability of centralized interim storage or permanent disposal of spent fuel 
required nuclear utilities to expand their on-site spent fuel storage capabilities. Initially, utilities 
opted for reracking their spent fuel pools to accommodate larger numbers of assemblies. By the 
early 1980s, as delays in the availability of centralized interim storage and disposal continued, it 
became apparent that some of the spent fuel inventory would have to be stored on site, but out of 
the spent fuel pools.  

Starting in the early 1980s, the U.S. Department of Energy (DOE) and EPRI developed 
technology, and the utilities installed dry storage capabilities to alleviate spent fuel storage 
problems and maintain a full core reserve while DOE was preparing a disposal facility. At the 
same time, the U.S. Nuclear Regulatory Commission (NRC) developed regulations governing 
the development and operation of Independent Spent Fuel Storage Installations (ISFSIs), now 
codified in 10 CFR Part 72 and associated review plans, regulatory guides, and interim guidance 
documents. While ISFSIs could also include wet storage facilities, all ISFSIs developed so far in 
the U.S. are dry storage systems. 

Dry storage of spent light water reactor fuel in an inert atmosphere is currently licensed by  
the NRC for 20 years with the potential for an extension beyond 20 years. The general basis  
for a 20-year license was that certain dry storage system ageing issues may sufficiently degrade 
safety that a review of the continued safety of dry storage beyond 20 years would be required  
[10 CFR Part 72]. While analyses suggested that dry storage systems would likely maintain their 
capabilities significantly beyond 20 years, NRC was concerned about the growing uncertainty in 
potential dry storage system performance beyond 20 years. In addition, it was thought at the time 
that a permanent spent fuel disposal facility would surely become available within 20 years.1 
Thus, there was likely to be little need to continue to use dry storage systems for more than  
20 years.  

                                                           
1 At the time of the development of 10 CFR Part 72 in the early 1980s, Congress was enacting legislation requiring 
DOE to develop either centralized interim storage and/or permanent disposal capability such that DOE would begin 
accepting spent fuel from nuclear utilities no later than January 31, 1998.  
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Some 20 years after the establishment of 10 CFR Part 72, neither centralized interim storage  
nor a permanent disposal facility is yet available. DOE’s current estimate of when the Yucca 
Mountain disposal facility will begin accepting spent fuel is late 2010. Due to these delays, some 
dry storage facility licenses will need to be extended beyond 20 years. For example, the 20-year 
license for Dominion’s ISFSI at the Surry nuclear plant will expire in 2006. Earlier this year 
Dominion submitted an application for a 40-year license extension for the ISFSI at Surry 
[Dominion, 2002]. Several other ISFSI 20-year licenses are also due to expire ahead of 2010. 
These affected utilities are also developing plans for extending their ISFSI licenses beyond  
the first 20 years.  

1.2 Summary of Work Addressing ISFSI use beyond 20 Years 

Over the last 10 years, a number of utilities have obtained U.S. Nuclear Regulatory Commission 
(NRC) approval for 20-year dry storage. Lack of progress on the repository points to the need  
for storage periods much longer than 20 years and possibly as long as 100 years. Flow diagrams 
to extend fuel storage capabilities from 20-year dry storage to a nominal 100-year dry storage  
are shown in Figures 1-1 through 1-3. In some cases, the fuel would be able to stay in its original 
cask for the full 100-year period. In other instances, such as a significant change in the cask 
materials properties when continued operation is not feasible, or for movement to a different 
storage location, the fuel might need to be put in different casks via either a wet or dry transfer. 
The behavior of the system during each step of the process must be evaluated to ensure that the 
criteria imposed on the system are met for the 100-year period. Should an accident or off-normal 
event occur during the initial storage period, the subsequent action may depend on the timing  
of the event. The sequences shown in Figures 1-1 and 1-2 assume that the event occurs any  
time within the 20-year period and that the fuel remains in the original cask for the remainder  
of the 20 years. Even though licenses have been granted for only 20-year periods, many of the 
methodologies developed and support data obtained should be able to support the longer storage 
periods envisioned. 

The initial work to show that specific dry storage systems are likely to continue to function 
safely well beyond 20 years was performed by dry cask storage vendors and individual utilities 
and documented in the original Safety Analysis Reports accompanying the original ISFSI license 
applications.2 Since then several more recent activities aimed at providing technical bases for 
extended dry storage are underway or are completed. The American Society for Testing and 
Materials (ASTM) is nearing completion of guidelines for evaluation of ISFSIs for extended use. 
At present, they are resolving final comments on “Draft 16” of this guideline [ASTM, 2002].  

In 1998, EPRI issued a report on “Identification of Data Needs to Dry Store LWR Fuel for  
100 Years” [EPRI, 1998]. This report addressed a variety of potential spent fuel ageing issues 
and concluded that  

[t]he highest priority needs are to 1) determine whether diffusion-controlled cavity  
growth is viable in zircaloy cladding; 2) determine temperature limits, evaluate cladding 
degradation mechanisms and post-irradiation mechanical properties of the newer high 
burnup claddings and fuels; and 3) evaluate the change in the mechanical properties of 
the cask system with emphasis on deterioration of the polymer neutron shields and seals. 

                                                           
2 For example, the NRC states the “design life of the Standardized NUHOMS system is 50 years as Described in the 
[Safety Analysis Report].” [Federal Register, 59 (245), December 22, 1994, pp. 65902]  
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Figure 1-1 
Potential Sequences of Events  
(Adapted from EPRI [1998]) 
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Figure 1-2 
Potential Course of Action if Off-Normal Operation Occurs. If there is no Cask Leak then 
Fuel Oxidation is Precluded. If there is an Erroneous Backfill with Air, then the Fuel 
Degradation can be Dealt with in 100 Years as well as within 20 Years.  
(Adapted from EPRI [1998]) 
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Figure 1-3 
Potential Course of Action after an Accident Event  
(Adapted from EPRI [1998]) 

While there is a large amount of literature available on materials degradation, these two 
references [ASTM, 2002; EPRI, 1998], along with two others on concrete ageing [NEA, 2002; 
TN, TN, 2001] provide a good summary of the main potential dry storage system degradation 
issues that may need to be addressed from a technical standpoint.  

1.2.1 ASTM Draft Guide for Evaluation of Materials used in Extended Service  
of Interim Spent Nuclear Fuel Dry Storage Systems 

The American Society for Testing and Materials (ASTM) is nearing completion of guidelines  
for evaluation of ISFSIs for extended use. At present, they are resolving final comments on 
“Draft 16” of this guideline [ASTM, 2002]. The purpose of the guide is as follows: 

This guide addresses many of the factors affecting the time-dependent behavior of 
materials under ISFSI service [10 CFR Part 72.42]. These factors are those regarded to  
be important to performance, in license extension, beyond the currently licensed 20-year 
period. Examples of these factors are given in this guide and they include materials 
alterations or environmental conditions for components of an ISFSI system that, over 
time, could have significance related to safety. For purposes of this guide, a license 
period of an additional 20 to 80 years is assumed. 
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This guide addresses the determination of the conditions of the spent fuel and storage 
cask materials at the end of the initial 20-year license period as the result of normal 
events and conditions. However, the guide also addresses the analysis of potential spent 
fuel and cask materials degradation as the result of off-normal, and accident-level events 
and conditions that may occur during any period. 

This guide provides information on materials behavior to support continuing compliance 
with the safety criteria, which are part of the regulatory basis, for licensed storage of  
SNF at an ISFSI. The safety functions addressed and discussed in this standard guide 
include thermal performance, radiological protection, confinement, sub-criticality, and 
retrievability. The regulatory basis includes 10 CFR Part 72 and supporting regulatory 
guides of the U.S. Nuclear Regulatory Commission. The requirements set forth in these 
documents indicate that the following items were considered in the original licensing 
decisions: properties of materials, design considerations for normal and off-normal 
service, operational and natural events, and the bases for the original calculations.  
These items may require reconsideration of the safety-related arguments that demonstrate 
how the systems continue to satisfy the regulatory requirements. Further, to ensure 
continued safe operation, the performance of materials must be justified in relation to the 
effects of time, temperature, radiation field, and environmental conditions of normal and 
off-normal service. Arguments for long-term performance must account for materials 
alterations (especially degradations) that are expected during the service periods, which 
include the periods of the initial license and of the license renewal. This guide pertains 
only to structures, systems, and components [SSCs] important to safety during extended 
storage period and during retrieval functions, including transport and transfer operations. 
Materials information that pertains to safety functions, including retrieval functions, is 
pertinent to current regulations and to license renewal process, and this information is the 
focus of the guide. This guide is not intended to supplant the existing regulatory process. 
[ASTM, 2002] 

The draft Guide identifies performance requirements and lays out a materials performance 
evaluation process. Several annexes to the Guide provide helpful information on factors that 
affect materials performance, potential degradation mechanisms for the dry storage system 
including the spent fuel, and consequences and degradation mechanisms for off-normal and 
accident conditions. Sections of this draft Guide will be summarized later in this report. 

1.2.2 Dominion’s Surry ISFSI License Extension Application 

Another reference of significant interest is the recent Surry ISFSI license extension application 
and Safety Analysis Report (SAR) [Dominion, 2002]. These documents put into licensing 
perspective the potential ageing mechanisms discussed in ASTM [2002] and EPRI [1998].  
For example, the SAR separates ageing mechanisms that do not affect safety from those that 
may. Next the SAR provides analyses for those that may to indicate either that the additional 
amount of degradation will not be sufficient to sufficiently diminish the large margins of safety 
in the original system performance, and/or to identify actions Dominion proposes to take  
(regular surveillance, special inspections) to identify and mitigate negative ageing effects.  
This report is summarized in somewhat more detail below. 
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Dominion’s Surry ISFSI license extension application begins by adopting a regulatory 
philosophy for license renewal as discussed in the statements of consideration by NRC  
in 10 CFR Part 54 [Federal Register, 1995]: 

“The first principle of license renewal was that, with the exception of age-related 
degradation unique to license renewal and possibly a few other issues related to safety 
only during the period of extended operation of nuclear power plants, the regulatory 
process is adequate to ensure that the licensing bases of all currently operating plants 
provides and maintains an acceptable level of safety so that operation will not be inimical 
to public health and safety or common defense and security. Moreover, consideration of 
the range of issues relevant only to extended operation led the Commission to conclude 
that the detrimental effects of aging is probably the only issue generally applicable to all 
plants. As a result, continuing this regulatory process in the future will ensure that this 
principle remains valid during any period of extended operation if the regulatory process 
is modified to address age-related degradation that is of unique relevance to license 
renewal.” 

“The second and equally important principle of license renewal holds that the plant-
specific licensing basis must be maintained during the renewal term in the same manner 
and to the same extent as during the original licensing term. This principle would be 
accomplished, in part, through a program of age-related degradation management for 
systems, structures, and components that are important to license renewal.....” 

Thus, Dominion notes that, based on these principles, “license renewal is not intended to  
impose requirements beyond those that were met by the facility when it was initially licensed  
by the NRC. Therefore, the current licensing basis for the ISFSI will be carried forward through 
the renewal period.” [Dominion 2002, page 2-1] 

Dominion [2002] developed a scoping process to identify the structures, systems,  
and components (SSCs) of the dry cask storage system that are both within the scope  
of license renewal and would require evaluation as part of an aging management review (AMR). 
The AMR process involved the following four (4) major steps: 

1. Identification of in-scope subcomponents requiring AMR 

2. Identification of materials and environments 

3. Identification of aging effects requiring management 

4. Determination of the activities required to manage the effects of aging. 

The above approach is consistent with general guidelines proposed in ASTM [2002]: 

The license renewal technical evaluation consists of four parts. First, the component 
evaluation basis is established, which includes component descriptions, the general 
component design bases, and relevant component operating history. Second, the aging-
related degradation mechanisms that could affect this component are described and their 
potential significance to component safety function performance as defined in the 
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original license of the DCSS is evaluated. Third, the effectiveness of existing programs, 
which also helps manage the facility aging phenomena, is examined to determine if credit 
can be taken for the existing programs. Fourth, for case where the existing programs 
cannot be shown to adequately manage the effects of age-related degradation, aging 
management options for plant specific programs are recommended for the extended 
operation. 

Dominion first determined the in-scope subcomponents requiring an AMR by evaluating the 
SSCs that comprise an ISFSI against the scoping criteria definition provided in the comments on 
the Preliminary Guidance for License Renewal for Site-Specific Independent Spent Fuel Storage 
Installations (ISFSIs) [NRC, 2001]: 

Any SSC that meets either of the criteria shall be evaluated further in the aging 
management review (AMR) process described later. The categories of SSCs are those 
that are:  

1. Important to safety; that is, the SSCs are relied on to perform any of the following 
functions:  

i.   Maintain the conditions required to store spent fuel safely.  

ii.  Prevent damage to the spent fuel during handling and storage. 
iii. Provide reasonable assurance that spent fuel can be received, handled, packaged, 

 stored, and retrieved without undue risk to the health and safety of the public, as 
 identified in the current licensing basis (CLB).  

These SSCs ensure that these important safety functions are met: (1) criticality,  
(2) shielding, (3) confinement, (4) heat transfer, and (5) structural integrity.  

2. Classified as not important to safety, but, according to the CLB, whose failure could 
prevent an important to safety function from being fulfilled or whose failure as a support 
SSC could prevent an important to safety function from being fulfilled. 

The function performed by an SSC that causes it to be within the scope of license renewal 
is its intended function. 

Also, SSCs which perform ISFSI support functions are generally not within the scope of 
license renewal. 

Applying the above criteria, Dominion concluded that only the dry storage casks and spent fuel 
assemblies fell within the scope of requiring an aging review for ISFSI license renewal. Other 
components not considered to have met these two criteria include [Dominion, 2002 Table 2.3-1]: 

�� Reinforced concrete pad 

�� Transporter and supporting equipment 

�� ISFSI pressure monitoring system 

�� Lighting 
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�� Backup diesel generator  

�� Diesel fuel tank collection trench 

�� Security fence 

The second step of the AMR process involved the identification of the materials of construction 
and the environments to which these materials are exposed, for the subcomponents that require 
an AMR. As suggested by ASTM [2002], Dominion has provided a series of tables identifying 
the materials of construction.  

The third step in Dominion’s AMR process involved the identification of the aging effects 
requiring management. Dominion notes that “[a]ging effects are the manifestation of aging 
mechanisms. In order to effectively manage an aging effect, it was necessary to first determine 
the aging mechanisms that are potentially at work for a given material and environment 
application. Therefore, the AMR process addressed both the aging effects and the associated 
aging mechanisms.” [Dominion 2002 page 3-2]  

Dominion determined that there were no activities required to manage the effects of aging. 

1.2.3 Examination of a Dry Storage Cask and Components in Dry Storage  
for ~14 Years 

A recent EPRI report has been issued summarizing data collected on a dry storage cask 
(including the spent fuel inside the cask) that had been in storage for approximately 14 years 
[EPRI, 2002]. This report summarizes work co-sponsored by EPRI, NRC’s Office of Research, 
DOE-EM, and DOE-RW. The storage system chosen for evaluation was a CASTOR V/21 metal 
cask design containing 21 PWR Zircaloy-4™ spent-fuel rods with burnups of up to ~35 
GWd/MtU. The broad objectives were to search for signs of degradation in the cask containing 
the spent-fuel assemblies and in the spent-fuel assemblies, particularly the Zircaloy™ cladding 
enclosing the fuel pellets. The results from this work, provided in detail in EPRI [2002], will be 
summarized later in this report insofar as aspects of the report address specific aging issues. 
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2  
ISFSI SAFETY-RELATED FUNCTIONS REQUIRING 
ASSESSMENT 

In support of 10 CFR Part 72, NRC’s NUREG-1536 [NRC, 1997] identifies the functions 
important to safety that the dry cask SSCs must maintain:  

�� thermal performance 

�� radiological protection 

�� confinement 

�� sub-criticality 

�� retrievability 

Depending on the specific dry cask storage design, particular SSCs are relied upon to maintain 
each of these functions.  

Thermal performance is a function of the ability of cask internal systems (usually the  
metal components inside the container along with some contribution from the internal gas)  
to transfer heat to either the outer surface of the internal container or through the outer portions 
of the metal cask for metal cask designs. Examples of components used to meet the thermal 
performance criteria are cooling fins, which, for metal casks, are usually fabricated from carbon 
steel (SA 283 or SA 285 Grade A), copper, or stainless steel (SA 240 Type 304), so as to 
increase heat transfer. Dry storage system designs using concrete for shielding require heat from 
the internal basket to be transferred to air that circulates in the cavity between the internal basket 
and the surrounding mostly concrete portion of the dry storage system. This part of the heat 
transfer system requires maintaining good air circulation from the vents near the bottom and top 
of the concrete structure. In systems employing this internal air circulation, licensees are required 
to perform frequent inspections of the air vents to ensure they remain free from obstructions.  

Thus, aging issues related to maintaining long-term thermal performance could include anything 
causing degradation in the ability of heat transfer from the assemblies to the outside of the 
internal structure and, for some designs, the ability of external air to freely circulate in the  
gap between the internal canister and the outer, mostly concrete shielding. Potential long-term 
degradation mechanisms for the internal canister section would most likely be associated with 
entrance of air into this section. Air could corrode metal surfaces responsible for heat transfer, 
and is a poorer heat conductor than helium (for those systems using helium backfill).3 Air ingress 

                                                           
3 Note also that prevention of air ingress and egress from the internal portion of the dry storage system is the primary 
function of “confinement”. 
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could be caused by failure of seals in bolted cask systems, or corrosion through the canister wall 
in welded metal systems. In the case of bolted systems, double seal systems are employed with  
a continuous pressure detection system between the seals. Thus, any failure of the seals would  
be detected. Corrosion of the welded systems is slow, and will likely continue to be slow under 
extended service as temperatures decrease. 

Radiological protection functions (neutron and gamma shielding) are maintained by the 
continued presence of adequate shielding without any gaps in the shielding. In metal cask 
systems, gamma shielding is maintained primarily by the thick metal cask walls. Neutron 
shielding in metal cask designs is provided primarily by organic polymers or other hydrogen- or 
carbon-bearing materials. Neutron poisons for criticality control also provide indirect neutron 
shielding. For these designs, long-term performance of the polymers or other neutron shielding 
materials must be demonstrated. Issues such as shrinkage or cracking of these neutron shielding 
materials need to be addressed. Concrete provides both neutron and gamma shielding in concrete 
systems. Cracking, spalling, or excessive dry-out of the concrete could lead to diminished 
neutron shielding and potential neutron streaming. External inspections of the concrete cask 
designs are required, and should detect significant cracking or spalling. 

The confinement function is to ensure no radioactive gases or solids are released from the 
containment system. Air ingress into the cavity containing the spent fuel is to be avoided. 
Potential mechanisms leading to air ingress were briefly discussed above relative to maintaining 
thermal performance. 

Maintaining sub-criticality requires maintaining the initial storage geometry and, in some 
designs, maintaining sufficient neutron poison capability. Storage geometry requires continued 
structural integrity. Barring off-normal or accident scenarios leading to mechanical damage,  
it is likely that only corrosion could lead to loss of structural integrity. As discussed above, 
significant internal corrosion requires air ingress. Maintenance of sufficient neutron poison  
will need to be demonstrated.  

Ensuring adequate spent fuel retrievability after extended storage requires maintenance of 
geometry of both the cask internals, as well as the spent fuel itself. Again barring off-normal  
or accident scenarios leading to mechanical damage, only internal corrosion might cause 
degradation of internal cask geometry or adequate buildup of corrosion products that may 
prevent easy removal of spent fuel. Potential spent fuel geometry changes and internal corrosion 
have been discussed in EPRI [1998], and will be summarized later in this report. The EPRI 
[1998] report concluded that these two processes were unlikely to prevent spent fuel 
retrievability. 

ASTM [2002] notes: 

Materials for extended service must meet the design and performance requirements given 
in 10 CFR 72. The DCSS has been designed to store spent fuel safely for a minimum of 
20 years and to permit maintenance as required in the original licensed term. Structures, 
systems and components important to safety have been designed, fabricated, erected and 
tested to meet standards commensurate with their function and their importance to the 
safety of the overall system.  
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ASTM [2002] continues to suggest that additional storage time is unlikely to place additional 
demands on performance, but is more likely to reduce such demands: 

The service conditions for the renewal period may be less severe than those of the initial 
licensing period. If the cask contains its original SNF, then the demands on materials 
properties for an additional 20 – 80 years of storage may be reduced due to lower 
temperatures and radiation levels. The general assumption put forth here regarding 
decreases in thermal and radiation conditions are based on the expectation that reloading 
of SNF does not occur. It is assumed that at the time of license renewal, the reloading of 
casks (with SNF different from that originally stored in a cask) is very unlikely. 

ASTM [2002] also discusses the process for determining and dealing with potential degradation 
issues deemed “significant”: 

Any age-related degradation mechanism is considered significant if, when allowed to 
continue without any additional prevention or mitigation measure, it cannot be shown 
that the component would maintain its safety function during the license renewal period 
or extended operation following the initial license. The potential for significant age-
related degradation of specific component evaluated is dependent upon design features, 
design basis, operating history, and the extent to which they are susceptible to the age-
related degradation mechanism(s). If it can be shown that a DCSS component is not 
affected by the degradation mechanism under consideration, or is only affected to such a 
small degree that the component safety function is not adversely affected throughout the 
license renewal term, then the component/degradation combination is not significant. 
Otherwise, the combination is potentially significant. If a potentially significant problem 
(component/degradation mechanism combination) is adequately addressed by effective 
existing programs, then the issue is not a license renewal concern as it is considered to be 
resolved on the basis that the degradation is managed acceptably. Combination of 
mechanisms and components for which existing programs cannot be shown to manage 
potentially significant age-related degradation will require plant specific enhanced 
monitoring program to effectively manage the age-related degradation phenomena. 
[ASTM, 2002, Appendix E] 
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3  
POTENTIAL DEGRADATION MECHANISMS – A 
REVIEW 

There are a variety of potential degradation mechanisms that could conceivably compromise  
the ability of the ISFSI to maintain its safety functions. While there is a large literature on 
degradation mechanisms affecting dry storage system SSCs, a few references summarize  
the more important potential degradation mechanisms. ASTM [2002] and EPRI [1998]  
provide a review of potential spent fuel degradation mechanisms in dry storage. ASTM [2002] 
and Dominion [2002] discuss potential degradation mechanisms for metal storage systems.  
TN [2001] (among others), ASTM [2002], NEA [2002], and EPRI [1994] discuss potential 
concrete degradation mechanisms at nuclear facilities. 

The following sections in this chapter provide a review of some of the potential degradation 
mechanisms that may be important to address when considering extended ISFSI service.  
This review largely draws upon the documents cited above. 

3.1 Potential Spent Fuel Degradation Mechanisms [EPRI, 1998] 

At the time of initial storage, the ability of the system to meet the regulatory requirements  
is determined by applying benched mark codes using the expected conditions of storage 
(temperature distribution, atmosphere), and the condition of the fuel as it was irradiated.  
During the initial storage period (20 y) the condition of the fuel rod might change, and the 
storage conditions will become less severe (lower temperature and radiation field). The bench-
marked codes will still be valid, although some of the potential effects in the initial storage 
period will no longer be active in extended storage. For example, any radiolysis effects on 
residual water or fuel oxidation from residual air will have long been exhausted. To determine  
if continued storage meets the regulatory requirements, the codes for those mechanisms still 
active must be applied using the condition of the fuel rods at the end of the initial storage period 
and the storage conditions expected during extended storage. 

In most cases, the fuel will be subjected to “normal” conditions during both the initial storage 
period and extended storage. The fuel initially will be dried to remove the majority of the cask 
moisture. There will be either a He or N2 inert atmosphere. The temperature, governed by  
the decay heat and loading pattern will be no higher than 400°C [USNRC 2002] and decrease 
with time. The radiation field will be < 105 R/hr (�) with a neutron flux of ~ 104 to 106 n/cm2-s, 
which is substantially less than in-reactor fluxes. After 20 years the temperature will be in the 
120-150°C range and the radiation fields will be lower. 
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In rare instances during either storage period, “off-normal” events might occur due to a seal leak, 
or an over-temperature excursion due to a blocked vent. In this case air might get into the cask.  
If per chance, the cask was mistakenly misfilled with air, the condition is also off-normal. 

Even rarer are accidents such as cask drop, cask tip-over, airflow blockage, and fire that could 
lead to fuel damage, or leakage of the confinement boundary. Some natural phenomena events 
include flood, tornado, earthquake, burial under debris, lighting, seiche, tsunami, and hurricane. 
Of particular concern due to the events of 9/11 are the effects of intentional projectiles. If one of 
these accidents occurred, the condition of the system would have to be reviewed to determine if 
storage could continue for the remainder of the initial storage period or if the fuel needed to be 
put into a new canister at that time.  

Under all the above conditions, there are mechanisms that may change the condition of the  
fuel rod, increase the radiation source term in case of a cladding breach, or compromise the 
ability to meet the requirements and functions stated earlier in this report. If off-normal/accident 
conditions exist, the storage conditions of the SNF could change due to either air or water 
ingress, or excessive temperature excursion. In addition, the possibility of fuel damage by 
mechanical trauma also may occur. If there is air ingress, oxidation of the Zircaloy™ cladding 
and fuel may occur. These potential changes are shown in Table 3-1. The mechanisms that may 
lead to these changes are discussed briefly. These mechanisms must be analyzed to determine if 
they: 1) have caused fuel rod change during the initial storage period, 2) are still active during 
the extended storage period, and 3) sufficiently degrade the fuel to the point where the regulatory 
concerns are not met during the extended storage period.  

Table 3-1 
Potential Rod Changes and Mechanisms during Storage 

Storage 
Condition 

Fuel Cladding 

Normal Increased stress from fgr Breach (creep, DCCG, H2 reorientation) 

  Change in mechanical properties 
(annealing, H2 migration) 

  Crud contamination (spallation) 

Off-Normal Particle size reduction (oxidation) Wall thinning (oxidation) 

 Gas-release (oxidation) Excessive creep 

 Increased cover gas conductivity Mechanical property change (annealing) 

Accident   

Impact Fuel fracture Breach 

 Gas release (oxidation) Oxidation (corrosion) 

 Particulate formation (oxidation) Crud contamination (spallation) 

Fire Stress increase due to thermal 
expansion; strength decrease 

Breach (stress rupture) 

  Change in mechanical properties 
(annealing, H2 reorientation) 

DCCG = Diffusion Controlled Cavitation Growth 
fgr  = fission gas release 
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The extent that these mechanisms are expected to be active for either initial storage or extended 
storage is given in Table 3-2. Yes indicates that the mechanism could be expected to be active 
for the fuel or cladding during that time frame. In the case of the initial time frame the 
mechanism should have been evaluated in the original license submission. This initial evaluation 
along with any new support material since the submission should establish the initial fuel 
conditions for evaluation of the extended storage period. No indicates that the mechanism is not 
expected to be active either because the atmospheric conditions or material condition is not 
suitable. In some cases the mechanism is potentially active only for certain events. These entries 
are indicated with a DE. Justifications for the entries in Table 3-2 are given in the next section 

Table 3-2 
Potentially Active Degradation Mechanisms 

Mechanism Fuel Cladding 
 Initial Extended Initial Extended 

Normal  
Oxidation N N   
fgr Y N   
Creep,   Y N 
DCCG   N N 
H2 reorientation   Y N 
DHC   N N 
SCC   May be N 
H2 embrittlement   N Y 
H2 migration   Y N 
Annealing   Y N 
Crud Spallation   May be N 
Off-Normal  
Oxidation due to air ingress Y Y Y Y 
Creep   Y DE 
Annealing   Y DE 
Accident-impact  
Fracture DE DE   
Oxidation DE DE   
Impact Breach   DE DE 
Crud spallation   DE DE 
Accident-fire  
Stress rupture   Y Y 
Annealing   Y Y 
H2 reorientation   Y Y 

DHC  = Delayed Hydrogen Cracking 
DCCG = Diffusion Controlled Cavitation Growth 
Fgr  = fission gas release 
SCC  = Stress Corrosion Cracking 
DE  = Depends on the event 
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3.1.1 Cladding Degradation Mechanism 

3.1.1.1 Creep 

One criterion for consideration of cladding integrity during inert dry storage is creep. To avoid 
degradation of cladding, the strain calculated to occur in storage should be less than the creep 
strain to failure. In creep tests at temperatures between 250-400°C of Zircaloy™ cladding 
irradiated up to burnup of 64 GWd/MtU, no failures have been observed below 2% strain 
[Spilker 1997, Goll 2001, EPRI 2002]. Therefore, a conservative cladding strain limit of one 
percent has been used in several countries, such as Germany.  

Creep is the progressive deformation of a material under an applied stress. Creep occurs  
in three stages. The primary stage has rapid deformation and a decrease in creep rate over  
time, the secondary stage has a constant creep rate and the tertiary stage has a rapid creep  
rate increase with time until fracture occurs. The creep strain rate and strain at failure of spent 
nuclear fuel cladding are affected by material parameters like alloy composition, fabrication 
steps (e.g., cold work, solution anneal, recrystallization anneal), hydride content, and radiation 
fluence. For irradiated cladding, radiation effects overshadow these fabrication and chemical 
effects. The two principal factors in the creep behaviour of irradiated cladding are the hoop stress  
and the temperature. The hoop stress results from the rod internal pressure, and the temperature 
results from the decay heat of the fuel assemblies. In general, the creep strain can be calculated 
from creep equations, but their applicability for a particular material or set of materials 
parameters should be questioned and not applied without consideration of all important factors  

At low temperatures and stresses, the deformation (strain) is negligible and can be ignored;  
at high temperatures and stresses the strain can be substantial. For typical fuel cladding hoop 
stresses, strain may be detected at temperatures above about 300°C although significant strain 
(for zirconium alloy cladding) is not expected to occur until the temperature is well in excess  
of 350°C. Over long storage times, both the pressure and the temperature decrease such that  
the strain rate tends to zero. At temperatures below 300°C, creep may be considered to be 
immeasurably slow and is not a factor in extended storage under normal operation. 

3.1.1.2 Diffusion Controlled Cavity Growth (DCCG) 

Theoretically, diffusion controlled cavity growth is a potential mechanism for mechanical 
degradation, but one that has never been observed on actual SNF cladding and its potential effect 
on degradation of the cladding in a ISFSI is expected to be very small. The occurrence of failures 
from DCCG has not been observed to-date, either in Zircaloy™ or in any components of dry 
storage facilities. It has been calculated that if DCCG does not occur during the initial storage 
period, it will not occur during extended storage due to the lower temperature. The NRC no 
longer considers this a viable mechanism for spent fuel cladding breach in dry storage and need 
not be considered for extended storage. 
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3.1.1.3 Hydrogen Effects 

As a result of corrosion during irradiation the hydrogen concentration can increase to values  
in excess of 300 microgram per gram (for higher burnup fuels, the concentrations may be 
considerably higher) and hence result in hydride formation and precipitation. This may  
increase if there is any radiolysis of moisture in the cask. Approximately 10-20% of the 
hydrogen produced by the radiolysis and corrosion will enter the cladding. The distribution of 
the hydrogen in the rod can change if there is migration down the temperature gradients during 
the initial storage period. The brittle zirconium hydrides formed can impact the mechanical 
properties of the Zircaloy™, generally increasing the strength and decreasing the ductility. This 
may be exacerbated if the hydrides reorient to the radial direction during the storage. In addition, 
the hydrogen may activate such breach mechanisms as hydride embrittlement and delayed 
hydride cracking (DHC) [Huang 1994. Northwood 1983, Simpson 1979a, b].  

Hydride embrittlement occurs when there are sufficient hydrides to cause detrimental effects  
to mechanical properties, including tensile ductility, fracture toughness and ultimate fracture 
strength. The amount of ductility degradation depends on hydride orientation, concentration  
and distribution. Hydride platelets oriented normal to the stress direction cause large reductions 
in strength and ductility, whereas hydride platelets oriented parallel to the stress direction have 
little effect.  

Commercial SNF is manufactured with hydrides predominately oriented in the circumferential 
direction [Kawanishi 1974]. However under sufficient stress, hydrides will reorient to the radial 
direction [Kawanishi 1974, Coleman 1985, Einziger 1984, Cunningham 1987]. The radial 
hydride orientation is more detrimental than circumferential hydrides. As the cladding is heated 
during the drying of the cask and initial storage at higher temperatures, much of the hydrogen 
introduced into the cladding during irradiation goes into solid solution in the Zircaloy™ matrix. 
As the cladding cools during storage, hydrogen in solid solution will precipitate as hydrides  
as the solubility limit is exceeded. Depending on the stress levels in the cladding, texture and 
cooling rates, these hydrides may be circumferential or radial in orientation. The hoop stress 
needed for hydride reorientation in unirradiated Zircaloy is not well defined (35 to 140 MPa  
at 300 to 400°C) and depends on such things as fabrication history, basal pole texture, hydrogen 
content and temperature. Recent unpublished evaluations of reorientation work on irradiated 
cladding indicate that the stress threshold is temperature-dependent and higher than in 
unirradiated material.4 The stress required for reorientation appears to increase with decreasing 
temperature. 

Recently, NRC [2002] suggests that hydride reorientation may be an important mechanism 
adversely affecting spent fuel cladding integrity for spent fuel with higher burnup levels. This 
mechanism is partially dependent on the amount of zirconium hydrides that have reprecipitated 
from their initial solution within the cladding at the initially high temperatures. The lower the 
temperature, the more zirconium hydride that can reprecipitate. Thus, the successively lower 
temperatures associated with extended storage can lead to more hydride reprecipitation.  

                                                           
4 Based on unpublished analysis of reorientation experiment performed independently by K Gruss (NRC) and Eric 
Siegmann (Framatome) 
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The amount of hydrogen necessary to severely reduce ductility of SNF cladding depends  
on the storage service temperature and the orientation of the hydrides. The current under-
standing suggests that at temperatures around 300-400°C radiation damage determines  
ductility loss, while at room temperature the effects of hydrogen and radiation damage  
are additive. [Wisner 1998] As low as 30 ppm hydrogen may be required to reduce ductility  
at room temperature [Bai 1991, Huang 1994] while over 600 ppm [Bai 1991] may be required  
at 300°C. Hydrogen embrittlement is one of the few mechanisms where decreased temperature  
is detrimental. This mechanism probably is not an active during the initial storage period but 
must be considered during extended storage where the temperature is low. This embrittlement 
must be also considered when evaluating the potential cladding fracture during an impact 
accident in extended storage.  

Delayed hydride cracking (DHC) is occurs by diffusion of hydrogen to a flaw region. The 
fracture process requires the formation of a hydride zone, growth of a flaw, and subsequent 
fracture of the brittle hydride zone. The tensile stress region provides the driving force for 
diffusion of hydrogen atoms. When the hydrogen concentration exceeds the solubility limit, 
hydrides will start to form and grow. When a critical size under a sufficient tensile stress is 
reached, fracture through this zone can occur eventually leading to failure. Initiation of DHC 
occurs only if the stress intensity is above a threshold value, and stress intensities in inert dry 
storage conditions are expected to be lower than this critical stress intensity. This mechanism is 
not important for extended storage. 

3.1.1.4 Stress Corrosion Cracking 

Stress Corrosion Cracking (SCC) is similar to DHC except migration of chemical impurities 
such as fission products, instead of hydrogen, migration to the cladding flaw is necessary in 
addition to an applied stress. Pescatore [1994] reviewed the testing done on SCC of irradiated 
Zircaloy™ and determined that under conditions expected for dry storage that failure would not 
occur by this mechanism. Even under conditions of higher than expected stress, laboratory 
testing only produced non-detrimental pinhole breaches. The stress on the cladding is highest at 
the start of storage and decreases with storage time due to a decreasing temperature. Due to the 
lower fuel temperature in storage than in reactor, no corrosive fission products will be released 
from the fuel pellets to the cladding gap during the storage period. Therefore if the unexpected 
SCC is going to occur in a particular fuel rod, it will occur early in storage, when stress is 
highest, not later during the extension period. 

3.1.1.5 Oxidation  

Excessive oxidation of the Zircaloy™ cladding combined with an internal stress can potentially 
breach the cladding. Cladding failure could result in a risk of contamination of the interior of the 
confinement vessel and needs to be evaluated for retrievability.  

Oxidation of the Zircaloy™ [Rothman 1984] is a thermally-facilitated process. Dry storage 
under inert gas conditions leads to no further increase in the oxide layer over and above the 
condition of final discharge from the reactor, since the storage conditions rule out the presence  
of oxidizing substances. In the event of air ingress, dry oxidation at storage temperatures below 
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300°C is of no concern since the extent of oxidation is much smaller than the cladding thickness 
[EPRI 1998]. 5 Oxidation of the cladding needs to be evaluated to determine the ramifications of  
a fire that might exceed 300°C should a concurrent cask breach admit an air atmosphere. Since 
the consequences would be independent of when the fire occurred, the analysis conducted for  
the initial storage period should suffice for the extended storage period.  

Any water left in a sealed system due to incomplete drying will result in minimal oxidation of 
the cladding and hydrogen input into the cladding [EPRI 1998]. This would happen in the initial 
storage period and be of no additional concern to extended storage. Furthermore, this mechanism 
has been addressed in the initial license application, so presents no new issues for extended 
storage as long as the system remains sealed. Since oxidation of the cladding and solubility  
of hydrogen in the cladding both decreases with temperature, water ingress is a degradation 
mechanism during extended storage only in the case of an accident that results in a water  
ingress concurrently with a fire that raises the temperature significantly. This is highly unlikely. 

3.1.1.6 Annealing 

When in the reactor, the cladding is subjected to both a neutron and gamma flux. The mechanical 
properties of materials used in fuel assemblies need to be evaluated to determine: 1) whether 
substantial changes in these properties would be expected to occur during the initial 20-year 
period after closure; and 2) whether substantial changes would be expected to occur in the 20- to 
100-year period after closure. Mechanical properties of these materials could be affected by the 
elevated temperatures expected during the initial storage period. 

The properties of Zircaloy cladding are affected by irradiation. The effects depend on 
composition, heat-treatment, cold work, and texture. However, the radiation fields to which  
the cladding is exposed during storage are many orders of magnitude lower than those already 
encountered in-reactor and do not change the effects that take place in the reactor, which usually 
saturate during the first or second irradiation cycle. For this reason, changes of yield strength, 
elastic modulus, and fracture toughness due to the radiation field from the fuel are expected to  
be small during the storage period [Sanders 1991a, b]. The fracture toughness may be slightly 
increased by irradiation [Walker 1974], and this would be expected to improve the cladding’s 
resistance to fracture under dynamic loading, such as in an accident scenario. In addition, any 
improvement in fracture toughness would help to limit the growth of existing cracks or pinhole 
leaks. 

Although the strength of the cladding may be increased by irradiation, the temperature may  
be high enough during the initial part of the storage period to cause some annealing of radiation 
induced hardening to occur. The result of annealing is to decrease the strength and increase  
the ductility of the material. It may also assist in relaxing internal stresses [Sanders 1991a, b].  
The extent of annealing depends on the irradiation fluence, temperature, and time. Although the 
annealing curves are not well established, if annealing occurs it will be in the initial storage 
                                                           
5 Spent fuel in a test dry storage cask at INEEL was exposed to a partial air environment for approximately six 
months, before the air was replaced with helium [EPRI, 1986]. While not measured, a reasonable estimate of 
container temperatures during the time air was present would be in the range of 300°C. Subsequent examination of 
the spent fuel yielded no evidence of significant additional oxidation [EPRI, 2002]. 
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period when the fuel is hot. During extended storage, the fuel will be too cool for additional 
annealing to occur [Einziger 1982]. 

3.1.1.7 Crud Spallation 

During reactor operation, a coating of crud developed from corrosion of the materials in the 
primary system forms on the fuel rod. This crud contains a number of isotopes, but after a short 
time, the main constituent is 60Co. The crud tends to be very tenacious on PWR rods and much 
more flaking and easily dislodged on BWR rods. In some instances, BWR rods have been known 
to dislodge so much crud when moved around in the pool that diminished pool clarity occurred. 
A definitive compilation on the properties of crud is given in Sandoval [1991]. Information is 
given on composition, phases, radionuclide content, and distribution. Once the crud spalls, only  
a small fraction will be available for gaseous transport. The remainder will settle quickly on 
other surfaces within the cask. The degree of settling will depend on the particle size distribution 
of the crud. 

The NRC mandates the use of a spallation factor of 0.15. [USNRC 1997] There is no published 
systematic study of the adhesion or cohesion of crud from dry out or impact. The tenacity of  
the crud may be affected by the length of time the fuel is stored in the water pool and then, 
subsequently, the amount of time the crud is dried during dry storage. Estimates of crud 
spallation from rods stored at 230°C ranged from 1.6 to 4.8%. These rods had seen quite a bit  
of movement before the spallation measurements, and it is not possible to determine how much 
crud spalled off during the movements. These measurements are probably reasonable for static 
dry out. A more complete description of the supporting data is given in Sandoval [1991].  

Crud spallation will be a concern if it occurs excessively during normal operation during  
the initial storage period where fuel rod drying occurs. No additional crud spallation would  
be expected during extended storage and the analysis for the initial license application should  
be sufficient. 

3.1.2 Fuel Degradation Mechanisms 

3.1.2.1 Fragmentation  

An accident may exert sufficient force on the fuel to shatter the cladding and fragment the  
fuel. This will result in respirable particulate that may impede retrievability. This is of special 
concern in the case of a man-made projectile. Very little is known about the energy needed  
to fragment spent UO2 or the size distribution of the particulate. Analogies are made to other 
ceramic materials. Data on this subject has been collated in Sanders [1992]. Fragmentation 
concerns during extended storage are the same as during the initial storage period and would  
be covered in the initial license application. 
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3.1.2.2 Oxidation  

Oxidation of the fuel is a thermally-activated process governed by the time-at-temperature  
that fuel is exposed directly to air in the DCSS, and the amount of oxidant available. A compre-
hensive review of the mechanisms and kinetics of fuel oxidation has been performed 
[McEachern 1998]. Oxidation typically occurs first along the fuel grain boundaries. Thus, the 
release of fission gases, such as 85Kr, to the DCSS relatively early during this transition is 
possible. Upon further exposure to air, the fuel is oxidized to U3O8, a phase which is approxi-
mately 36% less dense than the original fuel. As the fuel continues to oxidize it swells and splits 
the cladding [Einziger 1985, Einziger 1986]. U3O8 formed by oxidation of the fuel is a fine 
powder that spalls from the fuel surface.  

Limited access of air can be assumed if the seals of the DCSS failed during the first (original 
licensed) dry storage period or if the system assessment indicates the potential of the sealing 
system leaking in the license renewal period. Small leaks due to seal failures, where the amount 
of air ingress has been shown to be minimal, would result in only minor oxidation of either the 
fuel or cladding, with limited consequences [Sanders 1992]. Water ingress, most likely with an 
air atmosphere, may raise the potential for additional oxidation of the fuel due to the radiolysis of 
a humid atmosphere. Water ingress related to oxidation processes will be a concern only during 
the initial storage period when the temperature is elevated and should not be a concern during the 
extended storage period when the temperature is low.  

During the initial license period, when temperatures within the DCSS are higher, the potential for 
adverse consequences due to oxidation is greater than during the extended license period. Should 
there be failed rods in the DCSS at this time and a large leak due to an accident or the cask is 
misfilled with air, there is sufficient oxidant to oxidize 1-2 rods depending on the size of the cask 
[EPRI 1998] in a short time frame. At the lower temperatures expected during extended storage, 
oxidation of even low-burnup fuels will take sufficiently long, at least months or years, that 
detection and mitigation of the off-normal condition should prevent fuel oxidation from being  
a concern. Of course fuel oxidation is not a concern during normal operation during extended 
storage. 

3.2 Potential Dry Storage System Degradation Mechanisms 

3.2.1 Temperature-Related Degradation 

Decay heat during storage will increase temperatures in the ISFSI. Temperature-related issues 
have been addressed in the safety analyses supporting the initial ISFSI licenses. Unless heat 
removal capabilities are significantly degraded during storage, it is expected that temperatures 
will decrease with prolonged storage. For example, Dominion [2002] states: 

Following initial cask loading, the fuel temperature inside the fuel cladding is expected to 
be less than 662°F (350°C) except in some localized areas where the temperature may be 
slightly higher during the first few years after cask loading. After 20 years of dry storage, 
the fuel cladding temperature is expected to be less than 347°F (175°C) and to decrease 
to less than 248°F (120°C) after several years of extended storage. 
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Higher temperatures will enhance thermally-activated degradation processes. Relevant processes 
for ISFSIs include, for example: 

�� Fuel cladding creep caused by increased cladding ductility and increased stress  
(due to higher temperatures causing higher pressures inside the cladding); 

�� Hydride reorientation in the spent fuel cladding; 

�� Increased corrosion of metals;  

�� Degradation of neutron shielding materials; and 

�� Concrete dryout and cracking. 

Temperature-related issues for the spent fuel were discussed in Section 3.1.  

3.2.1.1 Corrosion at Elevated Temperatures 

Corrosion as a general mechanism will be discussed in Section 3.2.2. Enhanced corrosion due to 
higher temperatures has already been taken into account in the safety analysis reports supporting 
the initial ISFSI licenses [see, for example, TN 2002]. Decreased temperatures associated with 
extended ISFSI operation will lower corrosion rates even further. 

3.2.1.2 Neutron Shielding Degradation due to High Temperatures 

The nature of the degradation of neutron shielding materials at higher temperatures depends on 
the particular material. For example, polyethylene rods may experience some shrinkage, which 
could lead to significant local loss of neutron shielding. Other neutron shielding materials can 
experience loss of hydrogen or water at higher temperatures. Similarly, degradation of neutron 
shielding materials due to high temperatures has also been taken into account in the initial ISFSI 
licenses. The lower temperatures associated with extended storage will likely lead to little to no 
additional degradation. 

3.2.1.3 Concrete Degradation due to Higher Temperatures 

A review of concrete behavior under sustained elevated temperatures was provided in TN 
[2001], and ASTM [2002]. A summary of the discussion in these two reports is provided here. 

Changes in concrete properties at elevated temperatures are primarily caused by loss of free 
water from the concrete pores, surfaces, or matrix. As temperatures increase, water is lost from 
the following five regions within the concrete, approximately in this order: 

1. Water in capillary pores; 

2. Water in gel pores; 

3. Water adsorbed on crystal surfaces; 

4. Adsorbed water confined between adjacent crystal surfaces; and 

5. Zeolitic intracrystalline water. 
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At a temperature of 175°F (~80°C) some of the capillary water will be lost, although cement 
hydration will continue. Loss of pore water is complete at a temperature somewhat above 100°C. 
Loss of adsorbed water occurs over a wide range of temperatures with all evaporable water lost 
at approximately 300°C [Allen, 1984]. Microstructural changes in the concrete occur at this 
temperature.  

Concrete strength often improves with somewhat elevated temperatures due to loss of pore 
water. This is caused by an increase in capillary forces and a loss of lubrication causing more 
resistance to sliding. Concrete degradation, characterized by crack formation and subsequent 
spalling, is mostly attributable to loss of chemically combined water (dehydration). Lankard  
et al. [1970] note that, for tests on unsealed concrete, chemically combined water content of  
the cement phase increases somewhat at 175°F (~80°C), while a 10, 20, and 40 percent loss  
of this water occurs at 250, 375, and 500°F (121, 191, and 260°C), respectively. The dehydra-
tion reaction leads to weakening of the bond between the gel and cement phases, leading to a 
decrease in strength, affecting the compressive strength, modulus of elasticity, tensile strength, 
Poisson ratio, and creep.  

Tests performed by Bertero and Polivka [1972] report that, “If the free moisture is allowed to 
escape during heating to 300°F, the mechanical characteristics of the concrete are very little 
affected by the heat treatment”. TN [2001] notes that several other tests reached the same 
conclusion.  

Peak concrete operating temperatures in concrete dry storage systems are below approximately 
200°F (~95°C). Thus, it appears that little, if any strength loss will have occurred during normal 
and probably most off-normal conditions, as well. Furthermore, the dehydration reactions 
leading to reduced strength are reversible if water is reintroduced. Reintroduction of water is 
likely to occur during extended outdoor storage as storage temperatures decrease with time and 
as the casks are exposed to moisture. Thus, it appears that elevated concrete temperatures during 
the initial storage period do not pose any loss of strength issues during extended storage 
operation. In fact, there may be some concrete strength improvement during extended storage. 

3.2.2 Corrosion 

Corrosion of materials is an issue for materials exposed to oxygen – especially in humid 
environments. Corrosion inside a sealed container was discussed in EPRI [1998] and 
summarized in Section 3.1. As long as no air has entered the container, even small amounts  
of residual water are not likely to cause significant degradation of the spent fuel cladding or  
other components inside the container. 

Corrosion of metal components exposed to air and humid environments will occur. These 
mechanisms have been addressed in the safety analysis reports accompanying the initial ISFSI 
licenses. Corrosion has occasionally been an issue in ISFSIs. For example, corrosion around  
the external seals on a few welded containers led to loss of the external seal, as discussed in 
Section 4.1.2 below. However, the loss of seal was detected through the use of continuous 
pressure monitoring between the inner and outer seals. The problem causing corrosion of the seal 
in this instance was linked to a weather cover design that allowed moisture to collect next to the 
seals. The weather cover design has since been changed to avoid this occurrence. 
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However, for the relatively thick metal components of the ISFSIs corrosion rates are thought to 
be sufficiently slow to be of little concern. For example, NRC is sufficiently confident that 
corrosion of the inner metal container of welded container designs will not occur that it does not 
require any monitoring of the container: 

[T]he NRC does not consider continuous monitoring for … double-weld seals to be 
necessary because: 

1. There are no known long-term degradation mechanisms which would cause the seal to 
fail within the design life of the [canister containing the spent fuel]6; and  

2. The possibility of corrosion has been included in the design. 

These conditions ensure that the internal helium atmosphere will remain stable. 
Therefore, an individual continuous monitoring device for each [canister] is not 
necessary. However, the NRC considers that other forms of monitoring, including 
periodic surveillance, inspections and survey requirements, and survey requirements, and 
application of preexisting radiological environmental monitoring programs of 10 CFR 
Part 50 during the use of the canisters with seal weld closures can adequately satisfy 
NRC requirements. [Federal Register, 1994] 

This is because NRC notes that the general corrosion rates for stainless steels like those used 
above were less than 0.00001 inch per year [Federal Register, 1994]. Assuming this upper-end 
corrosion rate was constant in time, the corrosion depth after even 100 years would be 0.001 
inch. Thus, additional stainless steel corrosion during extended storage is not a concern. 

The CASTOR metal cask design includes a cask body and cooling fins made of cast iron.  
Cast iron corrosion rates are generally higher than that for stainless steels. Dominion [2002] 
notes that regular inspection of the outside of the cask can be used to check for corrosion that 
could lead to degradation of some safety functions. 

Similarly, Dominion [2002] notes that metal trunnions and trunnions bolts can be visually 
inspected for signs of excessive corrosion. This is also the case for the metal cask designs  
using carbon steel primary seal covers. 

Dominion [2002] considered corrosion of the polyethylene neutron shielding. Dominion 
determined this corrosion would be arrested due to loss of oxygen as the small amount of  
oxygen remaining inside the region into which the polyethylene was inserted at the time of  
cask construction reacts with the surrounding metal or the polyethylene itself. Therefore, it  
is not a long-term degradation issue. 

                                                           
6 As was mentioned earlier, design lifetimes are typically significantly longer than 20 years. 
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3.2.3 Metal Fatigue 

Metal fatigue under normal operations is caused by daily temperature fluctuations. Dominion 
[2002] did calculate fatigue factors for extended storage and concluded the additional fatigue 
will still be within safe limits. 

3.2.4 Radiation-Induced Degradation 

Radiation may cause enhanced corrosion due to radiolysis. Neutron radiation will cause a portion 
of any neutron shield to be used up. ASTM [2002] notes that effects of radiation on neutron 
shielding and steels are expected to be small: 

After 20 years of dry storage, the fast neutron fluence at the interior of the DCSS [dry 
cask storage system] is typically on the order of 1014 n/cm2 and the cumulative gamma 
dose is on the order of 109 rad. The radiation shielding within a DCSS absorbs neutrons 
and decreases the exposure levels and the potential damage to the materials of the 
exterior components but, in general, at this fluence level the effects on materials of 
interest are small. These levels of neutron fluence could potentially have some effects on 
mechanical properties of steels, but not for any austenitic materials. The ferritic materials 
would require at least several orders of magnitude greater neutron fluence to have any 
significant effect on mechanical properties [Steel-1996] and the effects would be limited 
to those on impact properties, i.e. on either on the upper-shelf energy absorption or on the 
transition temperature behaviors. 

Dominion [2002] determined that the amount of neutron poison used up by the neutron fluence 
during the first 20 years of storage was negligible. Thus, extended storage under neutron fluxes 
significantly lower than during the first 20 years will also likely have only a minimal effect on 
the available neutron poison: 

A small fraction of the original Boron-10 (neutron poison material) could be consumed 
over time by the B10(n,�)Li7 reaction, resulting from spontaneous fission within the spent 
fuel. A calculation was performed to demonstrate that there is sufficient neutron poison 
material remaining over the additional 40-year life with the pure water present in the cask 
cavity and that the TSAR conclusions do not change for the license period of 60 years. 
The affect on criticality due to depletion of the Boron-10 in the Boral™ plates due to 
spontaneous fission has been re-analyzed and projected to be valid for the license renewal 
period. 

Radiation-induced hardening of metals can affect their null ductility transition (NDT) 
temperature. Dominion [2002] states, “Based on testing, no shift is expected in NDT  
temperature below the irradiation value of 1017 Neutrons /cm2. Since the neutron fluence  
for sixty years is calculated to be 2.2 x 1014 Neutrons/cm2, it is concluded that there will  
be no shift in NDT temperature.” 

Concrete also exhibits degradation at high radiation levels. For example, concrete may exhibit 
aggregate growth if exposed to high neutron levels, while high gamma radiation may affect the 
cement pasts producing heat and driving off free water [ASTM, 2002]. However, ASTM [2002] 
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also notes that “the level of irradiation [in concrete ISFSI systems] over the extended operation is 
not expected to reach a level that is sufficient to cause significant mechanical strength reduction 
of concrete, therefore, irradiation effect is not considered to be a significant aging degradation 
mechanism.” 

3.2.5 Other Concrete Degradation Mechanisms 

The concrete typically used in DCSS consists of Type II Portland cement because of its higher 
sulfate resistance and lower heat of hydration relative to the general purpose Type I Portland 
cement. All concrete used in an ISFSI is reinforced with embedded bars, wires, strands, or other 
slender members. The safety functions of concrete include maintaining subcriticality, containing 
radioactive material, providing radiological protection, and maintaining retrievability of the  
spent fuel. 

ASTM [2002] Annex E provides an excellent review of concrete degradation mechanisms: 

Portland cement has been used in concrete structures since the early 1800s, and it’s 
proven durability to aging-related effects is one of the main reasons for its widespread 
use in buildings and industrial facilities. However, concrete that is exposed for an 
extended period of time to extreme environments such as freeze-thaw, aggressive 
chemicals, flowing abrasive fluids, and elevated temperature may experience significant 
aging-related degradation in performance. The aging-related degradation effects that are 
evaluated for all concrete and the steel reinforcements include loss of material, cracking, 
and change in material properties.  

Loss of material in concrete structures or components is characterized as scaling, 
spalling, rust staining, pitting, and erosion. These effects result from one or more of the 
following aging-related degradation mechanisms: freeze-thaw, abrasion and cavitation, 
elevated temperature, aggressive chemical attack, and corrosion of reinforcement steels. 

Cracking in concrete structures or components is characterized as general cracking, map 
cracking, hairline cracking, pitting, and erosion. These effects result from one or more of 
the following aging degradation mechanisms: freeze-thaw, reaction with aggregates, 
shrinkage, settlement, elevated temperature, irradiation, and fatigue. 

Change in material properties is evidenced in concrete structures or components as 
increases in permeability and porosity of concrete material, and reductions in pH value, 
tensile strength, compressive strength, modulus of elasticity, and bond strength of 
concrete. These effects result from one or more of the following aging degradation 
mechanisms: leaching of calcium hydroxide, aggressive chemical attack, elevated 
temperature, irradiation, and creep.  

Freeze-thaw damage typically occurs on relatively flat surfaces such as pavement, where 
water remains in contact with the concrete. Freeze-thaw damage often originates at the 
surface and therefore is readily detected by visual inspections. The effects of freeze-thaw 
damage are local in nature and by itself will not affect the strength of the concrete. 
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When water passes through cracks, inadequately prepared construction joints, or 
inadequately consolidated areas during concrete placement, the calcium compounds in 
the concrete can be dissolved due to presence of small amount of calcium ions in water. 
Since the most readily soluble calcium compounds in concrete is calcium hydroxide or 
lime, water can leach lime from concrete. When calcium hydroxide or lime in concrete  
is leached away, other cementitious constituents become exposed to chemical decomposi-
tion, eventually leaving behind silica and alumina gels with little or no strength. 

Concrete is highly alkaline (pH > 12.5) and therefore is vulnerable to degradation  
by strong acids. Acid attack can increase porosity and permeability of concrete, reduce  
its alkaline nature at the surface of the attack, reduce strength and render the concrete 
subject to further degradation. … Sulfates solutions of potassium, sodium, and 
magnesium sometimes found in groundwater may attack concrete over time. Sulfate 
attack can produce significant expansive stresses within the concrete, leading to cracking, 
spalling, and strength loss. Groundwater chemicals may also damage the foundation 
concrete [EPRI, 1994].  

A dense concrete designed and constructed in accordance with [ACI (American  
Concrete Institute) and ASTM standards] will result in a concrete with low permeability 
and high resistance to aggressive chemical attack [EPRI, 1994]. If concrete structures  
or components are not exposed to an aggressive chemical environment, the aging 
degradation of concrete strength due to chemical attack is considered to be insignificant 
[EPRI, 1994].  

Chemical reactions may develop between certain mineral constituents of aggregates  
and alkalis that compose the Portland cement. … Seawater and solutions of deicing salt 
can also inject alkalis into concrete by action of penetration. Three types of chemical 
reactions may occur depending upon the composition of the aggregates. They are alkali-
aggregate reaction, cement-aggregate reaction, and expansive alkalis-carbonate reaction 
[EPRI, 1994]. Operating history of nuclear power plant concrete structures do not 
indicate that structural integrity of these concrete structures is significantly affected  
by alkali-aggregate reactions.  

Corrosion of embedded steel can be an aging degradation mechanism for concrete 
structures. If the concrete is degraded by other aging mechanisms, which may reduce the 
protective cover of the steel, corrosion may occur at a significantly higher rate. Adequate 
management of the other aging mechanisms will help control the corrosion of the 
embedded steel [EPRI, 1994]. 

When exposed to high levels of fast and slow neutrons, concrete may exhibit aggregate 
growth, decomposition of water, and thermal warming of concrete. … ANSI/ANS-6.4-
1985 reports that for incident energy fluxes less than 1010 MeV/cm2-sec, nuclear heating 
is negligible. … In DCSS systems, the level of irradiation over the extended operation is 
not expected to reach a level that is sufficient to cause significant mechanical strength 
reduction of concrete, therefore, irradiation effect is not considered to be a significant 
aging degradation mechanism. 



 
 
Potential Degradation Mechanisms – A Review 

3-16 

Excess water is typically added to the concrete mix to improve its workability during 
forming of concrete structure. Shrinkage of concrete occurs initially during curing as the 
result of excess water leaving the concrete. This curing period typically continues several 
months after placement. As excess water evaporates into the surrounding environment, 
tensile stresses are induced in the concrete due to internal pressure from the capillary 
action of water movement, and cracks develop. Subsequent drying and shrinkage occurs 
in concrete for up to about 30 years. Over 90 percent of the shrinkage occurs during the 
first year and about 98 percent in the first five years [ACI, 1997]. Therefore, shrinkage is 
not a significant aging degradation mechanism for licensing renewal. 
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4  
EXAMINATIONS AND TESTS TO SUPPORT EXTENDED 
DRY STORAGE 

This chapter discusses current surveillance programs to detect potential ISFSI degradation.  
It also summarizes the results of a study that was conducted to determine whether degradation  
in a dry storage system in use for over 14 years had occurred. 

4.1 Ongoing Surveillance Programs 

Foreign and domestic dry-spent-fuel storage programs are reviewed to see if any experience  
has been gained, either positive or negative, that will shed light on the expected behavior over  
a 100-year period. 7 

4.1.1 Surveillance Programs Outside the United States 

Six foreign countries are storing UO2 spent fuel under dry storage conditions. Argentina has 
stored CANDU fuel in 80 concrete canisters since 1993 [Marticorena 1995]. The temperature  
is below 200°C; no problems have been identified, and no data on the performance of the fuel 
are available. Belgium has chosen to store its pressurized water reactor (PWR) fuel in metallic 
Transnucleaire casks with a helium atmosphere [DeValkeneer 1995]. Fuel has been recently 
loaded at one of its plants, and no performance data are available. India has been storing boiling 
water reactor (BWR)-type spent fuel in indigenous casks since 1987 using an air atmosphere.  
No performance data are available [Schneider 1992, Srinivasan 1995]. Former Russian republics 
have VVER PWR fuel dry stored in two demonstration casks [Schneider 1992], and Japan is  
just starting to dry store LWR fuel commercially [Kuriyama 1995]. No performance data are 
available from these programs, but no adverse or unexpected performance has been reported.  

The two major foreign dry storage programs are in Canada and Germany. Canada has both  
a long-term testing program and a commercial dry-storage program. CANDU fuel has been  
dry stored in concrete canisters [Pare 1994. Wasywich 1995] using an air atmosphere since  
11 canisters of fuel were loaded at Gentilly-1 in 1985. Since then, fuel has been stored at six 
other sites: Douglas Point (1987–47 canisters), Chalk River (1990–11 canisters), Point Lepreau 
(1991– ~60 canisters), Wolsong (1991– ~60 canisters) and Gentilly-2 (1995) [Schneider 1992]. 
Other than temperature, no routine surveillance is conducted. No adverse or unexpected 
performance has been reported. 

                                                           
7 The experience base, other than the discussion of the Dominion seal leaks, has not been updated since the 1998 
EPRI report [EPRI 1998]. 
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A program has been underway for the last 18 years at the Whiteshell Nuclear research 
establishment. Both intact and intentionally defected spent CANDU fuel has been stored in  
a saturated air or helium atmosphere at 150°C. Periodically, the casks are opened to examine 
the fuel. A few rods are removed for destructive examination. No degradation or additional 
failure of the intact rods has been observed. Some oxidation of the fuel from UO2 to U4O9 has 
been observed in the defected rods. Only trace surface oxidation to the lower density U3O8 was 
seen. The extent of the oxidation depended on the linear heat rating of the fuel. No cladding 
bulging due to strain from oxidizing fuel was observed, and no handling problems were incurred. 
The water in the casks became very acidic due to radiolysis of the air and water [Wasywich 
1993]. The extent of fuel oxidation was in agreement with oxidation measurements made in  
the laboratory on used fuel. 

Germany has been routinely putting LWR fuel in dry storage using a dry inert atmosphere since 
1992 (IAEA 1992). Over 200 metallic casks have been loaded with no problem [Dreisvogt 
1995]. There is a 410°C temperature limit for long-term dry storage. No surveillance data  
are available about the condition of the fuel in these casks. In addition, Germany has been 
conducting full-scale dry-storage cask demonstrations with irradiated PWR and BWR fuel  
since 1982. Tests lasted up to two years, at which time cladding creep stopped due to pressure, 
temperature, and decay heat drops in the fuel rod. Consequently, the Germans think that, since 
the driving force for cladding degradation has been sufficiently removed after two years,  
it is of no consequence whether the storage period is 20 or 100 years in an inert atmosphere 
[Schneider 1992].  

Due to the lack of fuel surveillance coupled with the short storage duration the foreign 
commercial spent nuclear fuel dry storage programs have been positive but provide little  
support to long-term dry storage. The German argument for support of long-term storage is 
based on the cessation of the creep process. Although there are obvious differences in burnup 
and internal gas pressure, both CANDU and LWR fuel are UO2 based with Zircaloy cladding. 
Oxidation tests have indicated that a reasonable similarity exists between the behaviors of the 
two fuels [Taylor 1996]. Thus, the long-term results from the Canadian program are encouraging 
for the long-term storage of older fuel that remains quasi-isothermal at a fairly low temperature, 
or fuel that has been stored successfully for 20 years and has a temperature below 150°C.  
It also indicates that during off-normal and accident events that damages fuel and admits an  
air atmosphere, oxidation of the fuel and cladding will not occur to any significant extent in 
extended storage when the temperature remains below 150°C. The behavior of the defected  
rods is consistent with the behavior expected based on laboratory testing.  

4.1.2 Surveillance Programs in the United States 

As of early 2002, the United States has licensed dry-storage cask systems deployed in 
independent spent fuel storage installations (ISFSIs) at approximately 20 sites. Additional sites 
are expected to have ISFSIs in the near future. The longest operating dry storage has been in  
29 casks at the Surry plant and eight at the HB Robinson plant, which were loaded in late 1985 
[Dominion 2002]. 
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The requirements for monitoring U.S. dry storage of spent nuclear fuel (SNF) can be found  
in NUREG-1536 [NRC 1997]. The requirements along with the pages in the document are 
(paraphrased): 

�� 2-11: Continuous monitoring of Safety Protection Systems is defined as routine surveillance 
programs and/or active instrumentation. The applicability will be determined at the time of 
licensing. 

�� 4-2: Fuel and cask materials should be maintained within their minimum and maximum 
temperature criteria for normal, off-normal, and accident conditions to ensure components 
can maintain their safety functions. 

�� 7-3: describes the monitoring capability and surveillance plan for mechanical closures.  
For welded closures, no closure monitoring system is required, but lack of closure 
monitoring is usually coupled with a periodic surveillance program. 

�� 9-6: Usually a cask has at least one monitoring system (temperature, pressure, dosimetry). 
The main reason is to detect an off-normal event or accident. The licensing SAR describes 
the periodic visual surface and weld inspection limited to readily accessible surfaces.  
The SAR should describe periodic tests to verify shielding and thermal capabilities and 
neutron poison effectiveness. Neutron poison can have an environmental qualification  
of the material instead. 

For the short duration, NRC puts confidence in the quality of the double closure welds and  
the knowledge of the behavior of the materials as a function of temperature. In the concrete 
NUHOMS-type system, the specifications require that the temperature in the system be 
measured the first few weeks after loading to see that it does not rise out of range. After that, 
temperatures are no longer measured. Passive radiation monitoring is conducted on the outside  
of the system. Daily visual checks are made of the inlet air vents to ensure they are not clogged 
(with bird nests, etc.). No monitoring is done on fuel canisters that have two welded seals. 
Continuous monitoring of the helium pressure in the gap between the two lids is conducted on 
the metal casks that have bolted closure. A pressure transducer that looks for a pressure rise, 
indicative of a leak, sends a signal back to a control room. 

Recently, six casks at Surry were determined to have leaking outside seals by monitoring.  
A Castor-X cask had galvanic corrosion of the secondary metallic seal due to the presence of 
chloride probably from residual cleaning fluid. Five TN-32 casks experienced galvanic corrosion 
of the secondary metallic seal due to water leakage though the protective cover. Based on the 
monitoring and subsequent examination of the seals, corrective actions were taken to prevent a 
recurrence. The design of the protective cover was improved and aluminum was replaced by 
silver secondary seals on new loadings. 

The monitoring of the operational casks has indicated minimal storage operational problems such 
as leaking casks The gas monitoring is designed to determine cask leaks and does not measure 
the composition or pressure of the cover gas directly. As such, it gives information about the 
integrity of the seals but says nothing about the condition of the fuel inside. The monitoring has 
not indicated anything that would preclude a long-term storage extension. 

Since 1984, a monitored dry-storage demonstration program has been conducted at the Idaho 
National Environmental and Engineering Laboratory (INEEL). Five casks were loaded with 
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PWR fuel to determine the thermal characteristics of the casks. A cask containing BWR fuel was 
instrumented at the General Electric Morris Facility. The casks were backfilled with nitrogen or 
helium or a vacuum, and the temperature was measured in a variety of configurations. The fuel 
was characterized visually and/or by sipping to determine the integrity of the rod cladding. No 
breached rods were put into the casks tested. A complete description of the tests is in McKinnon 
and DeLoach [1993]. 

The cover gas in the casks was monitored and analyzed to determine changes in atmospheric 
composition and for 85Kr, which, in sufficient quantity can indicate a leaking rod. Krypton-85 
indications were found during the three-month testing of the Cooper BWR fuel in the REA-2023 
cask and in the TN-24P cask when it held unconsolidated fuel. It is thought that the leak in  
the TN-24P cask occurred when the cask was rotated. In neither case was the leaking fuel rod 
visually identified at the end of the test. The size of the 85Kr indication along with the lack of 
visible identification indicates that the breaches were very small and would not be considered  
as gross damage as defined in 10 CFR 72 (1985). No leakers have been identified in the Castor-
V/21 cask holding 21 PWR assemblies since September 1985, or the MC-10 cask holding 12 to 
24 PWR assemblies since 1986. Other than the short time when the thermal tests were being 
conducted, the temperature of these casks has been unmonitored. While the tests tell little about 
the defect mechanisms and the potential for failures in long-term storage, it is important to 
remember that no gross breaches occurred, and fuel assemblies/canisters were able to be pulled 
out of the casks with no adverse effects, signs that longer-term storage is feasible. 

4.2 EPRI/NRC/DOE Dry Cask Storage Characterization Program 

Extensive testing has been conducted on as-irradiated material that spent some time in wet 
storage. This testing formed the basis of support for the initial 20 y storage period. In addition, 
some post storage examination has been conducted on CANDU fuel. This fuel was stored at a 
lower temperature than expected for LWR fuel, and is of sufficiently lower burnup, so the results 
are of limited support for extended storage of LWR fuel. The Dry Cask Storage Characterization 
(DCSC) Program, which has been recently completed, is the only test to-date that has examined 
fuel that has been in dry storage for a significant time, at conditions realistically representative of 
those expected for the storage of LWR fuel. 

The DCSC Program final report produced by EPRI [EPRI, 2002], summarized briefly in the 
following subsections, is divided into two parts. Part I of this report, summarized below in 
Section 4.2.2.1, documents visual examination and testing conducted in 1999 and early 2000 at 
the Idaho National Engineering and Environmental Laboratory (INEEL) on the CASTOR V/21 
pressurized water reactor (PWR) spent fuel dry storage cask stored there for over 14 years.  
The purpose of the examination and testing was to develop a technical basis for renewal of 
licenses and Certificates of Compliance for dry storage systems for spent nuclear fuel and  
high-level waste at independent spent fuel storage installation sites. The examination and testing 
was conducted to assess the condition of the cask internal and external surfaces, cask contents 
consisting of 21 Westinghouse PWR spent fuel assemblies from the Surry Power Station, and the 
concrete storage pad. The assemblies have been continuously stored in the CASTOR cask since 
1985. Cask exterior surface and selected fuel assembly temperatures, and cask surface gamma 
and neutron dose rates were measured. Cask external/internal surfaces, fuel basket components 
including accessible weldments, fuel assembly exteriors, and primary lid seals were visually 
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examined. Cask interior crud samples and helium cover gas samples were collected and 
analyzed. The results of the examination and testing indicate the concrete storage pad,  
CASTOR V/21 cask, and cask contents exhibited sound structural and seal integrity and that 
long-term storage has not caused detectable degradation of the spent fuel cladding or the release 
of gaseous fission products between 1985 and 1999. Selected fuel rods were removed from one 
fuel assembly, visually examined, and then shipped to Argonne National Laboratory (ANL) for 
further examination. 

Part II of this report, briefly described below in Section 4.2.2.2, includes a summary of the work 
in progress at ANL on the fuel rods shipped from INEEL. Examinations of the fuel rods included 
profilometry of the rods to determine if any cladding creep has occurred, and internal pressure 
and fission gas analysis to determine the fraction of fission gas released to the plenum inside  
the cladding. Additional examinations at ANL included: metallography to examine the general 
condition of the cladding including the thickness of the interior and exterior oxide layers; 
concentration, orientation, and distribution of the hydrides within the cladding to determine  
if significant embrittlement may have occurred due to the presence of hydrides; and cladding 
fracture toughness measurements also to look for signs of embrittlement. Cladding creep and 
tensile stress experiments at ANL investigated how much the cladding will creep prior to rupture 
at various temperatures and tensile stresses. Results of the work conducted at ANL suggest: little 
to no creep of the cladding has occurred; the amount of fission gas released from the fuel pellets 
into the cladding plenum compares well with other fuel and will not appreciably increase the 
pressure inside the rods; there is no evidence of hydrogen pickup or hydride reorientation during 
the storage period; and little, if any cladding annealing occurred during storage. 

4.2.1 Description of the DCSC Program Test 

In the mid-1980s, the U.S. Department of Energy (DOE) procured a Castor V/21 dry-storage 
cask for testing at the Idaho National Environmental and Engineering Laboratory (INEEL).  
The cask was loaded with as-irradiated assemblies (burnups in the 35 GWd/MTU range) from 
the Surry Nuclear Station and then tested in a series of configurations using a variety of cover 
gases (He, vacuum, N2). During the tests, the temperature (350 – 415°C) within a number of the 
fuel assemblies was monitored, and the cover gas was periodically analyzed to determine if any 
rod leaks had developed. No leaks were found. The details of these tests have been reported in 
several documents [EPRI 1986, McKinnon 1993, McKinnon 1997]. Subsequently, the cask sat 
on the storage pad at the INEEL for �15 years with the fuel in an essentially inert atmosphere 
(He/<1% air). During this time the temperature dropped from about 344°C to at or somewhat 
above 155°C [EPRI-2002]8. 

The NRC, EPRI, and DOE were interested in obtaining information relevant to extended storage 
by examination and testing of the cask components and fuel rods that had undergone prototypical 
long-term storage. These organizations jointly funded a project for examining the concrete pad, 
opening the Castor cask, and visually inspecting the cask internals, seals, and fuel.  

                                                           
8 The temperature measurement of 155°C was made with the cask lid off. Estimates of the temperature using an 
exponential time dependence of the initial temperature or decay half life are somewhat higher [EPRI 2002] 
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Cover gas samples taken from the cask over the 15-year period were evaluated, and radiation 
measurements were taken at the outside surface of the cask. After opening the cask, the seals, 
basket welds and fuel rod surfaces were visually examined. Crud samples from the rod surface 
were analyzed. 

Nondestructive and destructive examinations of the fuel were made in an effort to determine  
if any degradation had occurred during the storage period. After visual examination, profilemetry 
was conducted on 12 rods. Four of these were punctured for gas analysis and two were 
metallographically examined. In addition, post-storage creep tests were performed. Details of  
the tests and examinations can be found in the final EPRI DCSC Project report [EPRI 2002]. 

4.2.2 Examination Findings 

4.2.2.1 Cask/Pad Components Behavior 

The examinations of the cask pad and components reported in EPRI [2002] included:  

�� Radiation survey of the cask surface and at 1 and 2 m (3 and 6 ft) with comparison to the 
1985 radiation survey. 

�� Gas analysis of the internal atmosphere to check for the presence of air ingress into the 
container past the lid seal and for the presence of fission gases that would suggest cladding 
failure. 

�� Integrity of the concrete pad upon which the CASTOR V/21 has rested since 1985. 

�� Integrity of the inner and outer O-rings on the lid for signs of corrosion or wear. 

�� Assembly lifting force measurements to see if there is any resistance to pulling the 
assemblies back out of the cask basket channels due to corrosion or excessive rod bowing. 

�� Visual inspection of the outside of each assembly for indications of additional corrosion, crud 
spallation or other damage. 

�� Visual inspection of the cask basket welds and internals for indications of additional 
corrosion or degradation.  

There was no evidence of degradation of the CASTOR V/21 cask systems important to safety 
from the time of initial loading of the cask in 1985 up to the time of testing in 1999. Supporting 
evidence for this lack of significant degradation are summarized as follows. 

The 1999 and 2001radiation survey suggests that doses are generally lower than in 1985�as 
would be expected. Doses are now well below the 200 mrem/hr contact limit. Due to potential 
errors or uncertainties in some of the 1985 and 1999 and 2001 measurements, trends in doses 
between 1985 and 1999 are not always easy to determine, however. Nevertheless, the dose trend 
is down suggesting that radiation shielding materials in the cask�both gamma and neutron�are 
maintaining their function.  
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Gas analyses show neither signs of air ingress into the container nor signs of cladding failure 
leading to fission product release.  

Visual examination of the cask lid O-rings suggest they were, indeed, in adequate condition  
to maintain a seal.  

There was no evidence of major crud spallation from the fuel rod surfaces. 

The concrete pad did not show any sign of failure. Strength measurements did not show any 
evidence of strength loss. Only small cracks typical of a normal, small amount of shrinkage were 
noticed. Concrete conditions immediately below the cask were similar to that of other areas.  

All materials inside the cask�including the assemblies themselves�appeared the same as they 
did in 1985.  

The stitch welds in the triangular air channels appear to be nonstructural welds and were only 
intended to add additional stability for holding the fuel basket in place during 1985 fuel loading 
and vertical and horizontal thermal testing. The 1985 cask heat transfer performance testing 
thermal analysis [EPRI, 1986], concluded that the tightly fitted fuel basket expanded and came in 
contact with the basket barrel and the fuel barrel came in contact with the inner wall of the cask. 
The results of the thermal analysis indicated that thermal stresses in the weld joints at the eight 
crack locations identified in 1985 were well above yield stresses measured during tensile testing 
of applicable weld samples. Based on these results and speculations, it appears that all new 
cracks identified in 1999 occurred during the 1985 thermal testing. Further, it is concluded the 
cracks are not relevant to normal long-term storage and presents no adverse safety implications 
on the cask or components to perform their safety related function. 

4.2.2.2 Fuel Rod Behavior 

4.2.2.2.1 Fuel Pellet Cracking, Fission Gas Release and Cladding Stress 

Changes in the condition of the fuel pellets were not expected because (i) there was no cladding 
breach, and (ii) the temperature of the fuel during storage was lower than the temperature of the 
fuel during reactor operation. No additional pellet cracking was found. 

Cladding creep during storage is driven by the stress induced by the rod internal gas pressure. 
This pressure is due primarily to the initial He fill gas and, to a lesser extent, the fission gas 
released from the fuel into the rod void volume. The measured fission gas release in the Surry 
rods is within the range one would expect for the in-reactor release of fission gas. In all 
likelihood, most, if not all, of the release occurred in-reactor. Within experimental uncertainty, 
there appears to be no additional fission gas release during the storage period. Any further 
release that may have occurred during further extended storage would be substantially lower due 
to the lower temperature and would have an insignificant effect on internal pressure and cladding 
stress. Thus, the stress on the cladding would decrease with time as the internal pressure 
decreases with temperature.  
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4.2.2.2.2 Cladding Creep 

No pretest profilometry on the actual rods was available. Comparison of post-storage 
profilometry with sibling rods resulted in too much systematic error to yield meaningful creep 
information. Creep was estimated by the use of benchmarked creep codes for the conditions of 
storage and comparison of post-storage profilometry with maximum possible cladding creep 
down during irradiation. The creep during the 15 years storage was <0.1%, well below the 
original regulatory limit of 1%. This limit has since been removed by ISG-11 Rev 2 [USNRC 
2002]. If any thermal creep occurred, it was probably during either the performance testing phase 
or the initial storage years when the temperature was the hottest and the stress was highest.  

In addition, creep tests under accelerated conditions on segments of the post-storage cladding 
indicated that significant creep life remained. The Surry cladding has residual creep strain >1% 
for thermal creep test temperatures of 380°C (220 MPa) and 400°C (190 MPa). Since the current 
storage temperature in the Castor cask is substantially lower then the initial storage temperature 
and will continue to drop during extended storage, the creep testing indicates that the fuel could 
be stored considerably longer before creep became life limiting for cladding breach. 

4.2.2.2.3 Cladding Hydride Redistribution and Reorientation 

As the cladding is heated during the drying of the cask and initial storage at higher temperatures, 
much of the hydrogen introduced into the cladding during irradiation goes into solid solution  
in the Zircaloy matrix. As the cladding cools during storage, hydrogen in solid solution will 
precipitate as hydrides as the solubility limit is exceeded. Depending on the stress levels in  
the cladding, texture and cooling rates, these hydrides may be circumferential or radial in 
orientation. Excessive hydrogen content or radially-oriented hydrides may degrade the 
mechanical properties of the cladding.  

There is no evidence of hydrogen pickup during the storage period. The limited hydrogen-
content data suggest that axial migration of hydrogen from above the fuel mid-plane to the  
cooler upper end of the rod may have occurred. This migration will decrease with time as the 
temperature gradient becomes smaller. The effects of such migration on the long-term stability  
of the rods in dry storage are as yet undetermined. It may be significant in higher burnup rods 
using Zircaloy cladding and having higher post-irradiation hydrogen content, especially of the 
migration continues into the end cap weld region, but probably is not of concern for these 
medium burnup rods with much lower hydrogen content. 

There is no evidence of radial reprecipitation of the hydrides when the fuel cooled. The stress 
required to reorient the hydrides is not well defined, and the stress in the Surry rods may have 
been below the reorientation stress threshold. The stress required for reorientation appears to 
increase with decreasing temperature, and the stress in the fuel rods decreases with decreasing 
temperature. As cooling from 355°C to >155°C precipitated hydrides that are circumferential, 
any additional hydride formation during further cooling should also be circumferential. 
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4.2.2.2.4 Cladding Annealing 

Less then 20% cladding annealing occurred during the pre-storage performance period or  
the extended storage period. Any recovery that may have occurred was probably during the 
performance testing when the temperature reached as high as 415°C for 72 h, and not during  
the extended storage. At the even lower temperatures expected for continued storage (<150°C), 
no additional recovery is expected. While this annealing will decrease the yield strength hence 
resulting in more creep, as seen from the creep measurements this could only be minor.  
The annealing will be beneficial as it also reduces the hardness, thus making the cladding less 
vulnerable to fracture during an accident event. The annealing is small though and not worth 
considering in any consequence analysis. 
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5  
ISSUES ADDRESSED BY EXISTING TESTING AND 
MONITORING 

The requirements that the spent fuel dry storage system must meet are the same for the initial 
storage period and extended storage. The materials issues that must be addressed to assure the 
system works have been identified. Some of these issues can be resolved for extended storage by 
analysis since the conditions during extended storage or less demanding (lower temperature and 
field). Others are resolved by testing and monitoring programs. The current monitoring programs 
of gas, temperature and radiation fields shed light on the ability of the cask system to perform as 
desired but say nothing about the fuel itself.  

5.1 Summary of Potential Degradation Issues during Extended Dry 
Storage 

Table 5-1 shows the potential ageing problems that need to be addressed for extended storage. 
Most of these issues have been addressed in the safety analysis reports accompanying the 
original ISFSI license applications. Other issues are addressed by on-going or completed 
research programs, such as the EPRI/NRC/DOE Dry Cask Storage Characterization Program 
[EPRI, 2002]. Some issues are being addressed by the monitoring programs used at dry storage 
facilities. These programs are very effective determining that the seals, heat rejection and 
radiation shielding systems continue to work. Some of the potential ageing issues are moot since 
the temperature and radiation field have dropped so much during the initial storage phase that the 
mechanism is no longer operative. In these cases, the initial license application should suffice to 
address these concerns. 

The third column in Table 5-1 indicates if there have been tests to at least partially address the 
potential mechanism. If so, these tests can be used to assess the importance of these degradation 
mechanisms during extended storage. The fourth column indicates whether the mechanism was 
addressed in the original license application. If “yes”, then two approaches may be used to 
evaluate the effects of the degradation mechanism during extended storage: 

�� Provide evidence to suggest that the mechanism becomes inactive during extended storage. 
For example, decreasing temperatures may remove the necessary driving energy for 
degradation. Or reaction of residual oxygen or water inside the sealed canister during  
the initial storage period could eliminate the possibility of further internal corrosion. 

�� Similar analyses would be required if it appears the mechanism would continue into the 
extended storage period. For example, the extent of corrosion, if significant, should be re-
evaluated. Metal fatigue analyses, as was done by Dominion [2002] to deal with additional 
daily temperature fluctuations is another example. Although decreasing, additional radiation 
damage may also occur. However, in the cases discussed above, additional radiation fluence 
levels during extended storage were not considered high enough to cause degradation. 
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Table 5-1 
Ageing Issue Resolution for Extended Storage Normal Burnup Fuel (BU <45 GWd/MTU) 

Potential Ageing 
Issue for Extended 

Dry Storage 
Data Type 

Addressed 
with Existing 
Test Data?a 

Addressed in 
Initial 

Application?b 

Addressed with 
Monitoring?c 

Normal Operation/Fuel 

Increased rod stress Fission gas 
release 

DCSC  
[EPRI, 2002] 

Yes No 

Normal Operation/Cladding 

Breach Creep G,C, DCSC Yes No 

 H2 reorientation DCSC Yes No 

 H2 embrittlement  No No 

Change in mechanical 
properties 

Annealing DCSC  No 

 H2 migration  No No 

Crud contamination Spallation DCSC Yes No 

Off-Normal Operation/ Fuel 

Particle size reduction Oxidation R Yes No 

Gas-release Oxidation R Yes No 

Increased cover gas 
conductivity 

Oxidation R Yes No 

Off-Normal/Cladding 

Wall thinning 
(oxidation) 

Oxidation R Yes No 

Excessive creep Creep Eqn. R Yes No 

Mechanical property 
change 

Annealing OG  No 

Accident Operation/Fuel 

Fuel fracture Impact fracture NRC Yes No 

Gas release Oxidation NRC Yes No 

Particulate formation Oxidation R Yes No 

Accident Operation/Cladding 

Breach Cladding 
toughness 

NRC   

Oxidation Oxidation R Yes  

Crud contamination 
(spallation) 

Spallation  Yes  

Breach (stress rupture) Stress rupture 
limits 

   

Change in mechanical 
properties 

Annealing    

 H2 reorientation    
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Table 5-1 
Ageing Issue Resolution for Extended Storage Normal Burnup Fuel (BU <45 GWd/MTU) 
(Continued) 

Potential Ageing 
Issue for Extended 

Dry Storage 
Data Type 

Addressed 
with Existing 
Test Data?a 

Addressed in 
Initial 

Application?b 

Addressed with 
Monitoring?c 

Normal Operations/Cask 
Concrete degradation Spalling/cracking 

due to 
freeze/thaw, 
chemicals, rebar 
corrosion 

DCSC  
(pad only) 

Yes Yes 

 Dehydration  Yes No 
Cask internals 
degradation 

Corrosion DCSC Yes No 

 Fatigue DCSC Yes No 
 Radiation 

embrittlement 
DCSC Yes No 

 Loss of neutron 
poison 

 Yes No 

 Null ductility 
transition 

 Yes No 

Shielding Metal corrosion DCSC  Yes 
 Neutron 

shielding thermal 
degradation 

DCSC 
(polyethylene) 

Yes Yes 

External corrosion Cask body 
corrosion 

DCSC Yes Yes 

 Trunnion/cooling 
fin corrosion 

DCSC Yes Yes 

Radiation-induced 
metal hardening 

Ductility  Yes No 

Bolted lid seals Loss of seal DCSC Yes Yes 
Off-Normal Conditions/Cask Behavior 
Excessive temperature Temperature  Yes Yes 
Air ingress Oxidation DCSCd Yes (bolted lid 

designs) 
Yes (bolted lid 

designs) 
     
Accident Conditions/Cask Behavior 
(no new accident 
scenarios for extended 
storage) 

    

a programs addressing or have addressed issues 
DCSC = Dry Cask Storage Characterization Program, OG =on-going NRC program at ANL 
R = other research programs, NRC = NRC accident program at Sandia 
G = German programs 
C = Canadian Programs 
b
 the initial application addresses these issues adequately for extended storage, only need to indicate that storage 

conditions are less severe 
c monitoring during initial 20 y addresses these issues for extended storage 
d air inside cask for approximately six months resulted in no visual indications of cask or fuel corrosion 
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The fifth column indicates whether existing monitoring programs would be able to detect 
potential degradation. For example, maintaining radiation monitors at the ISFSI will help assess 
if there has been significant degradation of shielding or radioactive release from the canisters. 
Visual observations will help ensure that air vents are clear, thereby assuring temperature limits 
are met. Visual observations will also detect signs of metal corrosion or concrete degradation. 
Also, for bolted lid systems employing double O-ring seals, continuing pressure monitoring in 
the annulus between the seals will assure the seal is maintained. 

Only in the cases where there is a mechanism that only occurs during extended storage that was 
not addressed in the initial license application, would there need to be new analyses. Table 5-1 
indicates only one such case – potential embrittlement of cladding due to hydrides. However,  
this mechanism has been addressed recently in their Interim Staff Guidance 11, Revision 2 
[NRC, 2002]. For spent fuels with low to moderate burnup this mechanism will not be important. 
For accident conditions, cladding brittleness increases as temperatures decrease. This is one are 
of ongoing research. 

All license applications address the accident situation of a projectile striking the cask. All tests  
to date, both foreign and domestic, along with all analysis have indicated that this is a non-event 
for dry storage casks. Public concern though has driven the NRC to institute programs to 
evaluate the potential and consequences of these events in much more detail. As a result issues 
such as fuel fracture, cladding breach of potentially embrittled Zircaloy are included as issues  
for both initial storage and extended storage. 

Monitoring of some ISFSI SSCs has not been required in the original licenses. As mentioned 
earlier, confidence is high in welded canister systems such that no monitoring for leakage from 
these systems is required. For example, NRC is sufficiently confident that corrosion of the inner 
metal container of welded container designs will not occur that it does not require any 
monitoring of the container: 

[T]he NRC does not consider continuous monitoring for the Standardized NUHOMS 
double-weld seals to be necessary because: 

1. There are no known long-term degradation mechanisms which would cause the  
seal to fail within the design life of the [canister containing the spent fuel]; and  

2. The possibility of corrosion has been included in the design. 

These conditions ensure that the internal helium atmosphere will remain stable. 
Therefore, an individual continuous monitoring device for each HSM [horizontal storage 
module] is not necessary. However, the NRC considers that other forms of monitoring, 
including periodic surveillance, inspections and survey requirements, and survey 
requirements, and application of preexisting radiological environmental monitoring 
programs of 10 CFR Part 50 during the use of the canisters with seal weld closures can 
adequately satisfy NRC requirements. [Federal Register, 1994] 

For the case of concrete degradation, most concrete degradation is likely to be observable from 
the outside of the concrete systems. However, any thermal damage would likely occur on the 
inside as temperatures are highest there. Design approaches are used to avoid thermal damage  
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to avoid the need for monitoring internal concrete surfaces. For example, for the NUHOMS 
design, TN [2002] reports that assumed concrete structural properties for temperatures at or 
somewhat above even accident conditions were assumed to exist at all times:  

In addition, the maximum HSM [horizontal storage module] concrete temperature of 
222�F for the 125°F short tem extreme ambient temperature case are well within the 
[relevant American Concrete Institute code] short-term temperature of 350�F. The same 
can be said for the worst case accident condition with the HSM vents assumed to be 
blocked with an extreme ambient temperature of 125°F for which the maximum HSM 
concrete temperatures are less than 350°F, except at localized areas near the center of the 
roof, wall, and floor slab. At these locations the maximum concrete temperatures are 
441°F, 414°F, and 479°F, respectively, which are well below the [ACI code] short-term 
temperature limit of 650°F. It is noted that average temperatures through the thickness of 
the roof and floor slabs are less than 350°F for this worst case. … Nevertheless, the 
concrete compressive strength and rebar yield stress … at 500°F were used in calculating 
the concrete section capacities … to provide a conservative result. The conservatism on 
the concrete properties and temperatures … eliminates the need for surveillance 
inspection of the interior concrete surfaces following [initial] emplacement. 

Thus, it seems unnecessary to monitor concrete internal surfaces during extended storage, as 
well, since temperatures will be lower and concrete strength potentially improved (as discussed 
in Section 3.2.1.3). 

The Dry Cask Storage Characterization Program data [EPRI, 2002] described briefly in  
Section 4.2, provided information on the internal state of a CASTOR (metal) cask along with  
the spent fuel stored in the cask. The spent fuel had been stored in the cask for 14 years. Since 
inner canister internals and the spent fuel itself are not part of monitoring programs for ISFSIs, 
the fact that the results of the DCSC program showed essentially no evidence of cask internals or 
spent fuel degradation during 14 years of normal (and somewhat off-normal9) storage provided 
confidence that these parts of the system are functioning as expected. It also provided confidence 
that extended storage presents no new safety concerns. 

5.2 Conclusion 

This report provided an overview of potential ISFSI degradation issues important to extended 
storage. A review was made of approaches to addressing these issues for the purpose of ISFSI 
license extension, including the first license extension application to be submitted to the NRC 
[Dominion, 2002]. A summary of currently available data related to extended storage and current 
world-wide monitoring programs was also provided. It appears that essentially all potential 
degradation issues that may occur during extended storage have either been addressed by these 
data, by analyses provided to support the initial license applications, and/or by continuation of 
existing monitoring programs.  

                                                           
9 Air had entered the cask internals for approximately six months prior to being removed and replaced with helium. 
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The only case identified that is not covered by any of the above approaches is potentially that of 
increased cladding brittleness due to decreasing storage temperatures. This is not expected to be 
of concern for either normal or off-normal operations. Under certain severe accident conditions, 
more brittle cladding may lead to increased fuel failures. This is currently being actively 
investigated by EPRI. NRC’s ISG-11, Rev. 2 also helps to partially address this issue. However, 
analyses provided in all initial license applications for cask drop scenarios show that the canister 
will not fail. Thus, if extended storage was followed by a cask drop accident, the primary barrier 
to radionuclide release, the cask (in metal systems) or the inner canister (in concrete systems) 
will prevent radionuclide release whether or not some of the cladding fails. From a safety 
standpoint, therefore, it appears that this is also not a significant issue. 

The review conducted in this report finds no technical reason why extended storage (beyond 20 
years) would lead to loss of any of the required safety functions. The technical bases for 
extended storage are in place. Finally, the Dominion [2002] license extension application 
provides a procedure for addressing potential degradation mechanisms during extended storage.  



 

6-1 

6  
REFERENCES 

10 CFR Part 72. Licensing Requirements for the Independent Storage of Spent Nuclear Fuel and 
High-Level Radioactive Waste, U.S. Nuclear Regulatory Commission, Washington DC, 1998. 

ACI, 1997. Prediction of Creep, Shrinkage and Temperature Effects in Concrete Structures,  
ACI 209 R-97, American Concrete Institute. 

Allen, 1984. High Temperature Properties of Concrete Relevant to Monitored Retrievable 
Storage Application, Battelle Pacific Northwest Research Laboratory, Richland WA. 

ASTM, 2002. Guide for Evaluation of Materials Used in Extended Service of Interim Spent 
Nuclear Fuel Dry Storage Systems, Draft 16, American Society for Testing and Materials. 

Bai, 1991. Bai. J., Prioul, C., Pelchat, J., Barcelo, F., “Effect of hydrides on the ductile-brittle 
transition in stress-relieved, recrystallized and beta treated Zircaloy™-4,” Proc. Inter. ANS/ENS 
Conf. Avignon, France, 1991, p. 223. 

Bertero and Polivka, 1972. Bertero, V.V., and Polivka, M., Influence of Thermal Exposures  
on Mechanical Characteristics of Concrete, ACI Special Publication SP34, American Concrete 
Institute, Detroit MI. 

Coleman, 1985. Coleman, C. E., et al., Minimizing Hydride Cracking in Zirconium Alloys, 
Canadian Metallurgical Quarterly, Vol. 24 (3), 1985, pp. 245-250. 

Cunningham, 1987. Cunningham, M. E., E. P. Simonen, R. T. Allemann, I. S. Levy, R. F. 
Hazelton and E. R. Gilbert, Control of Degradation of Spent LWR fuel During Dry Storage  
in an Inert Atmosphere, PNL-6364, Pacific Northwest Laboratory, Richland, WA, 1987. 

DeValkeneer, 1995. DeValkeneer M., “Spent Fuel Management in Belgium.” Proc. of IAEA 
Symp., Vienna 1994 Safety and Engineering Aspects of Spent Fuel Storage. International Atomic 
Energy Agency, Vienna, p. 29. 

Dominion, 2002. Application for Renewed ISFSI Site-Specific License, Surry Independent Spent 
Fuel Storage Installation, Virginia Electric and Power Company (Dominion). 

Dreisvogt, 1995. Dreisvogt H, B Droste, H Volzke, and U Probst. 1995. “Dry Interim Spent Fuel 
Storage Casks.” Proc. of IAEA Symp., Vienna 1994 Safety and Engineering Aspects of Spent 
Fuel Storage. IAEA, p. 355. 



 
 
References 

6-2 

Einziger, 1982. Einziger, R. E., and R. Kohli, Oct. 1984. “Low-Temperature Rupture Behavior 
of Zircaloy-Clad PWR Spent Fuel Rods Under Dry Storage Conditions,” Nucl. Tech, 67, p. 107.  

Einziger, 1984. Einziger, R.E., and R. Kohli, Low Temperature Rupture Behavior of Zircaloy™ 
Clad Pressurized Water Reactor Spent Fuel Rods Under Dry Storage Conditions, Report HEDL-
7400, Hanford Engineering Development Laboratory, Richland, WA, 1984. 

Einziger, 1985. Einziger, R.E. and J.A. Cook, “Behavior of Breached Light Water Reactor Spent 
Fuel Rods in Air and Inert Atmospheres at 229°C,” Nuclear Technology 69 (1985) 55-71. 

Einziger, 1986. Einziger, R.E. and R.V. Strain, “Behavior of Breached Pressurized  
Water Reactor Spent-Fuel Rods in an Air Atmosphere Between 250 and 360°C,” Nuclear 
Technology 75.  

EPRI, 1986.  The Castor –V/21 PWR Spent Fuel Storage Cask: Testing and Analyses, Electric 
Power Research Institute, Palo Alto, CA, November 1986. EPRI NP-4887. 

EPRI, 1998.  Data Needs for Long-Term Dry Storage of LWR Fuel, EPRI, Inc., Palo Alto, CA: 
1998. TR-108757. 

EPRI, 2002.  Dry Cask storage Characterization Project, EPRI, Palo Alto, CA, U.S. Nuclear 
Regulatory Commission – Office of Nuclear Regulatory research, Washington, D.C., U.S. 
Department of Energy- Office of Civilian Radioactive Waste Management, North Las Vegas, 
NV, U.S. Department of Energy – Idaho Operations Office, Idaho Falls, ID: 2002. 1002882. 

Federal Register, 1994. Federal Register, 59(245), Thursday, December 22, 1994, pp.  
65902-65903. 

Federal Register, 1995. Federal Register, 60(88), May 8, 1995, pg. 22464. 

Goll, 2001. Goll, W., H. Spilker, E. Toscano, “Short-time creep and rupture tests on high burnup 
fuel rod cladding,” J. Nucl. Mater. 289(2001) 247-253. 

Hanson, 1998. Hanson, B. D., “The Burn-up Dependence of Light Water Reactor Spent Fuel 
Oxidation,” PNNL-11929, U. S. Department of Energy Contract Number DE-AC06-76RLO 
1830, Pacific Northwest National Laboratory, July 1998. 

Huang, 1994. Huang, J. -H., Huang, S. -P., “Effect of hydrogen contents on the mechanical 
properties of Zircaloy™-4,” J. Nucl. Mater. 208 (1994) 166-179. 

Kawanishi, 1974. Kawanishi, H., S. Ishino, and Y. Mishima, “Directionality of the Grain 
Boundary Hydride in Zircaloy™-2,” in Zirconium in Nuclear Applications, ASTM STP 551,  
p. 201-211, 1974. 

Kuriyama, 1995. Kuriyama H, H Kato, T Nakajima, M Hirose, and H Akamatsu. 1995. “Storage 
Facilities for BWR Spent Fuel Using Casks in Japan.” Proc. of IAEA Symp., Vienna 1994 Safety 
and Engineering Aspects of Spent Fuel Storage. IAEA, p. 71.  



 
 

References 

6-3 

Lankard et al., 1970. Effects of Moisture Content on the Structural Properties of Portland cement 
Concrete Exposed to Temperatures Up to 500°F, ACI Special Publication SP25, American 
Concrete Institute, Detroit MI. 

Marticorena, 1995. Marticorena JO, G Barcelo, J Bergallo, and P Maccarone. 1995. “Dry 
Storage of Spent Fuel in Argentina.” Proc. of IAEA Symp., Vienna 1994 Safety and Engineering 
Aspects of Spent Fuel Storage. IAEA, p. 15.  

McEachern, 1998. McEachern, R.J., and P. Taylor, “A Review of the Oxidation of Uranium 
Dioxide at Temperatures Below 400°C,” Journal of Nuclear Materials 254 (1998) 87-121. 

McKinnon, 1993. McKinnon, M. A. and V. A. Deloach, April 1993. Spent Nuclear Fuel Storage 
– Performance Tests and Demonstrations. PNL-8451, Pacific Northwest Laboratory, Richland, 
WA. 

McKinnon, 1997. McKinnon, M. A., and A. L. Doherty, June 1997. Spent Nuclear Fuel Integrity 
during Dry Storage – Performance Tests and Demonstrations. PNNL-11576, Pacific Northwest 
National Laboratory, Richland, WA. 

NEA, 2002. Report of the Task Group Reviewing Activities in the Area of Ageing of Concrete 
Structures Used to Construct Nuclear Power Plant Fuel-Cycle Activities, NEA/CSNI/R(2002)14, 
Nuclear Energy Agency Committee on the Safety of Nuclear Installations, Paris. 

Northwood, 1983. Northwood, D.O. and U. Kosasih, “Hydrides and Delayed Hydrogen Cracking 
in Zirconium and Its Alloys,” Inter. Met. Rev., 28 (1983) 92-121. 

NRC, 2001. Preliminary NRC Staff Guidance for 10 CFR Part 72 License Renewal,  
U.S. Nuclear Regulatory Commission, March 29, 2001. 

Pare, 1995. Pare FE and WM Joubert. 1995. “Evolution of the Macstor Dry Spent Fuel Storage 
System.” Proc. of IAEA Symp., Vienna 1994 Safety and Engineering Aspects of Spent Fuel 
Storage. IAEA, p. 247. 

Pescatore, 1994. C Pescatore and M Cowgill, Temperature Limit Determination for the Inert Dry 
Storage of Spent Nuclear Fule. EPRI report EPRI TR-103949, Electric Power Research Institute, 
Palo Alto, CA, May 1994. 

NUREG-1571, U.S. Nuclear Regulatory Commission, Washington, D.C. 

Rothman, 1974. Rothman, A. J., “Potential Corrosion and Degradation Mechanisms of 
Zircaloy™ Cladding on Spent Nuclear Fuel in a Tuff Repository,” Report Attachment  
10 to MRB-0418, JUCID-20172, Contract W-7405-Eng-48, Lawrence Livermore National 
Laboratory, Livermore, CA, 1984. 

Sanders, 1991a. Sanders TL, H Jordan, V Pasupathi, WJ Mings, and PC Reardon. 1991a.  
A Methodology for Estimating the Residual Contamination to the Source Term in a Spent-Fuel 
Transport Cask. SAND90-2407, Sandia National Laboratory, Albuquerque, New Mexico. 



 
 
References 

6-4 

Sanders, 1991b. Sanders TL, CA Ottinger, JL Brimhall, JM Creer, ER Gilbert, RH Jones,  
and PE McConnell. 1991b. Considerations Applicable to the Transportability of a Transportable 
Storage Cask at the End of the Storage Period. SAND88-2481, Sandia National Laboratory, 
Albuquerque, New Mexico. 

Sanders, 1992. Sanders TL, KD Seager, YR Rashid, PR Barrett, AP Malinauskas, RE Einziger, 
H Jordan, TA Duffey, SH Sutherland, and PC Reardon. 1992. A Method for Determining the 
Spent-Fuel Contribution to Transport Cask Containment Requirements. SAND-2406, Sandia 
National Laboratory, Albuquerque, New Mexico.  

Sandoval, 1991. Sandoval RP, RE Einziger, H Jordan, AP Malinauskas and WJ Mings. 1991. 
Estimate of CRUD Contribution to Shipping Cask Containment Requirements. SAND-1358, 
Sandia National Laboratory, Albuquerque, New Mexico.  

Schneider KJ and SJ Mitchell. 1992. Foreign Experience on Effects of Extended Dry Storage  
on the Integrity of Spent Nuclear Fuel. PNL-8072, Pacific Northwest Laboratory, Richland, 
Washington.  

Simpson, 1979a. Simpson, L. A., Cann, C. D., “Fracture Toughness of Zirconium Hydride  
and Its Influence on the Crack Resistance of Zirconium Alloys,” Journal of Nuclear Materials, 
Vol. 87, 1979, pp. 303-316. 

Simpson, 1979b. Simpson, L. A., and Puls, M. P., “The Effects of Stress, Temperature and 
Hydrogen Content on Hydride-Induced Crack Growth in Zr-2.5 Pct. Nb,” Metallurgical 
Transactions, Vol. 10A, 1979, p. 1093. 

Spilker, 1997. Spilker, H., Peehs, M., Dyck, H. P, Kasper, G. and Nissen, K., “SNF Dry Storage 
in Large Transport Casks After Extended Burn-Up,” J. Nuc. Matls. Vol. 250, 1997, pp. 63-74.  

Srinivasan, 1995. “Design, Planning and Siting of Spent Fuel Storage Facilities in India.” Proc. 
of IAEA Symp., Vienna 1994 Safety and Engineering Aspects of Spent Fuel Storage. IAEA, p. 57.  

Steele, 1996. Steele et al., Neutron Irradiation Embrittlement of Several Higher Strength Steels, 
in The Effects of Radiation on Structural Materials, ASTM STP-426, 1996, pp. 346-368. 

Taylor, 1996. Taylor P, R Behnke, DL Bruneau, AM Duclos, CD Nye, and DD Wood. 1996. 
Examination of Fragments of Unirradiated and Irradiated CANDU Fuel and Irradiated LWR 
Fuel Oxidized in Air at 130 and 170°C for Approximately One Year. RC-1553, COG-95-600, 
Whiteshell Laboratories and EPRI, Pinawa, Manitoba, Canada. 

TN, 2001. Final Safety Analysis Report for the Standardized NUHOMS Horizontal Modular 
Storage System for Irradiated Nuclear Fuel, NUH-003, Revision 6, Transnuclear West, Fremont, 
California, October 2001. 

USNRC, 1997. U.S. Nuclear Regulatory Commission (NRC). 1997. Standard Review Plan  
for Dry Cask Storage Systems. NUREG-1536, NRC, Washington, D.C. 



 
 

References 

6-5 

USNRC, 2002. Interim Staff Guidance, 11, ISG-11 Rev-2, U.S. Nuclear Regulatory 
Commission, Washington DC, July 2002. 

Walker, 1974. Walker TJ and JN Kass. 1974. “Variation of Zircaloy Fracture Toughness with 
Irradiation.” Zirconium in Nuclear Applications. ASTM STP 551, American Society for Testing 
and Materials, pp. 328-354. 

Wasywich, 1993. Wasywich KM, P Taylor, and CR Frost. 1993. “The Canadian Long-Term 
Experimental Used Fuel Storage Program.” Proceedings of the 1993 International Conference 
on Nuclear Waste Management and Environmental Remediation, Vol. 1. Prague, Czech 
Republic. 

Wasywich, 1995. Wasywich KM, J Freire-Canosa, and SJ Naqvi. 1995. “Canadian Spent Fuel 
Storage Experience.” Proc. of IAEA Symp., Vienna 1994 Safety and Engineering Aspects of 
Spent Fuel Storage. IAEA, p. 41. 

 

 

 

 

 

 

 

 

 

 

 

 

 







© 2002 Electric Power Research Institute (EPRI), Inc.All rights
reserved. Electric Power Research Institute and EPRI are registered 
service marks of the Electric Power Research Institute, Inc.
EPRI. ELECTRIFY THE WORLD is a service mark of the Electric
Power Research Institute, Inc.

Printed on recycled paper in the United States of America

1003416

Target:

Nuclear Power

EPRI • 3412 Hillview Avenue, Palo Alto, California  94304 • PO Box 10412, Palo Alto, California  94303 • USA
800.313.3774 • 650.855.2121 • askepri@epri.com • www.epri.com

About EPRI

EPRI creates science and technology solutions for

the global energy and energy services industry. U.S.

electric utilities established the Electric Power

Research Institute in 1973 as a nonprofit research

consortium for the benefit of utility members, their

customers, and society. Now known simply as EPRI,

the company provides a wide range of innovative

products and services to more than 1000 energy-

related organizations in 40 countries. EPRI’s

multidisciplinary team of scientists and engineers

draws on a worldwide network of technical and

business expertise to help solve today’s toughest

energy and environmental problems.

EPRI. Electrify the World


	INTRODUCTION
	1.1 Background
	1.2 Summary of Work Addressing ISFSI use beyond 20 Years
	Figure 1-1 Potential Sequences of Events
	Figure 1-2 Potential Course of Action if Off-Normal Operation Occurs. If there is no Cask Leak then Fuel Oxidation is Precluded. If there is an Erroneous Backfill with Air, then the Fuel Degradation can be Dealt with in 100 Years as well as within 20 Yea
	Figure 1-3 Potential Course of Action after an Accident Event
	1.2.1 ASTM Draft Guide for Evaluation of Materials used in Extended Service of Interim Spent Nuclear Fuel Dry Storage Systems
	1.2.2 Dominion’s Surry ISFSI License Extension App
	1.2.3 Examination of a Dry Storage Cask and Components in Dry Storage for ~14 Years


	ISFSI SAFETY-RELATED FUNCTIONS REQUIRING ASSESSMENT
	POTENTIAL DEGRADATION MECHANISMS – A REVIEW
	3.1 Potential Spent Fuel Degradation Mechanisms [EPRI, 1998]
	Table 3-1 Potential Rod Changes and Mechanisms during Storage
	Table 3-2 Potentially Active Degradation Mechanisms
	3.1.1 Cladding Degradation Mechanism
	3.1.1.1 Creep
	3.1.1.2 Diffusion Controlled Cavity Growth (DCCG)
	3.1.1.3 Hydrogen Effects
	3.1.1.4 Stress Corrosion Cracking
	3.1.1.5 Oxidation
	3.1.1.6 Annealing
	3.1.1.7 Crud Spallation

	3.1.2 Fuel Degradation Mechanisms
	3.1.2.1 Fragmentation
	3.1.2.2 Oxidation


	3.2 Potential Dry Storage System Degradation Mechanisms
	3.2.1 Temperature-Related Degradation
	3.2.1.1 Corrosion at Elevated Temperatures
	3.2.1.2 Neutron Shielding Degradation due to High Temperatures
	3.2.1.3 Concrete Degradation due to Higher Temperatures

	3.2.2 Corrosion
	3.2.3 Metal Fatigue
	3.2.4 Radiation-Induced Degradation
	3.2.5 Other Concrete Degradation Mechanisms


	EXAMINATIONS AND TESTS TO SUPPORT EXTENDED DRY STORAGE
	4.1 Ongoing Surveillance Programs
	4.1.1 Surveillance Programs Outside the United States
	4.1.2 Surveillance Programs in the United States

	4.2 EPRI/NRC/DOE Dry Cask Storage Characterization Program
	4.2.1 Description of the DCSC Program Test
	4.2.2 Examination Findings
	4.2.2.1 Cask/Pad Components Behavior
	4.2.2.2 Fuel Rod Behavior
	4.2.2.2.1 Fuel Pellet Cracking, Fission Gas Release and Cladding Stress
	4.2.2.2.2 Cladding Creep
	4.2.2.2.3 Cladding Hydride Redistribution and Reorientation
	4.2.2.2.4 Cladding Annealing




	ISSUES ADDRESSED BY EXISTING TESTING AND MONITORING
	5.1 Summary of Potential Degradation Issues during Extended Dry Storage
	Table 5-1 Ageing Issue Resolution for Extended Storage Normal Burnup Fuel (BU <45 GWd/MTU)
	Table 5-1 Ageing Issue Resolution for Extended Storage Normal Burnup Fuel (BU <45 GWd/MTU) (Continued)

	5.2 Conclusion

	REFERENCES



