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Introduction1

The purpose of this Interim Staff Guidance (ISG) is to supplement the Yucca Mountain Review2
Plan (YMRP) [Ref. 1] for the staff review of design and operational information and reliability3
estimates required for the preclosure safety analysis (PCSA).  This ISG supplements   4
Sections 2.1.1, 2.1.1.2, 2.1.1.4, 2.1.1.6, and 2.1.1.7 of the YMRP.  This guidance also provides5
examples that illustrate commonly used approaches for estimating reliability and the level and6
types of supporting design and operational information that would be necessary for structures,7
systems, and components (SSCs) at the geologic repository operations area (GROA).  A8
sufficient level of information and adequate technical bases for reliability estimates are needed9
to demonstrate compliance with the performance objectives in Code of Federal Regulations,10
Title 10, Part 63, Section 63.111 (10 CFR 63.111). 11

Discussion12
         13
Regulations for licensing the proposed geologic repository at Yucca Mountain, Nevada are14
contained in 10 CFR Part 63.  The risk-informed and performance-based preclosure15
compliance requirements in Part 63 provide the U.S. Department of Energy (DOE) with the16
flexibility to develop a design and demonstrate that it meets performance objectives for17
preclosure operations.  The U.S. Nuclear Regulatory Commission (NRC) decision to grant a18
construction authorization will be based on the proposed design and operations DOE submits19
with the License Application (LA).  20

Consistent with a risk-informed approach, the regulation does not specify design-basis events21
or design criteria for SSCs.  Furthermore, the regulation does not specify analytical methods for22
demonstrating performance of the SSCs, or estimating the reliability of Important to         23
Safety (ITS) SSCs (whether active or passive), or calculating uncertainty.  Rather, 10 CFR24
63.111 specifies performance-based dose limits for Category 1 and 2 event sequences. 25
Category 1 event sequences are those that are expected to occur one or more times before26
permanent closure of the GROA, whereas Category 2 event sequences are those other event27
sequences that have at least one chance in 10,000 of occurring before permanent closure of28
the GROA.  Event sequences with the probability of occurrence of less than 1 in 10,000 may be29
screened out and do not have performance-based dose limits.30

The PCSA is required to demonstrate compliance with the performance objectives and to31
identify SSCs that are important to safety.  The PCSA is defined as a systematic examination of32
the site and the design, potential hazards, initiating events and event sequences, and their33
consequences (e.g., radiological exposures to workers and the public).  SSCs that are credited34
with limiting or preventing potential event sequences, or mitigating their consequences, are35
designated as ITS.  DOE must demonstrate the ability of each ITS SSC to perform its intended36
safety function(s), and specify design bases, design criteria, and design specifications37
necessary to keep them functional and meet the performance objectives. 38



2

Staff Guidance39

Level of Design and Operational Information40

The NRC review will focus on the most risk-significant activities, hazards, event sequences, and41
potential consequences related to the proposed design and operations submitted with the LA.  42
The required level of information will depend on many factors, including: 43

• The approaches that DOE chooses to demonstrate compliance;44
• The use and reliability of particular ITS SSCs to limit or prevent potential event45

sequences, or mitigate their dose consequences;46
• The degree of operating experience with similar systems, versus uniqueness of the  47

ITS SSCs; and  48
• The level of reliability that DOE attributes to each ITS SSC in its PCSA.  49

In general, the LA and PCSA should contain two levels of information:  (1) general information50
on the design of facilities, SSCs, equipment, and process activities, to support the PCSA; and51
(2) specific information about ITS SSCs that demonstrate the ability of the ITS SSCs to perform52
their intended safety function(s).53

General information supporting the PCSA should contain sufficient detail to allow the staff to54
understand the preclosure facilities and operations, including their size, location, arrangements,55
purpose, and potential hazards.  The staff should ensure that adequate information on design56
and operation of the facilities has been provided to enable determination of compliance with the57
performance objectives, and identification of ITS SSCs.  58

Types of general information that should be in the PCSA include, but are not limited to: 59

• Description of the facilities and their functions; 60
• Description of SSCs within the facilities; 61
• Design bases and design criteria for SSCs;62
• Basic operations, controls, and monitoring;63
• Key dimensions and materials of construction; 64
• Relationships and interdependencies of SSCs, as needed; and 65
• Application of codes and standards, including exceptions.  66

The staff should focus its review on the specific design and operation information that is needed67
to verify that ITS SSCs will perform their  intended safety functions, with the reliability specified68
within the PCSA.  The staff should confirm that DOE has provided sufficient design information69
for ITS SSCs to support their design bases and design criteria, estimates of reliability, and their70
roles in  meeting the performance objectives.  The specific information needed for the review71
will depend on the specific function of the ITS SSC.  In general, this includes greater specificity72
in the design and operations involving the ITS SSC; description of data, models, judgments,73
and direct analogs linking the proposed design to reliability estimates.  For example, additional74
types of specific information could include the following: 75

• Structural design features, material specifications, and engineering analyses; 76
• Schematics of component configurations;77
• Control logics for critical functions related to SSC reliability;78
• Major operational features related to the controls and the human interactions associated79

with the SSC; and80
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• Unique operating environments that may adversely affect SSC performance.81

Reliability Estimates82

The staff should also review the SSC reliability estimates that are needed to calculate event83
sequence probabilities in the preclosure safety analysis.  Reliability is the probability that an84
SSC will perform its intended function under specified conditions for a specified period of time. 85
This includes consideration of hardware and software failures, as well as failures produced by86
the action or inaction of operations personnel.  Quantified reliability estimates are typically87
needed for each SSC being evaluated in an event sequence in order to categorize it as either a88
Category 1 or 2 event sequence.  The use of mean sequence frequencies to categorize events89
in the PCSA is acceptable with adequate technical bases and consideration of uncertainty.  90

DOE should identify the key SSCs in an event sequence.  DOE has flexibility in determining the91
reliability required for each SSC, at the system or component level, and in selecting approaches92
in quantifying the reliability.  The quantified reliability estimates need to be based on defensible93
and traceable technical bases to reasonably categorize the event sequence, or screen it out94
from further consideration in the PCSA.  DOE may select a reliability value or assign an SSC a95
reliability value of zero, so that no credit is taken for the SSC  (i.e., it is conservatively assumed96
to automatically fail), for the purpose of carrying forward an event sequence in the PCSA.  Staff97
should review DOE’s justification for the selected reliability value. 98

The staff should confirm if reliability estimates made at the system level are sufficient and99
acceptable for categorization of event sequences.  For example, the reliability estimate of a100
crane or other canister handling system at the GROA could be justified by comparison with the101
experience and reliability data of similar handling systems used in industry.  However, there102
may be insufficient system-level data applicable to the ITS SSC, or existing system-level data103
may not be completely applicable to unique operations at the GROA.  In these cases, the staff104
should confirm if the reliability estimate is justified by analogous data at the next level down,105
typically for the subsystems or individual components of the SSC.106

There are multiple approaches that DOE could use to estimate reliability of ITS SSCs.  Three107
basic approaches are:  (i) accepted engineering practices; (ii) empirical analyses; and (iii)108
reliability modeling.  Regardless of the approach, the staff should confirm that DOE has109
provided sufficient technical bases for the method and data used to estimate the reliability.  The110
technical basis should include a discussion of the approaches used to develop the reliability111
estimate, input parameters, assumptions, references, and sufficient details of the design and112
operation to enable the staff to independently confirm the estimate.  Examples of approaches113
for estimating reliability for hypothetical crane and canister SSCs are illustrated in Appendices A114
and B.115

Accepted Engineering Practice 116

Accepted engineering practice could include the application of:  (1) appropriate codes and117
standards; (2) realistic parameters, operating conditions, and safety margins in design118
performance calculations; (3) redundancies and defense-in-depth considerations; and           119
(4) administrative program controls that provide confidence in hardware performance and120
human reliability.  The application of codes and standards to the design and operation of an ITS121
SSC is an accepted engineering practice recognized by the Commission in ensuring safety in122
the nuclear industry.  The staff should recognize the high confidence in SSC reliability that is123
afforded by the codes and standards.  However, use of an applicable code or standard to124
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design, fabricate, and operate an ITS SSC does not by itself provide a quantified reliability125
estimate, or automatically ensure a level of reliability sufficient to screen out failure-related126
event sequences from further consideration in the PCSA (e.g., <10-6 failures/yr). 127

It is feasible to justify a very high reliability estimate (e.g., less than 10-6 failures/yr) for certain128
SSCs.  This may include the use of a code and standard, in combination with other technical129
bases such as:  (1) empirical data on reliability of similar SSCs; (2) engineering judgement130
supported by sufficient technical bases; and (3) engineering analyses that demonstrate131
sufficient design margins.132

Empirical Analyses133

Empirical reliability analyses of an SSC could include the quantitative analyses of observed134
failure rates and performance data for similar SSCs used in industry (e.g., the number of trials,135
failures), as well as published reliability values based on industry experience and judgement. 136
Based on use of published reliability information and a justification regarding its applicability to137
the SSC in the GROA, a reliability estimate can be developed.  The staff should confirm that138
DOE has used appropriate empirical techniques and considered failure and performance139
information to the degree appropriate for each SSC.  Numerous sources of reliability140
information are available for empirical analyses, such as:141

• Generic Data Base, developed by Savannah River Site [Ref. 2]);142
• IEEE-Standard 500, A Guide to the Collection and Representation of Electrical, Electronic,143

Sensing Component, and Mechanical Equipment Reliability Data for Nuclear Generating144
Stations [Ref. 3];145

• NUREG-1774, A Survey of Crane Operating Experience at U.S. Nuclear Power Plants146
from 1968 through 2002 [Ref. 4]; and 147

• Equipment Performance and Information Exchange (EPIX) System [Ref. 5].148

Reliability Modeling149

If empirical data are limited or unavailable, modeling could be used to estimate reliability.  For150
some systems, the model could be based on a specific configuration of multiple components. 151
The model typically considers facility design, processes, operations, and human actions.  There152
are various techniques for modeling an SSC, such as developing a fault tree analysis of153
component failures, or probabilistic fragility analysis.  The staff should review the description of154
the reliability model and applicability of methods and input data.155

Uncertainty156

The staff should verify that uncertainty is addressed for each reliability estimate in the PCSA. 157
Uncertainty may be considered qualitatively or quantitatively to ensure the categorization of158
event sequences is reasonable [Ref. 6].  In some cases, it may not be necessary to quantify159
uncertainty for each SSC reliability estimate, or numerically propagate uncertainties in the entire160
event sequence.  When reviewing the treatment of uncertainty with each reliability estimate in161
the PCSA, the staff should consider:  (1) the risk-significance, or the degree of reliance, of the162
SSC in limiting or preventing event sequences or mitigating their consequences; and  (2) event163
sequences in which the frequency  of occurrence (e.g., from SSC failure) is close to the164
Category 1 or 2 limits.  For example, a reliability estimate for an SSC that is critical in limiting or165
preventing a potential event sequence or in mitigating an event sequence with a significant166
dose consequence would warrant more scrutiny than others with lower consequences.  Further,167
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a reliability estimate for an SSC that results in an event sequence frequency just below the168
Category 1 or 2 limits, would also merit closer scrutiny as well.169

Regulatory Basis170

The following regulations provide the bases for this ISG: 171

1. Those event sequences that are expected to occur one or more times before permanent172
closure of the GROA are referred to as Category 1 event sequences.  Other event173
sequences that have at least one chance in 10,000 of occurring before permanent closure174
are referred to as Category 2 event sequences [10 CFR 63.2, “Event Sequences”].175

2. During normal operations, and for Category 1 event sequences, the annual Total Effective176
Dose Equivalent (TEDE) to any real member of the public located beyond the boundary of177
the site may not exceed the preclosure standard specified in 10 CFR 63.204 [10 CFR178
63.111(a)].179

3. The GROA must be designed so that, taking into consideration any single Category 2180
event sequence and until permanent closure has been completed, no individual located181
on, or beyond, any point on the boundary of the site, will receive, as a result of the single182
Category 2 event sequence, the more limiting of a TEDE of 0.05 Sv (5 rem), or the sum of183
the deep dose equivalent and the committed dose equivalent to any individual organ or184
tissue (other than the lens of the eye) of 0.5 Sv (50 rem).  The lens dose equivalent may185
not exceed 0.15 Sv (15 rem) and the shallow dose equivalent to skin may not exceed 0.5186
Sv (50 rem) [10 CFR 63.111(b)(2)].187

4. A PCSA of the GROA that meets the requirements specified in 10 CFR 63.112 must be188
performed.  This analysis must demonstrate that:  (1) The requirements of 10 CFR189
63.111(a) will be met; and (2) The design meets the requirements of 10 CFR 63.111(b)190
[10 CFR 63.111(c)].191

5. The PCSA of the GROA must include a general description of the SSCs, equipment, and192
process activities at the GROA [10 CFR 63.112(a)].193

6. The PCSA of the GROA must include an analysis of the performance of the SSCs to194
identify those that are ITS.  This analysis identifies and describes the controls that are195
relied on to limit or prevent potential event sequences or mitigate their consequences. 196
This analysis also identifies measures taken to ensure the availability of safety systems. 197
The analysis must include, but not necessarily be limited to, consideration of the ability of198
SSCs to perform their intended safety functions, assuming the occurrence of event199
sequences [10 CFR 63.112(e)(8)].200

7. The PCSA of the GROA must include a description and discussion of the design, both201
surface and subsurface, of the GROA, including:202

(1) The relationship between design criteria and the requirements specified in  10 CFR203
63.111(a) and (b); and204

(2) The design bases and their relation to the design criteria [10 CFR 63.112(f)].205
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Recommendations:206
 The following changes to the YMRP are recommended:207

1. Revise Section 2.1.1, “Preclosure Safety Analysis” 208

Page 2.1-1:  Modify last sentence of the first paragraph as follows:209

DOE may choose to categorize structures, systems, and components based on safety or    210
risk-significance, and implement a graded quality assurance program commensurate with211
safety significance.  212

2. Revise  Section 2.1.1.2.2, “Review Methods, Review Method 2, Descriptions of, and213
Design Details for, Structures, Systems, and Components, and Equipment of214
Surface Facilities,” as follows:215

Page 2.1-13:  Add the following after item (24) 216

Confirm that DOE has provided:  (1) general design and operational information for the surface217
facilities and the SSCs, to gain an understanding of the preclosure activities and operations;218
and (2) adequate design and operational information about ITS SSCs.219

220
Verify that general information  includes a description of each facility and its functions;221
description of SSCs within the facility; design bases and design criteria, basic operations,222
controls, and monitoring; key dimensions and materials of construction; relationships and223
interdependencies of SSCs, as needed; and application of codes and standards, including224
exceptions.  225

Verify that specific, detailed information for ITS SSCs  includes (as applicable): structural226
design features, material specifications, and analyses and fabrication information; schematics227
of component configurations within SSCs; control logics for critical functions related to SSC228
reliability; major operational procedures related to the controls and the human interactions229
associated with  each SSC; and unique operating environments that may adversely affect SSC230
performance.  231

3. Page 2.1-17, Section 2.1.1.2.3 Acceptance Criteria, Acceptance Criterion 2:  Add the232
following after the existing (1), and renumber the existing items as appropriate:233

(2) The LA includes general information that provides adequate understanding of the234
preclosure activities and operations, and specific information for ITS SSCs that provides235
sufficient bases to verify their intended safety function. 236

4.  Page 2.1-25:  Revise Section 2.1.1.4.1 “Areas of Review,” as follows: 237

Insert the following before the 2nd paragraph: 238

Quantified reliability estimates for SSCs are needed to determine event sequence frequencies.239
The reliability estimates include consideration of hardware and software failures, as well as240
failures produced by the action or inaction of operations personnel.  Several approaches may241
be used to estimate reliability, such as accepted engineering practice, empirical analyses, or242
reliability modeling.  The SSCs that are relied on to limit or prevent event sequences or mitigate243
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their consequences at the estimated reliability are designated as ITS, and are evaluated in244
Section 2.1.1.6 of the YMRP. 245

5. Page 2.1-26:  Revise Section 2.1.1.4.2 - Review Method 2 “Categories 1 and 2 Event246
Sequences,” as follows:247

Add after the 1st paragraph:248

Verify that DOE has appropriately used accepted engineering practice to estimate reliability, if249
applicable, in categorization of event sequences.  As applicable, confirm that DOE has properly250
considered:  (1) appropriate codes and standards; (2) reasonable parameters, operating251
conditions, and safety margins in design performance analyses; (3) any redundancies and252
defense-in-depth considerations; and (4) administrative programs that maintain confidence in253
SSC reliability, such as QA, testing, surveillance, maintenance, and training programs.254

Confirm that the application of these accepted practices is consistent with the design255
methodologies and analyses evaluated in Section 2.1.1.7 of the YMRP, and with the256
administrative programs evaluated in Sections 2.1.1.6 and 2.5 of the YMRP.  The staff should257
recognize the high confidence in SSC reliability that is generally afforded by the codes and258
standards, and application of administrative programs. 259

Verify that DOE has appropriately used empirical analyses to estimate reliability, if applicable, in260
categorization of event sequences.  Confirm that DOE has used appropriate empirical261
techniques and considered failure and performance data to the degree appropriate for each262
SSC.263

Verify that DOE has used appropriate modeling techniques to estimate reliability, if applicable,264
in categorization of event sequences.  Confirm that DOE has appropriately modeled the specific265
configuration of SSC components and used appropriate failure values.266

Verify that DOE has addressed uncertainty in reliability estimates.  The staff should focus its267
review of reliability uncertainty in terms of:  (1) risk-significance, or reliance of the ITS SSC in268
limiting or preventing  potential event sequences or mitigating their consequences; and (2)269
event sequence probabilities that are close to the Category 1 and 2 limits.270

Confirm that the reliability estimates used to categorize event sequences are consistent with the271
design bases and design criteria of proposed SSCs reviewed using Section 2.1.1.7 of the272
YMRP.273

6. Page 2.1-27:  Add the following to Section 2.1.1.4.3, “Acceptance Criterion 2" after274
the existing (1), and renumber the existing criteria as appropriate:275

(2) Accepted engineering practices were used appropriately to estimate reliability, where276
applicable, in categorization of event sequences.277

(3) The application of accepted engineering practice is consistent with the design278
methodologies and analyses and with administrative programs.279

(4) Empirical analyses were used appropriately to estimate reliability, where applicable, in280
categorization of event sequences.   281
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(5) Modeling techniques were used appropriately to estimate reliability, where applicable, in282
categorization of event sequences.  283

(6) Uncertainty in the reliability estimates has been addressed appropriately.284

7.  Page 2.1-42:  Revise Section 2.1.1.6.1  “Areas of Review,” as follows:285

Delete the last sentence on first paragraph of section on page 2.1-42 , and add the286
following:287

DOE may choose (but is not required) to further categorize the Q-List items consistent with their288
importance to safety.  If applicable, reviewers will also review DOE’s risk-significance289
categorization methodology.  290

8. Page 2.1-51:  Revise Section 2.1.1.7.1 “Areas of Review,”  as follows: 291

Add as last sentence to first paragraph of this section:292

Reviewers will also confirm that the design of ITS SSCs is consistent with the reliability293
estimates used to categorize event sequences in the PCSA, as evaluated in Section 2.1.1.4 of294
the YMRP.295

9. Page 2.1-52:  Revise Section 2.1.1.7.2.1 - Review Method 1, “Definitions of296
Relationship between Design Criteria and Design Bases” as follows:297

Add as the last sentence of 1st Paragraph in this Review Method:298

Confirm that the design bases and design criteria of proposed SSCs are appropriate and299
consistent with the sources of the reliability data that was evaluated using Section 2.1.1.4 of the300
YMRP.301



9

References302

1. U. S. Nuclear Regulatory Commission, “Yucca Mountain Review Plan,” NUREG-1804,303
Revision 2, Final Report, July, 2003.304

2. Blanton C.H. and S.A. Eide, “Savannah River Site Generic Data Base Development,”305
WSRC-TR-93-262, June 1993.306

3. Institute of Electrical and Electronics Engineers,“Guide to the Collection and307
Representation of Electrical, Electronic, Sensing Component, and Mechanical Equipment308
Reliability Data for Nuclear Generating Stations,” IEEE-STD 500, 1991.309

4. U. S. Nuclear Regulatory Commission, “A Survey of Crane Operating Experience at U.S.310
Nuclear Power Plants from 1968 through 2002,” NUREG-1774, July 2003.311

5. Institute of Nuclear Power Operations, “Equipment Performance Information Exchange312
(EPIX) System,” Proprietary - maintained by INPO )(covering initiating events October313
1987-present).314

6. Federal Register Notice for 10 CFR Part 63, “Statements of Consideration” (66 FR315
55742).316



10

Approved: Final Version to Be Signed Upon Issuance                            Date:317

  C. William Reamer, Director318
Division of High-Level Waste Repository Safety319
Office of Nuclear Material Safety320
  and Safeguards      321

322
Glossary323

Appendices  324

Appendix A: Example - Level of Information and Reliability Estimate of a Crane 325

Appendix B: Example -  Level of Information and Reliability Estimate of a Canister326



11

GLOSSARY327

DESIGN BASIS:  Design Basis means that information that identifies specific functions to be 328
performed by a system, structure, or component (SSCs) of a facility and the specific values or329
ranges of values chosen for controlling parameters as reference bounds for design               330
[10 CFR 63.2, Design Basis].  331

EVENT SEQUENCE:  Event sequence means a series of actions and/or occurrences, within332
the natural and engineered components of a geologic repository operations area, that could333
potentially lead to exposure of individuals to radiation.  An event sequence includes one or334
more initiating events and associated combinations of repository system component failures,335
including those produced by the action or inaction of operating personnel.  Those event336
sequences that are expected to occur one or more times before permanent closure of the337
geologic repository operations area are referred to as Category 1 event sequences.  Other338
event sequences that have at least one chance in 10,000 of occurring before permanent339
closure are referred to as Category 2 event sequences [10 CFR 63.2, Event Sequences].340

FAILURE:  Failure is defined as the loss of ability of an SSC to perform its intended safety341
function or operate as specified.342

IMPORTANT TO SAFETY (ITS):  With reference to SSCs, important to safety means those343
engineered features of the geologic repository operations area whose function is:  (1) to provide344
reasonable assurance that high-level waste can be received, handled, packaged, stored,345
emplaced, and retrieved without exceeding the requirements of 10 CFR 63.111(b)(1) for346
Category 1 event sequences; or (2) to prevent or mitigate Category 2 event sequences that347
could result in radiological exposures exceeding the values specified at 10 CFR 63.111(b)(2) to348
any individual located on or beyond any point on the boundary of the site [10 CFR349
63.2, Important to Safety].350

PRECLOSURE SAFETY ANALYSIS (PCSA):  PCSA means a systematic examination of the351
site, the design, and the potential hazards, initiating events and event sequences, and their352
consequences (e.g., radiological exposures to workers and the public).  The analysis identifies353
ITS SSCs  [10 CFR 63.2, Preclosure Safety Analysis].354

RELIABILITY:  Reliability of an SSC is the probability that the item will perform its intended355
function(s), under specified operating conditions, for a specified period of time.356

STRUCTURES, SYSTEMS, AND COMPONENTS (SSCs):  A structure is an element, or a357
collection of elements, to provide support or enclosure, such as a building, free-standing tanks,358
basins, dikes, or stacks.  A system is a collection of components assembled to perform a359
function, such as piping, cable trays, conduits, or heating, ventilation, and air-conditioning.  A360
component is an item of mechanical, electrical or electronic equipment, such as a pump, valve,361
or relay, or an element of a larger array, such as a length of pipe, elbow, or reducer.362
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APPENDIX A363
EXAMPLE - LEVEL OF INFORMATION AND RELIABILITY ESTIMATE OF A CRANE364

Introduction365

This example illustrates the level of information that typically could be needed for review of a366
crane that handles canisters.  This example also illustrates a method to estimate the367
reliability(or probability of failure) of the crane in a preclosure safety analysis (PCSA).  Different368
approaches may be used to estimate reliability in crane-related event sequences.  This example369
illustrates the use of accepted engineering practice and empirical performance data for similar370
cranes operated at analogous facilities.  Empirical data from relevant studies and collections,371
such as references A.1 and A.2, can provide the necessary information for estimating the372
reliability of a crane.  However, appropriate examination and evaluation of the empirical data will373
be needed to determine its applicability to the design, operations, and events analyzed in the374
PCSA.  In addition, the uncertainty associated with the reliability estimate should be examined375
and considered in the PCSA.376

This example is hypothetical in nature and may not be applicable to potential crane systems377
and operations that DOE may propose for the geological repository operations area (GROA). 378
The applicability of reliability methods and data will be highly dependent on the specific design379
and operations proposed by DOE.  DOE will be responsible for providing a sufficient technical380
basis for the reliability methods and for demonstrating the applicability of the data and analysis381
used in its PCSA.  Treatment of uncertainty in reliability estimates may depend on the382
risk-significance (or reliance) of the crane system in preventing or reducing the occurrence of383
event sequences; the severity of the potential radiological consequences; and the proximity of384
the associated event frequency to the categorization limits for preclosure events.  The rigor of385
U.S. Nuclear Regulatory Commission (NRC) review  will depend on the approach DOE chooses386
to demonstrate compliance with the requirements of 10 CFR Part 63 and the degree to which387
the cranes are relied on to limit or prevent potential event sequences in its PCSA. 388

Level of Information389

The specific information provided for the crane should be sufficient to demonstrate its ability to390
perform its intended safety function(s) and to verify that the crane reliability estimate is based391
on empirical data that are applicable to the design and scope of operations.  The following392
types of information may be needed to support the reliability estimate:393

• Applicable codes and standards (e.g., American Society of Mechanical Engineers (ASME)394
NOG-1, Type 1 [Ref. A.3])395

• Key design features (e.g., type of grapple, hoisting mechanism, load capacity, etc.)396
• Similarities in operations, maintenance programs, quality assurance (QA), operating397

environment, and operator training for cranes used in facilities where data have 398
been collected.399
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 The crane fa ilure rate can also be applied in terms of annual fa ilure frequency.  This is

advantageous when propagating the crane failure rate with the failure probabilities of other SSCs that

could be relied on to prevent or mitigate a release within the event sequence. The likelihood of release

can be determined on a frequency basis and categorized as a Category 1 or 2 Event Sequence (or

screened-out), in accordance with the Event Sequence definitions of 10 CFR 63.2

13

Reliability Estimate400

Use of an accepted consensus standard to design a crane is an accepted engineering practice401
that gives confidence that the crane can perform with a high degree of reliability.  However,402
specifying a standard for the design does not provide a quantified reliability estimate for the403
crane, which is needed for categorizing event sequences.  In addition to considering the built-in404
margins in accepted codes and standards, an analysis using empirical data from analogous405
facilities may be used to estimate the reliability for a crane.  406

Performance data for similar cranes in use at analogous facilities are primary sources of407
reliability information.  Databases for similar crane systems contain reliability information based408
on historical experience and typically include built-in factors such as operations, maintenance409
programs, QA, and operating environment.  As necessary, the method(s) of data collection and410
limitations in the referenced data should be considered when assessing the applicability of411
empirical data.412

The “Handbook of Parameter Estimation for Probabilistic Risk Assessment” [Ref. A.4], provides413
additional guidance that should be considered when selecting empirical data from existing414
databases: 415

1. The database should contain reliability information for systems (or components, as416
appropriate) that are identical or comparable to the system (or component) under417
consideration, in terms of size, boundary definition, intended operating characteristics418
(e.g., normally operating versus a standby system or component), and expected operating419
environment.420

2. Primary sources of information used to develop the reliability database should be421
information from other nuclear facilities.  Supplemental information from nonnuclear422
facilities may be used only when necessary to provide the failure probabilities and423
distributions for components not available from nuclear facilities.424

3. It is preferable that the database has failure probabilities and associated distributions425
derived from actual failure events.  Failure probabilities and distributions developed from426
other methods (e.g., expert judgment) may be limited in their applicability.427

4. If a significant trend exists in failure probability data over time, then failure data that428
represent current (modern) crane configurations and recent events should be used.429

Reliability Methodology Using Empirical data430

Determination of the potential event sequence category for crane failure alone (assuming no431
other mitigative SSCs) is performed in terms of number of expected drops during the preclosure432
period.1  NUREG–1774 [Ref. A.2] provides empirical data that may be used to develop a433
reliability estimate and address uncertainty in this context.  In this example, NUREG-1774 data434
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 It should be noted that the actual crane systems proposed for the GROA may have different

characteristics than those represented in NUREG -1774, in terms of design, operator training, operational

environment, training, and QA.  DOE will need to provide a technical bases for data used from NUREG-

1174 or any other source, to represent GROA operations. 

3
  Uncertainty m ay be considered either qualitatively or quantita tively to provide a reasonable

categorization of crane-related event sequences.  Treatment of uncertainty should consider the risk-

significance and reliance of the crane in preventing or limiting event sequences, and the proximity of

associated event sequences to Category 1 and 2 limits.
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are assumed applicable to the crane design and operations at the GROA and a reasonable435
surrogate value in determining the drop probability.2 436

NUREG-1774 estimates that the total number of lifts greater than approximately 27 metric tons437
(30 tons), classified as “very heavy loads,” for all U.S. nuclear power plants, were approximately438
54,000 for the period 1980 through December 2002. This estimated number of lifts was439
developed by considering the number of refueling cycles in each power plant, along with the440
plant type.  During this period, there were three events in which very heavy loads dropped,441
descended in an uncontrolled manner, or tipped in connection with crane operations in nuclear442
power plants.  The estimated conditional drop probability of the population of cranes, given a443
lifting event, may be calculated using Equation 1.444

(1)445

where,446

8 - estimate of the conditional drop probability

x - number of drops

n - number of lifts

In this case, 8 is447
448

   drops/lift.449

Assuming there are 500 lifts per year over an operational period of 30 years, the number of lifts450
(L) in the time period of interest is 15,000 lifts.  Thus, the expected number of drops during this451
period is:452

 =  0.84 drops  453

Assuming a canister drop from a crane is an event sequence leading to radiological release454
(e.g., no further credit given to other potential mitigative SSCs), this hypothetical event455
sequence would not be expected (i.e., less than one drop) to occur during the 30-year period.456
However, the uncertainty in the estimate should be addressed to support further use in a457
PCSA.3458
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Treatment of Uncertainty459

Different types of approaches may be used to address uncertainty in reliability estimates based460
on empirical data. These include qualitative approaches such as closer examination of specific461
crane features and operational procedures, or consideration of administrative controls at the462
GROA that may increase confidence in an even lower chance of drops.  Statistical analyses,463
such as the confidence interval method of Reference A.5 (page 18-10), could also be used to464
further characterize the statistical uncertainty in the reliability estimate.  The confidence interval465
method yields a range of the conditional drop probability that is consistent with the uncertainty466
of the empirical data.  In this example, using the confidence interval method [Ref. A.5], would467
result in only 48 percent confidence that the frequency of a drop event sequence during the468
preclosure period is less than 1.0.  469

Given the uncertainty in the estimated conditional drop probability, a drop from a crane event470
sequence could be expected to occur at least once during the hypothetical 30-year operational471
period. 472

Other approaches for estimating uncertainty may be appropriate, depending on the data and473
importance of the estimate to categorizing an event sequence.474

Sensitivity Analysis475

Sensitivity analysis determines the impact from changes in the input parameters on the476
estimate and uncertainty [Ref. A.6].  If there are reasonable alternatives to the number of477
applicable drop events from empirical data, a sensitivity study could be used to confirm whether478
the crane reliability estimate would be significantly changed.  Alternatively, this analysis could479
also be used to identify specific operations and design features that may require increased480
scrutiny of specific administrative controls in the testing, surveillance, maintenance, or training481
programs, to mitigate the potential for certain types of failures.  482

NUREG–1774 [Ref. A.2] identifies six events that occurred in which very heavy loads “slipped”483
during crane operations in the same period.  As defined in NUREG–1774 [Ref. A.2], a load slip484
in crane operation is “an uncontrolled vertical movement of a load that appears to be485
intermittent.”   Assuming that these load slip events could be reasonably considered as486
additional crane drop failures, the total number of drop events used in the reliability estimation487
would increase from three to nine.  The estimate of the conditional drop probability could be 488
calculated as 1.7 x 10!4 drops per lift (Equation 1).  In this case, the expected number of drops489
would be 2.6 drops for a 30-year period, assuming 500 lifts per year.490

This illustrates the importance of assessing the appropriateness of potential events that may be491
screened in or out of the database for a specific empirical analysis.  The screening process492
should be supported by a sufficient technical basis.  In addition, commitments to specific493
administrative controls in the actual design and operation of the crane could be used to494
eliminate the need to consider potential failure events that have occurred in the past at similar495
facilities. 496
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Updating of Reliability Estimate with New Information497

When estimating the reliability, it is important to evaluate proposed SSC designs against those498
designs for which the reliability data were collected.  It is also important to evaluate the499
proposed operating environment against that from which the data were collected.  For example,500
a new crane design may incorporate advanced control features that were not present in older501
designs.  In addition, procedures for operating the crane may be different or improved.  Such502
new information could influence the reliability estimated from older empirical data.  In such503
cases, it may be important to update a reliability estimate with this new information.504

Generally, failure of crane systems is infrequent, and consequently, data available for505
estimating the probability of a lifting failure may be sparse.  Bayesian methods permit506
information from different sources, including expert opinion (e.g., from committees developing507
codes and standards and experience gained at a particular facility) to be included when508
estimating the reliability parameters [Ref. A.6].  Operational performance data of cranes may509
come from various analogous facilities; however, in the analysis, they may be treated as510
coming from a single plant (or source) (e.g., NUREG–1774 [Ref. A.2]).  A Bayesian updating511
procedure, as suggested by Siu and Kelly [Ref. A.7], might be used if significant variability is512
expected among the facilities.  Similarly, information gained from experts or committees513
developing codes and standards can be used to update the estimated reliability [Ref. A.7]. 514
Advantages and disadvantages of Bayesian updating are given in Appendix C of NUREG-1489515
[Ref. A.6].516

Conclusions517

This example illustrates the use of empirical data for developing a reliability estimate for a518
crane.  The following points should be considered when using empirical data:519

1. A quantified reliability estimate should be developed so that event sequences can be520
categorized.   Designing to applicable codes and standards is an accepted engineering521
practice that provides high confidence in the reliability of the crane; however, it does not522
provide a quantified reliability estimate for the crane.523

2. Historical performance information for similar cranes in use at analogous facilities is a 524
source of reliability data that can be used in an empirical analysis.  Reference information525
for the crane should be clearly understood.  The relevance of the empirical data should be526
evaluated for the proposed design and operations.527

3. When selecting empirical data to estimate the reliability, the uncertainty associated with528
the data is an integral part of the reliability estimate that should be addressed.529

4. The methods and data used to estimate reliability and its associated uncertainty must be530
supported by sufficient technical bases.  The technical bases for a reliability  estimate531
should also account for how data were collected and applied.  The amount and type of532
supporting information necessary will depend on the approach DOE chooses to533
demonstrate compliance, the uniqueness of the crane system, the reliance of the crane534
system in preventing event sequences, and the level of reliability that is specified in the535
PCSA. 536
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APPENDIX B552
EXAMPLE - LEVEL OF INFORMATION AND RELIABILITY ESTIMATE OF 553

A CANISTER554

Introduction555

This example illustrates the level of information that typically could be needed for review of a556
spent nuclear fuel canister.  This example also illustrates a method to estimate the reliability (or557
probability of failure) of the canister in a preclosure safety analysis (PCSA).   Different558
approaches may be used to estimate reliability in canister-related event sequences.  This559
example uses accepted engineering practice in combination with engineering analysis to560
estimate reliability of a canister for a potential drop during handling operations.  The canister561
consists of a cylindrical shell with welded base plate and top lid and is designed to be a562
confinement barrier of the spent nuclear fuel that is contained inside.  Failure of a canister in563
this example is defined as the condition when canister stresses estimated using elastic analysis564
[Ref. B.1] exceed the ultimate strength of the material, resulting in breach of the confinement565
barrier.  Methods for estimating canister reliability using non-linear analysis and the strain566
failure criterion may be necessary for drop events resulting in significant non-linear behavior of567
canister material. 568

This simplified example is hypothetical in nature and may not be applicable to potential canister569
systems and operations that the U.S. Department of Energy (DOE) propose for the geological570
repository operations area (GROA).  The applicability of reliability methods and data will depend571
on the specific design and operations DOE proposes.  DOE will be responsible for providing a572
sufficient technical basis for the reliability methods and for demonstrating the applicability of the573
data analyses used in its PCSA.  Treatment of uncertainty in reliability estimates may depend574
on the risk-significance (or reliance) of a canister system in preventing or reducing the575
likelihood of event sequences; the severity of the potential radiological consequences; and the576
proximity of the associated event frequency to the categorization limits for preclosure events. 577
The rigor of the U.S. Nuclear Regulatory Commission (NRC) review will depend on the578
approach DOE chooses to demonstrate compliance with the requirements of 10 CFR Part 63579
and the degree to which the canisters are relied on to limit or prevent potential event sequences580
or mitigate consequences in its PCSA. 581

Level of Information582

The specific information provided for the canister should be sufficient to demonstrate its ability583
to perform its intended safety function(s) and verify the estimated reliability used in the PCSA. 584
For an example of canister reliability determined with a structural elastic analysis, the following585
types of information may be needed (but not limited) to support the reliability estimate:586

• A general description of the canister, including major components of canister structure,587
internals (e.g., basket assembly);588

• Key design parameters (e.g., length, diameter, thickness, weight, weld characteristics)589
and material of construction; 590

• Information on fabrication including, methods of closure (e.g., welding vs. bolting); 591
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• Design bases (e.g., loading associated with normal, Category 1, and Category 2 event592
sequences); and 593

• Design criteria (applicable codes and standards for the canister design, fabrication,594
inspection, and exceptions to the codes, if any).  595

Reliability Estimate596

Reliability of the canister for use in the PCSA should be based on an appropriate methodology.597
The following methodology is one example that illustrates the use of fragility analysis to598
estimate canister reliability from an assumed drop impact.   599

Methodology600

1. The canister is assumed to have been designed in accordance with the American Society601
of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (B&PV), Sections III,602
Division 1, Subsection NB [Ref. B.1]. 603

2. The canister is assumed to be fabricated from Type 304 Stainless Steel.  The allowable604
material properties for Type 304 Stainless Steel (SA–240 S30400) [Ref. B.2] at room605
temperature is given in Table B-1.606

3. The approach outlined here is based on methods used for assessment of structural607
reliability [Ref. B.3].  The safety factor is a measure of reliability of the canister in the608
context of a design.  It is a function of the load or demand on the system from the drop609
impact and the resistance or capacity of the system.  The failure of the system is assumed610
to occur when the demand is greater than or equal to the capacity or, alternatively, when611
the ratio of capacity to demand is less than or equal to 1.  Thus, probability of failure, Pf , is612
given by probability that the capacity is less than the demand, as given by the following613
equations:614

         or      , (1)615

where, C is the capacity, D is the demand, and 616

S = C/D.       (2)617

C and D are random in nature and the associated variability or uncertainty is represented618
by probability distribution functions  fC(x) and fD(x) respectively.  It must be noted C and D619
can be a function of different engineering parameters (some of them uncertain). 620
Combining the variabilities in capacity and demand using equation 2, a probability density621
function can developed for S as fS(s).  The probability of failure is calculated by integrating622
fS(s) for s from 0 to 1 as shown in equation 3. 623

624
,   (3)625

where, fS(s) is the probability density function of S.626
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4. The capacity, C, can be defined as the material ultimate strength or strain failure.  In this627
example, the capacity is assumed to be represented by the ultimate tensile strength, Fu.  628
Hence the uncertainty in the capacity in this example is based only on the variability of Fu,629
which is assumed to follow lognormal distribution.  Effects of the strain rate and630
temperature on the material ultimate strength are not considered in this example.  The631
material strength selected for the capacity is the minimum of the canister shell or weld632
material strength.  633

5. The demand, D, is expressed as the maximum stress intensity in the canister from the634
impact of a vertical drop and other load combinations, calculated by numerical modeling635
or other methods.  Demand is a function of several parameters, (e.g., modulus of636
elasticity, dimensions, thermal expansion, drop height, temperature, internal pressure,637
etc.).  Each of the parameters may contribute to overall variability in the demand.  To638
simplify the example, it is assumed here that there is no uncertainty in the demand.639
However, the methodology can be easily applied to include variability in both demand and640
capacity. 641

6. Using the cumulative distribution function of the capacity, and the ASME Code Level D642
[Ref. B.4] allowable stresses as demand, the probability of failure of the example canister643
is calculated.  Additional calculations for stresses lower than the ASME Code allowable644
stresses are also performed.645

Results646

Demand647
 648
The demand parameter for this analysis corresponds to the performance requirements of649
Level D Service Limit for accident condition load combinations in ASME B&PV Code, Section650
NB 3225 [Ref. B.1].  A Level D service limit, defined in NB 2142.4, permits gross general651
deformations with some consequent loss of dimensional stability, and damage requiring repair.652
The acceptance criteria for design, for Level D Service Limit, are given in Table B-2. 653

The demand in the canister from the hypothetical drop event is assumed to be 497 MPa654
(72 ksi), which is the allowable Level D stress intensity for the combined primary membrane655
(local or general) and bending, as given in Table B-1.  Thus the ratio of the ASME Code Level656
D allowable stress intensity to predicted maximum stress intensity or demand, is 1.0. 657
Considering the uncertainties in the capacity of the material (C), the probability of failure is658
estimated corresponding to the demand value of 497 MPa (72 ksi).  Additional calculations659
were performed for stresses lower than the ASME Code allowable stresses.660

Capacity661

The capacity is defined by the ultimate tensile strength, Fu, of the material.  Loss of safety662
function of the canister is assumed if the stress intensity exceeds the ultimate tensile strength,663
Fu.  Information on variability of the tensile strength of Type 304 stainless steel in this example664
is obtained from the test data discussed by McCoy and Waddell [Ref. 4].  The test data665
correspond to a series of tensile tests performed in room temperature on several types of666
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specimen (e.g., plates, bars, etc.).  The ultimate tensile strength varied from 538 to 662 MPa667
(78.0 to 96.0 ksi).  The goodness of fit test of the ultimate strength data for “As Received”668
category in Table 2 of Reference B.4 shows lognormal distribution.  The median, mc, and669
logarithmic standard deviation, $, for the ultimate tensile strength for this example were670
estimated to be 589.5 MPa (85.4 ksi) and 0.0413, respectively.  The  probability density function671
of the ultimate tensile, Fu, strength is shown in Figure B-1.672

Probability of Failure673

Based on the variability in the capacity parameter and a single demand value equal to 497 MPa674
(72 ksi), the probability of failure was calculated using equation 3.  The cumulative distribution675
function of S is shown in Figure B-2, and the probability of failure corresponds to S = 1.  The676
failure probability is estimated to be 1.8 × 10!5.  When the demand is equal to the code677
allowable design value, it corresponds to the maximum allowable drop height.  If the demand is678
reduced by lowering the drop height, the ratio of ASME Code Level D allowable stress intensity679
to predicted maximum stress intensity increases.  Failure probabilities for various values of680
ratios of ASME allowable stress to demand are given in Table B-3. 681

Conclusions682

This example illustrates the level of information that may be required to support the reliability683
estimate of a canister.  It also illustrates an example methodology for estimating reliability684
based on the statistical variation of the material properties in the estimation of the capacity for685
the canister.  Actual problems may require consideration of uncertainties in both demand and686
capacities.  The reliability methods and supporting data, including consideration of uncertainty,687
must be supported by a sufficient technical bases. 688
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Table B-1:  Allowable Minimum Values for Type 304 Stainless Steel (SA–240) at Room699
Temperature  (ASME B&PV Section II, Part D, Table 2A, [Ref. B.2])700

Material Property 701  Value

Ultimate Tensile Strength, Fu 702 517  MPa (75 ksi)

Yield Strength, Fy 703 207  MPa (30 ksi)

Design Stress Intensity, Sm 704 138 MPa (20 ksi)

Table B-2:  Level D Stress Intensity Limits for Type 304 Stainless Steel (SA–240) at Room705
Temperature (ASME B&PV Section III, Appendix F, F-1331.1, [Ref. B.1])706

Stress Category707 Level D Limiting
Criteria

Value 

Primary Membrane Stress Intensity, Pm708 Minimum of 2.4 Sm and
0.7 Fu

331 MPa
(48 ksi)

Primary Membrane (Local or General) (PL) Plus709
Primary Bending (Pb) Stress Intensity, i.e.,  PL + Pb 710

150 percent of Pm 497 MPa
(72 ksi)

Table B-3:  Failure Probability with Decreasing Demand711

Demand 712
(Stress Intensity)713

Ratio of ASME Level D
Allowable Stress to

Demand

Probability of Failure

497 MPa (72 ksi)714 1  1.8 × 10!5

473 MPa (69 ksi)715 1.05   4.8 × 10!8

452 MPa (66 ksi)716 1.1   6.4 × 10!11
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                              717

Figure B-1.  Capacity of the Example Canister:  Probability Density Function of ultimate718
Strength, Fu.719

Figure B-2.  Cumulative Distribution function of S.720
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