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ABSTRACT

This report documents the results of the evaluations performed under the
Program Planning Task - Phase I of the High-Level Waste Preclosure Systems
Safety Analysis (HLW_PSSA) project for the U.S. Nuclear Regulatory Commission
under contract to the Sandia National Laboratories.

The major effort for this phase of the project has been on the gathering,
organizing, and assembling of information pertinent to the safety assessment of
a nuclear waste repository during preclosure operations. Specific issues
addressed in this report are:

1.

wn

Detailed analysis of a conceptual basalt repository design in order to
identify potential initiating events/accident scenarios capable of
causing radiological and/or nonradiological consequences;

Evaluation of radiological and nonradiological consequences relevant
to a nuclear repository and recommendation of an approach for
quantitative evaluation of these consequences;

Comparative evaluation of several importance ranking measures that had
been used in the nuclear industry in order to select a measure to best
meet the needs of the program (i.e., a measure which leads to an
easily scrutable importance ranking to prioritize components/systems
which are important contributors to safety);

Development of event and fault tree models for those initiating events
which have passed the preliminary screening process (i.e., elimination
of insignificant risk contributors);

Compilation of specific data such as initiating event frequencies,
component/system failure rates and repair times, personnel injury, and
basic infcrmation necessary for more detailed radioclogical conseguence
evaluations at a later time; and

Selection of a set of accident scenarios to be quantified in the next
study phase to demonstrate the applicability of the prcposed methodo-
logy that will identify and quantitatively prioritize satructures,
components, systems, and operations which are important to safety
during the preclosure phase of a HLW repository.

111



TABLE OF CONTENTS

1.0 Introduction and Summary

1.1

1.2

Task 2A - Phase I Work Scope
1.1.2 Report Organization

Summary

2.0 Accident Scenario Enumeration and Selection

2.1 Basalt Repository Design and Material Flow Process

2.2

2.3

2.1'

NN NN

.
Pt ot ot ok ot o

-
00~ U & W PO

Arrival Area

Yard Storage Area

Washdown and Receiving Area

Unloading Area

Secondary Area

Holding Area

waste Cage Area and Waste Transport Shaft
Placement Area

2.1.8.1 Emplacement

2.1.8.2 Retrieval

Initiating Event Identification and Preliminary
Screening

-
NNNDNNNNDNNDN
.

.
. . .
QO I

NN N
. -

§

NN RNONND
-
WWwwwwwww
. -
OB WA

Arrival and Storage Yard
Washdown and Receiving Area
Unloading Area

Secondary Area

Hot Cell Discharge to Placement
Waste Emplacement

Waste Retrieval

Service and Support Systems

ident Scenario Development

Arrival Area

Washdown and Receiving Area
Unloading Area

Secondary Area

Hot Cell Discharge to Placement
Placement Area

Retrieval

Service and Support Systems

Results of Accident Scenario Development

2-30
2-30
2-35
2-36
2-38
39
2-41
2-43
2-45

2=75
2-76
2=77
2=77
>19
2-80
2-81
2-82
2-84

2-121



TABLE OF QONTENTS (continued)

3.0 Consequence Identification

3.1

3.2

3.3

3.5

3.6

Radiological
3.1.1 Radionuclide Classification and
Characteristics

3.1.2 Radioactive Gases and Volatiles

3.1.3 Radioactive Particulates

3.1.4 Source Terms for Release

3.1.5 Radionuclide Release Models

3.1.6 Exposure Pathways and Individual Doses
3.1.6.1 Gasborne Pathways

3.1.6.2 Liquid Pathways

Recommended Approach

Available Computer Programs

Recommended Approach
on Repository Availability

Evaluation of Repository Availability

7
8
Nonradiological Occupational Consequence
1
ct
1
2  Recommended Approach

3.4.1 Discounting Costs

3.4.2 Available Methods to Calculate Financial

Consequences
3.4.2 Recommended Approach

Effect of Preclosure Operations on Long-Term
Repository Function

Consequence Types Recommended for Further
Evaluation

Fault Tree Development

4.1

‘.2
4.3
4.4

Waste Handling Building Confinement Ventilation

System

Wast> Transport Shaft Ventilation System
Subterranean Confinement Systems

Other Systems

vi



TABLE OF CQONTENTS (Continued)

Page

5.0 Sample Problem for HLW-PSSA Methodology Demonstration 5-1
6.0 Importance Ranking 6-1
6.1 Evaluation 6-1
6.1.1 Computer Programs 6-2

6.2 Preliminary Screening 6-2

6.3 Recommended Measure 6-3

7.0 Data Base 7-1
7.1 Initiating Event Frequency Data 7-1

7.2 Intermediate Event Probability Data 7-1

7.3 Basic Event Failure Data 7-1
7.3.1 Data Uncertainty T=¢

7.4 Human Error Rates 7-3

Tnd Radiological Data 7-3
7.5.1 Radionuclide Inventories 7-3

7.5.2 Release Fractions 7-3

7.5.3 On-site Exposure Data 7-4

7.5.4 Meteorological Data for CRAC-2 7-4

7.5.5 Dose Factors 7-4

7.6 Occupational Injury Data 1=5
7.6.1 Accident Statistics 7-6

7.6.2 Analysis 7-6

7.6.201 M\ple 7-7

7.6.3 Accident Categories 7-8

8.0 Conclusions 8-1
8.1 Accident Scenarios 8-1

8.2 Consequence Evaluation 8-2

8.3 Fault Tree Development 8-3

B.4 Sample Problem Selection 8-5

8.5 Importance Ranking 8-6

8.6 Data Base Development 8-6

9.0 References 9-1
Appendix Importance Measures Evaluation A-1

vii




alagran
OUulidll

alagra i LCC

unloading area equipment

1lagra [Or unlioadling

unload area
‘,‘L)\_f&;‘l! S
arrival
[ o 1rt

A A

4

‘(u[u»;‘
Jrage yard
yard area or
Yara are

imprope
floor and c¢
anloading
droj

"1T
SLlA ML

b
[




2-34
2-35
2-36

2=37
2-38

2-39
2-40

2-41
2-42
2-43
2-44

2-45

2-46
2-47
2-48

2-45

2-50
=5l
3-1

3=3
3-4
3=5
4-1

4-2

4-3
4-4

Loss of seal between hot cell secondary area floor
and transfer cask lip

Transfer cask damaged due tc handling accident during
transport from hot cell area to placement

Transporter collision during cask transport to
placement

Transporter breakdown during cask transport
Preparation, alignment to borehole and removal failure
or error

Canister breach during insertion into borehcle
Failure or error associated with borehole preparation,
cask alignment, or removal for retrieval operation
Canister breach during retrieval from borehole
Transporter collision during retrieval

Transporter breakdown during retrieval transport
Transfer cask damage during load, transport to surface,
and unload

Loss of seal between hot cell secondary floor and
transfer cask lip - retrieval

Canister damaged during transfer cask unload

Overcore machine failure during delayed retrieval
Aircraft crash into holding area or mine shaft head
frame during retrieval operation

Loss of confinement ventilation system during
emplacement or retrieval operations

Gaseous radwaste system rupture/failure to isolate gas
Liquid radwaste system rupture/failure to isolatc liquid
Relationship of consequences applicable to preclosure
repository activities

HLW/Spent-fuel release mechanisms, barriers and
pathways

Generalized exposure pathways to man

Approach to radiological consequence evaluation
Radiation dose evaluation

Waste handling building primary confinement exhaust
system

Waste handling building secondary confinement exhaust
system

Waste shaft exhaust ventilation system

Subterranean confinement exhaust system

ix

2-98
2-99

2-100
2-101

2-102
2-103

2-104
2-105
2-106
2-107

2-108

2-109
2-110
2-111

2-112

2-113
2-114
2-114

3-2

3-8

3-13
3-20
3-26

4-7
4-9

4-10
4-11



2-1
2-2

>3
2-4
r
2-1
2-8
2-9
2-10
2-11
212
2-13
2-14
2-15
2-16

2-17
2-18

2-19
2-20
2-21
2-22
2~
2-24
2-25
2-26
3~1

3-2

>3

o |
6-1

TABLES

List of key areas in waste process

External events to be considered in repository risk
assessments

Potential initiating events
storage yard

Potential initiating events - washdown and receiving
area

Potential initiating events - unloading area
Potential initiating events - secondary area
Potential initiating events - hot cell discharge to
placement

Potential initiating events - placement area
Potential initiating events - retrieval

Potential initiating events - service and support
systems

Unloading area external event consideration
Secondary area external event consideration

Hot cell discharge to placement external event
consideration

Placement area external event considerations
Retrieval - external event considerations

Service and support systeme external event
consideration

Abbreviations used for external events initiators
Accident scenarios for public radiological
exposure (conseguence 1) - Emplacement

Accident scenarios for public radioclogical
exposure (conseguence 1) - Retrieval

Accident scenarios for personnel radiological
exposure (conseqguence 2)

Accident scenarios for personnel radiological
exposure (conseguence 2) - Retrieval

Accident scenarios for personnel nonradiological
injury (consequence 3) - Emplacement

Accident scenarios for personnel nonradiological

injury (consequence 3) - Retrieval

arrival area and

Accident scenarios for loss of repository availability

(consequence 4) - Emplacement

Accident scenarios for loss of repository availability

(consequence 4)- Retrieval

Accident scenarios for long-term effects
(consequence 5)

Key radiocactive nuclides

Qualitative radionuclide release category definition
Computer codes for radiological consequences
Selected accident scenarios for the sample problem
Importance measure selection criteria

2-11
2-48
2-49
2-51
2-33
2-57
2-59
2-63
2-67
2-73
2-115
2-116
2-117
2-118
2-119

2-120
2-122

2-123
2-127
2-130
2-134
2-136
2-137
2-138
2-141
2-143
o
3-22
3-23

5-2
6-4




7-1

7-3
7-4
7-5

7-7a
7-7b
7-8

7-9

7-10
7-11
7-12
7-13
7-14

15
7-16

7-17

Initiating event frequency data

Intermediate event failure data

Basic event failure data

Human error rates requiring quantification

PWR canister inventory

BWR canister inventory

Activities of fission products in HLW versus decay
times

Activities of actinides and daughters in reference
high-level waste as a function of decay time
Release fractions derived (from Walker, 1978)
Filter efficiency and resuspension factor

Release fractions for spent fuel release mechanisms
External dose factors for standing on contaminated
ground

Inhalation dose factors for adults

Accident analysis summary

Number of operator injuries, injury-incidence rates
per 200,000 employee-hours, and employee-hours
BWIP development crew requirements

Ignition sources of underground metal and nonmetal
fires

Accident average severity

xi




ACKNOWLEDGEMENT

The authors wish to acknowledge the support and contributions to the
project by the following:

(a) Norman Eisenberg and Tim McCartin of the U.S. Nuclear Regulatory
Commission;

(b) Nestor Ortiz, Margaret Chu, and Gene Runkle of Sandia National
Laboratories; and

(e) Richard Dahlberg, Colin Fisher, and Arthur Barsell of GA Technologies,
Inc.

xii






SCENARIO
IDENTIFICATION
AND SCREENING

'

CONSEQUENCE
MODELS

v

:

DATA EVENT TREE
BASE 1 ElooeL Inoy
QUANTIFICATION
SENSITIVITY l FAULT Iwee
UNCERTAINTY MODEL ING/
ANALYSIS - QUANTIFICATION

FAILURE WMODES
AND EFFECTS
ANALYSIS

'

i

——

COMMON-CAUSE
FAILURE
ANALYSIS

CONTRACTOR
r-CL'INSEQUEMCE
VECTOR RISK
SELECTION AND f— R =C zr —
QUANTIFICATION j i i
c )
J o
EVENT ;__J SYSTEW
SEQUENCE IMPORTANCE
FREQUENCY RANK ING
F ) =it
LF |
COMPONENT ] OVERALL
IMPORTANCE  ——dJP COMPONENT
RANK ING RANK ING
IN SYSTEM FOR EACH
CONSEQUENCE
TYPE C
J
HUMAN
RELIABILITY
ANALYSIS

|
' NRC
|

I RISK

WE TGHTING
FACTOR, W

J

RELATIVE
RISK
R =

"W

]

DECISION

Methodology for high-level waste preclosure safety systems analysis



Task Descript.on

Scheduled Campletion
FY-84 FY-85 FY-86 FY-87

TASK 1
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Literature Review
Program Planning, Phase 1

Includes accident scenario identification and screening, conseqguence
type identification, importance measures evaluation, fault tree and
event tree development, sample problem definitiw.., and ompilation
of initial data base for event tree/fault tree guantification.

Program Planning, Phase 1I

Involves gquantitative analysis of sample problem including human
reliability analysis, common-cause failure analysis, sensitivity
and uncertainty analysis, data base development, importance ranking
calculations, consequence quantification, and demonstration of a
camprehensive methodology.

Camplete Analysis of the Basalt Repository

Scoping and Camplete Analysis of Repositories in Other Geologic Media

U
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Fig. 1-2 HILW-PSSA Project Schedule
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Subtask 2.11A - Sample Problem Definition. The main objective of this

subtask was to select a set of accident scenarios to be quantified in
the next study phase. These scenarios will be used to demonstrate the
applicability of the proposec methodclogy (See Fig., 1-1) and to
identify any refinements that may be required or problems that must be
addressed bpefore a conplete analysis of the basalt repository is
performed.

1.1.2 Report Organization

This report is organized into sections dealing with each of the major
subtasks outlined previously plus a final section discussing the results of
each subtask. Included in the appendix¥ is the complete report addressing
the selection of an importance measure for this project.

1.2 SUMMARY

The major effort for this phase of the project was placed in
gathering, organizing, and assembling of all information pertinent to the
safety assessment of a nuclear waste repository during preclosure
operations, Some additional effort was expended to assemble the event and
fault tree logic models required to quantitatively evaluate the safety cf
the repository concept.

The accident scenarios developed in this study were limited to the
basalt repository concept. Materizl flow diagrams were developed for each
waste handling process and used to examine each process step for
identification of potential initiating events in the form of external
events (e.q., earthquake, tornado, etc.), equipment failures, or human
actions capable of process disruption, local personnel
exposure/occupational injury, or challenge of plant barriers to
racdionuclide release., All potential initiating events were then subjected
to a preliminary screening process to eliminate insignificant risk
contributors (i.e., events having low frequency and low consequence).
Screening wac performed separately for each conseguence type initially
congidered, allowing the subsequent development of accident scenario
families for each consequence type. Initiatirg events surviving this
screeninc process were developed into a group of event tree mxiels. An
accident scenario is a subset of a particular event tree, consisting of the
intiating event and a unique path of assumed intermediate event successes
and/or failuree leading either to a consequence of interest or to accident
mitigation,

Scenarios addressing emplacement and retrieval operations were kept
separate. Retrieval is an option for repository operations, not an
integral part of the waste processing activities. Although many events and
corresponding accident scenarjos considered in the retrieval operations
were the same as those in the emplacement operations, they were treated
separately in order to provide a measure of relative risk due solely to
retrieval operations in aadition to emplacement risk.

1-5



Although not all of the scenarios developed in this study will be used
in the sample problem evaluation (Phase II), the logic model development is
complete and suitable for future safety analysis of a basalt repositcry.

The consequence types initially evaluated in this study were: 1)
radiclogical consequence to the public, 2) radiclogical consequence to the
worker, 3) nonracdiological consequence to the worker, 4) impact on
repository availability, %) compromise of a repository's ability for
long-term geologic isolation of high-level waste, and 6) financial impact.
The compromise of long-term repository viability is not a riek contributor
in the preclosure phase and has been addressed in this study only to
identify event sequences and/or operations that are potentially capable of
generating this consequence in order to facilitate consideration of
preventive procedures and operations at an early stage in the repository
design/licensing process. The other consequence types were developed to
the extent where a representative body of accident scenarios exists for
each, including the models necessary for quantitative evaluation of the
consequences,

Of the different consequence types considered, the radiological
(public and worker) and nonradiological occupational consequences were
recommended for further evaluation. However, in the interest of providing
useful information to the NRC for licensing purposes in a time frame
consistent with the DOE repository design schedule, emphasis should be
placed ¢n radiological consequences to the public and worker.,

In the quantitative evaluation of radiological riek to the public and
worker, the transport and behavior of radionuclides play a key role and
sophisticated transport nodele have been developed in previous studies,
Reliable estimatec of release fractions, however, were difficult to cbtain
largely becasuse of the accident - specific nature of the release and the
lack of adequate experimental data to support the postulated releases, The
large uncertainty in the release fraction should be recognized at this time
and accounted for in future work,

Fault tree development requirements for this project were based on the
systems identified as intermediate events in the event tree accident
scenarios. Wherever possible, portions of fault trees developed in
previous repository safety analyses were used to zvoid duplication of
effort. Systems not explicitly described in the "Conceptual System Design
Description, Nuclear Waste Repository in Basalt" (SD-BWI-SD-005) were not
modeled due tc lack of information. Instead, these systems have been
assigned failure probabilities from comparisons with similar systems that
are currently in operation for other applications. Future phases of this
project may include fault tree modeling of these systems ae design
information becomes available,

The systems modeled were primarily the various building and
subterranean confirement exhaust ventilation/filtration systems, In order
for a radiological incident to occur, the barriers to local and
environmental radionuclide release must be defeated. For the repository

concept, these barriers consist nostly of the air circulation/cleanup
systems,
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leading to public iadiological exposure. These scenarios involve the
following initiating events:

1. Train/truck collision or derailment.

2. Breached shipping cask undetected by radiation monitoring system
in the yard area.

3. Windstorm damages arrival/storage yard.

4. Radwaste sampling line rupture or improper connection in receiving
area.

5. Loss of seal between hot cell floor and shipping cask lip.
6. Liguid radwaste leak from process tank to secondary area.
7. loss of seal between hot cell floor and transfer cask lip.

8. Transfer cask rupture during handling accident-subterranean
transport.

9. Transporter collision during transport to placement.
10. Canister breach during borehole insertion,

11. Farthquake causes lose of seal between hot cell floor and shipping
cask lip.

The sample problem was chosen to be small enough to permit
verification by hand., It should be emphasized that the simplicity of this
family of scenarios (due to omission of approximately 90 scenarios)
requires that the firal estinates of risk and importance rankings be used
only for demonstration purposes. The results of this analysis do ot
represent & preliminary evaluation or order of magnitude estimate of
repository safety. Final results will also depend on the human error
analysis results, and the estimation of common cause contribution,

The Fussel-Vesely importance measure was selected to rank the relative
importance of repository components and systems and its use will be

igé:iany demonstrated in the analysis of the sample problem discussed
above,

In support of future tasks under this project, data concerning
initiating event frequencies, intermediate event probabilities, component
failures, radionuclide release fractions, etc, were compiled from various
government and industry data sources, The data gathering task will
continue in the next study phase with emphasies on human error and mine-
related accidents,






release. All potential initiating events were then subjected to a preliminary
screening criterie (Pepping, 1981) to eliminate owviocusly insignificant risk
contributors.

The initiating events surviving this screening process were then compared
with initiating events already developed into accident ccenarice in logic
models available from the literature review. Particular esphasis was placed on
(1) the miticative equipment/systems identified in existing logic models and
their similarity with equipment systems described in the NWEB study; and (2)
aaditional humen errors not included in existing logic models but identified
from the moterial flow diagram development. Accident scenarios were assembled
from these comparisons,

The nmeterial flow diagrams were further reviewed for susceptibility to
natural/external events (i.e., earthquake, fire, etc.). Process steps vulner-
able to these events were treated by creating an additional set of accident
scenarios. These were created by taking the existing scenarice developed for
the specific process step, and modifying them to reflect the increased occur-
rence probability of the initiating event anc increased failure probabilities
of associated equipment/systems given the external event,

All accident scenarios capable of generating any of the consequences of
concern are listed in the results section, Fach scenaric has been assigned to
one or more conseqguence categorics identified in the conseqguence analys s task,
These categories are diccussed further in Sectiorn 3 of this report.

2.1 BASALT FEFOSITORY DESIGN AND MATERIAL FLOW PROCESS

Fovement of spent fuel and conmercial high-level waste through various
repository locations and the processes that occur at each location are
described in this section. Figure 2-1 is a conceptual view of the surface
facilities currently planned.]l Figures 2-2 and 2-3 are detailed design
drawings of the various areas comprising the surface facilities, The overall
flow process for the repository is separatec into activities occurring in the
areac civen in Table 2-1. Figure 2-4 provides a functional flow path of these
activities in sequenticl order. Fach area and its associated processing
activities are addressed in the following sections.

2.1.1  Arrival Area

Radicactive weste shipments from commercial nuclear power plants will
érrive at the repository primarily by rail car but truck shipments are also

possible. The repository is currently being desigred to handle either type of
shipment.,

Rail cars containing radicactive waste shipping caske will be shipped to
the Burlington Northern railroad yard in Pasco, Washington where a special
train will be assenbled for the basalt repository located on the Hanford site,
The Burlington Northern railroad will bring a daily train to the site boundary

————— - -

lTable 2-1 and Figs. 2-1 to 2-21 are located at the end of Section 2.1,




where repository personnel will move the train over the three-mile access road
(see Fig., 2-2) to the repository receiving area. Shipping cask cross-country
transportation risk is beyond the scope of this project; however, local han-

dling and trarsfer functions are included. It is assumed that the cefinition
of "preclosure cperations" encompasses the transfer of the train at the site

boundary from Burlington Northern to site personnel anc the subsequent movement
to the repository enclosure. Transportation risk studies separate from this

project will acddress movement of the train from shipment origin to the Hanford
site bouncary reilrcad intersection. Truck shipments are not subject to these
transfers at various boundaries and are assumed to become part of repository

preclosure operat?K{s when the truck enters the repositcory access rcad,

The arrival area is shown on the bottom of Fig. 2-2. The function of this
area is to provide an initial screening of incoming shipments for possible
external radiation. Arriving truck and rail cars are routed past racdiation
monitoring systems located on the road and track, respectively. Units indicat-
ing external radiation are moved to the suspect rail and truck area, a location
(see Fig., 2-3, C/D -9/10) surrounded by an elevated earth berm for shielding

purposes.

The other function of the arrival area ig to break arriving traings into
individual rail cars for subsequent unloading, Uncoupling is performed with
the switchyard locomotive used to bring the train from the intersection.
Acain, no similar transfer operation is required for truck shipments.

Figure 2-5 provides a material flow diagram for all steps/operations
associated with the arrivel area.

2.1.2 Yard Storage Ared

The yard storage area, thown in Fig. 2-2 (A/B - 5/10), provides a large
area for rail car and truck trailer storage prior to unloading. During this
wait, each rail car and truck trailer is positioned over the respective inspec-
tion pit for exterior exanmination, This positioning maneuver is only one of
several required to continually feed waste into the repositcry process., As
more cars are moved into the waste handling building, those remaining in the
yard are moved forward to generate room at the entrance for further shipments,
Tractor trailer combinations are assumed to be reconnected for each movement,
Rail cars are assumed to be positicned with the switchyard locomotive. Both
the rail and truck inspection pits are located in the process path of moving
the waste towarde the waste handling tuilding from the yard, No material flow
figure is required for this area a¢ the only process involved involved is a
succescion of attaching and pushing rail cars a short distance forward followed
by uncoupling, or alternatively, a tractor hookup to a cask trailer followed by
a short distance novement and uncoupling., During the course of these repeated
maneuvers, every unit is eventually positioned over an inspection pit and
subjected to exterior examination,



2.1.3  Washdown and Receiving Area

Rail cars and trucks containing waste shipping casks are shuttled one at a
time into the waste handling building (see Fig. 2-6) from the yard storage
area. Truck trailere are moved to the covered washdown area adjacent to the
building entrarce using truck tractors; rail cars are moved using a special
type of low-speed tractor called a trackmobile. A normal switchyard locomotive
is not used in the proximity of the waste handling building to minimize the
pussibility of hich energy/momentum impact/crush accidents,

The washdown area is not isclated from the environment. Only external
vehicle cleaning is performed to remove accumulated road dirt, Then the car or
trailer and undisturbed cask assembly are moved inside airlock doors to the
receiving area, again using a trackmobile or truck tractor to move rail anc
truck caske, respectively.

The primary function of the receiving area ie to provide a controlled,
Sealec environment for the initial opening of the rail car or truck trailer.
The vehicle is opened, the shock absorbing impact limiter around the shipping
cask is removed, the externals of the cask smear tested for contamination, and
a flexible pipe is connectec to the cask for sampling the internal cases, A
high activity level would indicete a combination of fuel pin and canister
failure for & spent fuel shipment and would forewarn the operations personnel
to expect high radiation/airborne activity levels in the hot cell when emptying
this cask,

Fcllowing interior and exterior cask sangling, vehiclee are moved through
a second set of airlock doors to the cask unloading area, again by truck
tractor or the special trackmobile for truck and rail shipments, respectively.

Figure 2-7 cutlines the major proceseing stepe that occur in the washdown and
receiving area.

2.1.4  Unloading Ares

The unloading aree provides a double barrier to the environment (twc sete
of airlock doors) for opening of the shipping cask and removal of SURF/CHIW

canisters, The hot cell for canister handling ie located directly above the
unloading area.

Following movement of the vehicle/cask into the unloading area, it is
automatically positioned by hydraulic arms under the hatch to the hot cell and
the airlock doors are closed, Then, the vehicle is automatically leveled and
clampe attached to prevent movement or misalignment, A power supply is con-
nected to the cock rotation hydraulic drive assenbly, and the upper and lower
vehicle hatches removed to facilitate cask rotation (see Fig, 2-8)., The cask
is rotated to an upright position, a shielding collar ie lowered fram the
primary hot cell and the prewatic seals are inflated to insure an airtight
seal. The hot cell shielding cover and the cask shielding cover are removed by
the hot cell crane, exposing the canisters to the hot cell envircnment (see
Fig. 2-8, D-9). Bach canicter is then raised into the primary het cell,




checked at the automated smear test station for damage and surface contamina-
tion, and stored temporarily in the lac storage pit.

The interior of the empty shipping cask is smear tested for contamination
usina the primary hot cell crane, fellowed by replacement of the cask and hot
cell shielding covers. The shielding cover is raisec into the recese in the
primary hot cell floor, the cask is rotated back to the hoerizontal (traveling)
position, the vehicle upper and lower hatches closed, and the vehicle moved
through the exit set of airlock dooru into the cask preparation and shipping

Laboratory analyses of the cask interior and canister exterior smear tests
are performec locally (see Fig. 2-6, C-7) to determire cask decontamination and
canister processing procedures. The material flow diagram for all functions
associated with the unloading area is given in Fig, 2-9,

2.1.5 Secondery Are

The secondary area ie an extencion cf the primary hot cell although the
two can be sealed from each other. Canisters are either passed directly from
the primary hot cell to the secondary area or throuch the interreciate step of
the lag storage area (see Fig., 2-10). The secondary area provides direct
access to either the transfer cask loading statior or the process tank area.
The transfer cask loading statior is used to insert a single canister intc the
trarsfer cask for movement to underground storage. The procese tank area is
usec to test canisters, place faulty ones in overpeck containers, and seal/weld
and test the overpecks, A succeseion of overhead crane movenents in the
primary hot cell and seconcary areags are usec to transfer the canisters as
required,

The laboratory results obtained from canister gmear and inspection tests
are used to deterrine which process will be used for a specific canister, From
the lag storage pit & canister will be trancferred to one of twe process tanks
for any of the following operations:

© Welding the cover on a carbon-steel overpack for a QHIW canister,
© FRewelding a faulty weld, whether (WIW overpack or spent tuel canister.

0 Overpacking; in case of an unlikely rupture of a CHIW overpack's 55,9
me (2,2 in.) thick wall, the CHIW canister [324-mm (12,75 in.) 0.D,)
would be renoved from the defective overpack and enclosed in & new
overpack; a defective spent fuel canister [417 mm (16.4 in,) 0O.D,)
could be overpacked In a container whose C.D, would be no more than
the CHIW's O.D, of 457 mm (18 in.).

o Decontanjreting if necessary.
© Transferring waste canister/overpacks from the poseibly contaminated

primary hot cell, through a decontamination station, to the secondary
(and cleaner) het cell where the cleen canisters are loaded into the




transfer cask. The secondary hot cell is maintained clean to assure
that the trensfer cask rermains clean and that clean canisters are
emplaced.

The matericl flow discrar for the activities in the secondary area is
shown in Fig, 2-11.,

2.1.6  Holding Area

The completed, clean canister or overpack is lowered from the secondary
hot cell into a transfer cask, which reduces radiation levels to 1 mrem/hr at
1m (3 ft) from the cask surface. This transfer cask (see Fig, 2-12) shields
the waste package during its journey from the hot cell to the waste transport
shaft cage, down the shaft, and on to final placement. The cask assembly
includes a telescopic, double-acting hydraulic cylinder with an electromagnet
attached to the moving end, which will horizontally eject (and retract) a
canister, overpack, dolly, or plug. When closed, the shielding door automati-
cally locks by a spring-loaded pin, and is automatically unlocked when the cask

is satisfactorily mated with either the hot cell or the borehole shielding
assembly.

The transfer cask crane (see Fig. 2-13) moves the transfer cask to the
holding area (area in contact with the hot cell outlet port, between the cask

loading port and the waste cage) where a asmear test is taken., The transfer
cask then proceeds to the waste cage area through the hot cell airlock only if
the amear test measurement is less than the allowed count rate.

2.1.7 |Waste Cage Area and Waste Transport Shaft

The transfer cask is moved into the waste cage, where the cask rotation
trunnions engage a vertical slot in the waste cage structure, minimizing cask
movement. The waste cage is the largest area in the waste transport shaft

which transports the transfer cask to the underground repository (see Fig.
2-14).

The shaft headframe ie an integral part of the waste handling building
consisting of a tower-mounted hoist and a service elevator in a concrete tower,
It is of sufficient height to allow for cage, rope attachments, and overtravel.
The tower and the emercgency air intake duct are sealed from the ventilation
zones of the waste handling building by an airlock door to maintain the
pressure differential between the building and the mine-area ventilation
Circuits,

The hoisting system is designed to handle an expected receipt rate of
1,395 waste canisters and 1,600 CHTRU drums per year., The hoisting system is
Capable of raising or lowering a waste cage and payload weight of 37,682 kg
(83,075 1b). It is designed to operate in a balanced mode and is equipped with
a counterweight., The hoisting cage is locked in at the surface and at the
underground shaft station before lcading and unloading to prevent cable stretch
or rebound,

2-6







The operators locate the placement position and align the transporter
within about 7.6 cm (3 in.) of the ideal position. The cask cradle is then
unlocked from alignment with the transporter vehicle frame ty removal of the
two safety shear pins. From inside the transvorter, the operators activate the
borehole interface phase of the automatic alignment system to rotate the cask
horizontally and precisely align the cask with the shield door assembly. They
manually lock the cask to the borehole sleeve, and plug in the power/control
cable (transporter to borehole). Both borehole shielding and cask doors are
opened, and the waste canister/overpack is hydraulically ejected from the cask
onto skid rails inside the borehole. From there, the transporter dolly lifts
the waste canister/cverpack and carries it further into the borehole to its
designated placement location. The dolly lowers the waste canister/overpack
onto a supporting structure and returns to the borehole entrance, ready for the
next canister/overpack.

After the borehole is filled, the dolly is retrieved and moved to the next
empty borehole. The shielding plug is inserted in the full borehcle and the
shielding door assembly moved to the next empty borehole. At this stage, the
emplaced canisters/overpacks may be retrieved readily by merely reversing the
emplacement operation and using the same equipment. It is assumed the
canisters/overpacks are intact,

The dolly has independent drive and lift motors (one for each drive axle
and two redundant drives for the scissors lift mechanism). These motors and
their control and position sensors are connected to the transporter through
multiple contacts between the V-rails. In case of a break in the system, the
dolly has a complete backup system consisting of batteries for power and radio
signals for control. If the dolly still malfunctions, another dolly equipped
with an electromegnet could be inserted into the borehole.

Between the emplaced waste canisters/overpacks and their borehole is
approximately 152 mm (6 in.} of radial clearance, available for future
pneumatic backfilling through a 76 mm (3 in.) pipe.

Figure 2-17 shows the specific material flow steps in the placement area,

Equipment illustrations for the placement steps are shown in Figs, 2-18 through
2-200

2.1.8.2 Retrieval. The option for retrieval of emplace’ waste is currently
required by NRC regulation (10CFR60). Retrieval must remain a valid option
until such time as the NRC is satisfied as to the likely success of the isola-
tion process., This is estimated to be approximately 50 years with the reserva-
tion that the NRC retains the option of changing the interval at their
discretion.

Immediate retrieval of the waste following emplacement is the simplest
task, as mentioned previcusly. The same equipment as that used for emplacement
can be used for removal and transport to surface facilities, The only compli-
cation is in the multiple canister storage in a single borehole, Several or




all canisters in an individual borehole may have to be removed to obtain the
desired canister.

Long-term retrieval poses a much more difficult problem. Potential
complications such as backfilled boreholes, bulkhead roome, canister degrada-
tion from corrosion, and possible borehole collapse make the analysis of later
retrieval conciderably more complex than a reversal of the emplacement process,

The nmaterizl flow diagram for retrieval (see Fig., 2-21) considers several
options for (1) time following emplacement, (2) backfilling and sealing
(bulkheading) of full rooms, and (3) possible degradation of the canister/
storage environment. The most complicated series of steps associated with a
degraded canister in a collapsed borechole is described, along with references
to steps that can be del "ed for intact canisters, retrieval prior to
backfilling, etc.

The most restrictive conditions for canister retrieval would occur if a
significant period of time (e.g., 20-30 years) had elapsed since emplacement,
and the desired canister (s) resided in boreholes located in a set of rooms that
had been full for a significant pericd of time. For these conditions, back-
filling of the boreholes with a mixture of crushed bentonite and basalt would
probably have been performed, followed by sealing of the room with a bulkhead

panel.

The first step in the retrieval process is to gain access to the borehole
of interest, This involves removal of the bulkhead assembly and location of
the specific borehole containing the desired canister (s). If mine heaves, roof
cave-in, or other underground movement phenomena have occurred, some remining
of the emplacement rooms may be required, In addition, when the room is
reopened tc the remainder of the repository subterranean environment, an active
ventilation sys-em must be reestablished to remove possible airborne contamina-
tion, dust, harm.ul vapors, etc.,, and possibly to cool the area to a tempera-
ture acceptable for transporter activity., This temperature limit is currently
estimated as <134°F based on allowing a transporter operator to leave the
protection of the air-conditioned transporter cab and walk out of the area if
the transporter should fail.

Once area access by transporter becomes possible, the borehole plug
retainer ring must be removed and the status of the borehole determined.
Preliminary radiation/contamination measurements must be made to determine
working background level for transporter crews., If the borehole has been back-
filled, an overcore or hole following debris removal machine will be required
to tunnel a2 passage to and around each canister in the borehole. The assump-
tion is made here that, if a borehole is opened, all canisters will be removed
to the surface for decontamination and inspection prior to reemplacement, The
debris removal machine must be capable, therefore, of coring out to 61 m
{200 ft) from the machine bed (drive source) to reach all emplaced canisters in
a basalt borehole. Further, the coring operation hes to cut through basalt and
remove and store contaminated mined material. Finally, if the borehole has
collapsed, the coring operation will involve densely packed material (vs., a
relatively "loose" backfill mixture) and an increased probability of a punc-
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l THROUGH RADIATION,/CONTAMINATION

| RATLCARS/TRUCK TRAILERS IN STORAGE YARD, |
THROUGH EXTERIOR INSPECTION PIT AREA

ARRIVING SHIPPING CASKS
(BOTH RAIL AND TRUCK)

_ MONITORING STATION

TRANSFORT TO SUSPECT
IVIZXZ/ YES— RAIL AND TRUCK AREA

v

RAILCARS/TRUCK TRAILERS WASHED TO REMOVE ROAD DIRT,
_IN CASK INTERIOR AND EXTERNAL CASK SURFACE SAMPLED

- . FoR ]

_ CANISTERS CASK CONTAMINATION AND SENT TO]

= ‘-m i CASK PREPARATION AND
njs—<ﬁ §>~— _fL_». R LY SHIPPING AREA

f

{

CANISTER PLACED IN OVERPACK r S - ml

LID VACUUM WELDED, AND
CHECKED, WELD ULTRASONI

SEAL . ] -
CALLY SECONDARY AREA FOR
_4__J 1 LOADING CANISTER TO

Y . =

SHIELD DOOR QLOSED, TRANSPORTER
RETURNED TO HOIST AREA, TRANSFER
CASK RETURNED TO SURFACE

Fig. 2-4 Functional flow diagram of major processing steps.
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1. Train containing waste shipping| |1. Truck containing waste
casks arrives from Pasco, WA shipping casks arrives
switchyard and Burlington at repository access
Northern Railroad locomotive entrance road.
is uncoupled for return to
Pasco.

_— — . ’ WE—

f

2. Repository locomot ive engages 2. Truck moved to gua_t'é gate
train and moves to repository and checked into facility.
arrival area.

! | r

3. Train is broken into 3. Truck is driven past a
individual cars. Each car portal radiation monitor
1s pushed past a portal at a prescribed rate of
radiation monitor at a spead.

i
| prescribed rate of speed. |
L . |
Questimablie"rraii ‘c;rs and truck
moved to suspect rail and truck area

1 s
¥ F - R 4 ) -
4. Individual rail cars moved 4, Truck moved tc yard
to yard storage using storage.
switchyard locomotive. ETMLIEENE

Fig. 2-5 Material flow diagram for arrival area.
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VEHICLE CONTAINING SHIPPING CASK MOVED
TO QOVERED WASHDOWN AREA AND CLEANED
TO REMOVE ACCUMULATED ROAD DIRT

AIRLOCK DOORS CP':{ED AND VEHICLE
MOVED TO RE." IVING AREA

AIRLOCK DOORS (QJOSED AND SEAL TESTED

L

VEHICLE OPENED AND CASK EXTERNALS
SMEAR TESTED. IMPACT ABSORBER REMOVED

PURGE FLOW/SAMPLING LINE CONNECTED
TO SHIPPING CASK AND FLOW INITIATED.
CASK GAS SAMPLED FOR ACTIVITY

X

PURGE FLOW LINE REMOVED., UNLOADING
AREA AIRLOCK DOORS OPENED

£y

VEHICLE/CASK MOVED INTO UNLOADING AREA

Fig. 2-7 Materijal flow diagraii, washdown and receiving area,
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HYDRAULIC VEHICLE PFOSITIONERS CENTER AND IMMOBILIZE
VEHICLE DIRECTLY UNDER HOT CELL HATCH

POWER SUPPLY CONNECTED TO CASK ROTATION HYDRAULIC DRIVE ASSEMBLY
VEHICLE UPPER AND LOWER HATCHES REMOVED FOR CASK ROTATION

CASK ROTATED TO VERTICAL FOSITION

¥

HOT CELL SHIELD COLLAR LOWERED OVER MOUTH OF CASK.
PNEUMATIC SEALS INFLATED AND RESULTING SEAL PRESSURE TESTED.

PERSONNEL EVACUATED FROM UNLOAD AREA, AND SHIELD COVERS REMOVED
FROM HOT CELL AND FROM CASK USING HOT CELL CRANE

CANISTERS WITHDRAWN SINGLY FROM CASK, SMEARED FOR CONTAMINATION,
AND PLACED IN LAG STORAGE PIT BY HOT CELL CRANE

!

nsmsopusxmsymmmmmmmmmm]
CASK AND HOT CELL SHIELD QOVERS REPLACED

HOT CELL SHIELD QOLLAR RAISFD, CASK ROTATED TO HORIZONTAL AND
PFOWER SUPPLY DISCONNECTED. VEHICLE UPPER AND IOWER HATCHES CLOSED

4

EXIT AIRLOCK DOORS FROM UNLOAD AREA OPENED,
VEHICLE MOVED TO CASK PREPARATION AND SHIPPING AREA

—

SMEAR SAMPLES OF CASK INTERIOR AND CANISTER EXTERIOR ANALYZED
IN LOCAL LABORATURY IN WASTE HANDLING BUILDING

Fig. 2-9 Material flow diagram for unlcading area.
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PLACE LEAKING CANISTER IN OVERPACK ASSEMBLY

i

TRANSFER UNWELDED OVERPACK FROM LAG STORAGE OR
PRIMARY HOT CELL TO PROCESS TANK. CLOSE QOVER

EVACUATE PROCESS TANK AND LASER WELD TVT CQOVER

i

HELIUM LEAK TEST, FLOOD QOMPARTMENT WITH WATER, AND
mmsmmg.mmmmv IN PROCESS TANK

Wy

MWMWMBYSJG’IW»DVM

L

TRANSFER CANISTER/OVERPACK TO LAG STORAGE
OR SECONDARY CELL

1

JOAD CANISTER/OVERPACK INTO TRANSFER CASK
THROUGH HOT CELL EXIT FORT

Fig. 2-11 Material flow diagram, secondary area.
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12 1t (3.66 m) 1.D.

18 In. (381 mm)
| EMERGENCY
AIR YENT DUCT

4 in, (102 mm)
WASTEWATER LINES

VERTICAL GUIDE
TYP. 2 PLACES ~

- SHAFT INSPECTION CAGE

WASTE CAGE

transport hal
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CRANE MOVES TRANSFER CASK TO HOLDING AREA
FOR SMEAR TEST

1

CRANE MOVES CLEAN TRANSFER CASK FROM
HOLDING AREA TO WASTE CAGE AREA

I

WASTE CAGE GATE OPENS

i

CRANE LOADS TRANSFER CASE INTO CAGE

= 1
WASTE CAGE GATE CLOSES

¥

CASK ROTATION TRUNNIONS ENGAGE
A VERTICAL SLOT IN CAGE STRUCTURE

HOIST LOWERS CAGE TO SUBSURFACE LEVEL
(MAX. SPEED = 2.5 M/SEC)

i

HOIST STOPS WHEN CAGE REACHES nnu:snwnaanaum}

.

Cﬂﬁt(ﬂﬂ!(’lﬂs

b

CRANE ROTATES CASK FROM VERTICAL
TO HORIZONTAL POSITION

s R

CRANE MOVES CASK ONIO
PIESEL~ FOWERFD TRANSPORTER

.

TRANSFORTER MOVES CASK TO PLACEMENT HOLE
(MAX. SPEED = 10 MI/HR)

Fig. 2-16 Material flow diagram, hot cell area to placement area.
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SHIELDING DOOR ASSEMBLY ATTACHED TO BOREHOLE
AND DOLLY INSERTED INTO BOREHOLE

.
OPERATOR LOCATES PLACEMENT FOSITION AND ALIGNS
TRANSPORTER (STABILIZED WITH LEVELING JACKS)

|

OPERATOR MANUALLY REMOVES SAFETY SHEAR PIN LOCKS TO ALLOW
ROTATION OF TRANSFER CASK TO PLACEMENT FOSITION

_

AUTOMATIC ALIGNMENT SYSTEM ACTUATED TO PRECISELY
ALIGN CASK WITH BOREHOLE SHIELDING DOOR

T

OPERATOR MANUALLY LOCKS CASK TO THE BOREHOLE SLEEVE
AND PLUGS IN FOWER/CONTROL CABLE

LT ' s

OPERATOR OPENS BOREHOLE SHIELDING DOOR

e S L

HYDRAULIC RAM PUSHES CANISTER/OVERPACK QUT OF CASK
THROUGH BOREHOLE SLEEVE AND ONTO SKID RAILS

DOLLY LIFTS CANISTER/OVERPACK AND CARRIES IT FURTHER
INTO BOREHOLE TO ITS DESIGNATED PLACEMENT LOCATION

DOLLY LOWERS CANISTER/OVERPACK ONTO SUPFORTS AND
RETURNS TO RECEIVING POSITION

BOREHOLE SHIELDING DOOR CLOSES; LOCKS MANUALLY RELEASED;
AND CASK ROTATED TO TRAVEL FOSITION

T el o o’
WHEN BOREHOLE FILLED, DOLLY EXTRACTED WITH ADAPTOR LINK

AND SENT TO NEXT EMPTY BOREHOLE

- - AT R i
STORAGE PLUG PUSHED FROM CASK INTO BOREHOLE SLEEVE;
SHIELD DOOR ASSEMBLY REMOVED; AND RETAINER KING INSTALLED

v

TRANSPORTER RETURNED TO WASTE CAGE WITH EMPTY CASK
LOAD CASK IN CAGE; LIFT TO SURFACE, TRANSFER AND SEAL TO
QUTLET FORT OF HOT CELL

Fig. 2-17 Material flow diagram for the placement area.
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REMOVE BULKHEAD ASSEMBLY
REMINING REQUIRED? > REMINE ROOM AREA TO ALLOW TRANSFORTER
1 YES NZ’CE‘SS»DCASKALIGWI"IQWE

m _______ . B
— ists

[ REESTABLISH VENTILATION

i
[LOCATE BOREHOLE OF INTEREST|
T
REMOVE RETAINER RING,
ASCERTAIN CONDITION OF BOREHOLE

BACKFILL: D? YES—»

ALIGN OVERCORE MACHINE, REAM BOREHOLE
NO TO EYD OF CANISTER, EXTRACT MINED
MATERIAL, REMOVE OVERCORE NACHINE
YES —a)

NO —€

l

{ ALIGN TRANSPORTER, INSTALL SHIELD COLLAR ON BOREHOLE |
N3

INSERT GRAPPLE, ENGAGE CANISTER ELECTROMAGNETICALLY, MOVE

CANISTER INTO TRANSFER CASK. C(HECK RADIATION LEVELS.

¥
CLOSE CASK AND BOREHOLE SHIELD COVERS, ROTATE TRANSFER
CASK TO TRAVEL FOSITION, AND PLACE SAFETY SHEAR PINS.
|
¥
| MOVE TRANSFORTER TO WASTE CAGE HEAD AREA B
L
REMOVE SHEAR PINS, ROTATE CASK, ATTACH CRANE,
MOVE CASK TO WASTE CAGE, DISENGAGE CRANE

>
| TRANSFER CASK TO SURFACE mln.m |

ATTACH CRANE, MOVE TRANSFER CASK FROM WASTE CAGE TO HOT
SEAL

CELL PORT, DISENGAGE CRANE, ENGAGE HOT CELL FORT

| OPEN CASK, REMOVE CANISTER, CLOSE CASK |
i

. &
{ REPEAT FOR EACH CANISTER IN BOREHOLE OF INTEREST

Fig. 2-21 Canister retrieval operations.






Collisions involving both objects in motion are given a "medium" frequency
while collisions with stationary objects are more fregquent and, thus, assigned
a "hich" frequency.

Both accident types possess the capacity for energetic impact/crush of the
cask due to the mass and momentum inherent in switchyard locomotives and diesel
truck tractors and are, therefore, assigned a medium radiclogical consequence
severity. Personnel injury potential is definitely high for these activities,
Repository availability remains unaffected as the arrival area will contain
sufficient backlog to insure processing for several days prior to requiring
further shipments. Long-term repository viability is unaffected.

Shipping cask separation from the transport vehicle is considered a low
probability event due to the gualification criteria and reinspection require-
ments a cask vehicle is subjected to following every shipment, Similarly,
radiological consequences are considered low for shipping cask falls from the
height of a rail car or a truck bed because all shipping casks must be designed
to withstand a drop from 9.2 meters (30 ft) onto an unyielding surface landing
in an orientation that does the most damage (10CFR71.36). Further stringent
criteria are specified for resistance to puncture (1 m drop onto a 15,2 am
plunger). A cask falling off a rail/truck vehicle at rest is therefore
extremely unlikely to be subject to a breach. Risk of personnel injury/death
remains high, however.

Derailment of a rail car is a medium probability event for switchyard
activities, Radiclogical consequences are considered minimal for derailments
unless collision also occurs, Rail car collision events are addressed above,
Occupational injury due to derailment does occur and is considered here,
Effect on repository processing (both near- and long-term) is insignificant due
to the backlog of other rail car/casks available to ensure continued

throughput,

The possibility of a breached canister/shipping cask passing through the
portal monitor undetected is considered to be low with present day redundant
monitoring systems; however, if this does occur, subsequent local radiological
release is considered highly probavle and of medium probability at the site
boundary. The potential for affecting repository availability is high,
particularly if the transport car is opened in the receiving area, forcing
evacuation and temporary facility shutdown,

Aircraft crash on to the arrival area is deemed a low probability event as
it is assumed air space restrictions would be enforced for the airspace above
the repository boundaries, However, the consequences of a crash would be high,
particularly for energetic cask crush/impact breach and personnel injury. No
long-term effects are anticipated and overall repository availability should be
minimally affected.

Natural events such as earthquake and wind storme would hamper processing
activities and pose a hazard to personnel but do not possess sufficient
potential for shipping cask breach, Meteorite impact on the arrival area is an
exceedingly low-probability event with severe radiological and personnel injury



consequences, Repository availability would also be affected but no long-term
degradation of function is considered credible.

Fire and explosion are always potential hazards when motor fuels and/or
nining explosives are present. Fire presents a more significant threat to a
shipping cask than explosion. Boiling of coolant can produce unacceptably high
pressures leading to rupture. Effects of explosions are reduced by cask design
for impact resistance. Other natural events are of such a low-occurrence
probability at the Hanford site that they are not considered justifiable
hazards.

2.2.2 Washdown and Receiving Area

The function of the washdown and receiving area is addressed in Section
2.1.3 and the material flow diagram is given in Fig. 2-7. Transportation
accidents involving vehicle movement are again potential contributors; however,
movement in this area is restricted to (1) unidirectional flow of vehicles into
the repository at one end and out the other end, and (2) low speed, restricted
momentum by using the special track-mobiles rather than locomotives for rail
car movement. Accidents in which both vehicles are in motion are therefore not
reasonable for this area. Collision mamentum is restricted to low-speed impact
with stationary objects. Potential for personnel injury remains high as in any
switching operation, but radiological consequences are at most of medium rank-
ing (see Table 2-4). It should be noted that impact on repository availability
is an important consideration. Collision with the receiving area airlock doors
will reduce or stop processing until repairs are made.

Rail car derailment is again a medium-probability event with low radioclo~
gical conseguence potential. Occupational injury is a possibility for derail-
ment, particularly in the restricted space surrounding the washdown and receiv-
ing area. Repository availability may also be affected because the receiving
area represents the first single channel of repository material flow. The
arrival area contains multiple flowpaths for material movement if a car should
derail or other accident occur. However, in the receiving area a derailment
would block one of the two available paths for unloading., This can affect
repository throughput., Long-term effects are considered insignificant,

Equipment malfunctions in the washdown area should not create radiological
hazards. The vehicle is neither opened nor the cask disturbed. Some potential
exists for personnel hazards and equipment failure could certainly influence
repository availabjility.

Shipping cask separation from the transport vehicle is again considered a
low-probability event, with similar low radiological consequence severity (see
Section 2.2.1). Personnel injury hazard and impact on repository availability
for this event have somewhat higher probability consequences.,

Failure of the receiving area airlock can have a range of consequences
depending on what point in the waste processing failure occurred, Failure
prior to initial sealing and vehicle opening would impact availability but
present no significant radiological health hazards. Seal failure given air-
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Once the vehicle is in the unloading area, the airlock doors are required
to be closed and sealed. Failure to close or maintain the seal could cause a
radinlogical release to the receiving area only if airborne activity were
already present. Seal failure is not an initiating event for radiclogical
release. It is a concern for repository availability and possibly personnel
injury if someone were caught in the closing doors. A jammed airlock would
preclude any further waste processing until repairs were made.

Cask separation from the transport vehicle is a low-probability event due
to vehicle qualification and inspection requirements; subsequent radiological
consequences are considered low given cask strength and limited drop height,

The transport vehicle is automatically positioned under the hot cell
access port, leveled, and clamped in place. These operations all use hydraulic
gystems, Hydraulic malfunction or operator error could tip the vehicle over;
however, radiclogical exposure is unlikely as the cask shield cover is still in
place during these operations. Personnel injury and reduction in repository
availability are more serious concerns.

The next step requires entering the transport vehicle and rotating the
cask to the upright position. The possibility of & leaking canister/cask
escaping detection was already treated in the arrival area initiating events,
The major concerns here are the potential for personnel injury and reduction in
process aveilability if the cask is not rotated to the vertical position
successfully.

The cask is connected to the hot cell by lowering a shield collar from the
hot cell floor (unloading area roof) onto the mouth of the shipping cask and
inflating a pneumatic seal. If either the collar moves, the seal faile, or the
transport vehicle moves, the airtight integrity of the connection will be lost
and airborne activity mcy escape to the unloading ares, This assumes the hot
cell and canister shield covers have been removed and canister removal is in
progress. Prior to shield cover removal, the unload area personnel would
normally be evacuated to minimize exposure if this incident occurred. Failure
to evacuate personnel is an intermediate event associated with seal failure.

If the hot cell crane i unable to remove the hot cell and cask shielding

covers, processing time is lost but no radiological hazards or personnel risks
are cCreated,

Hot cell crane operations required for canister removal from the shipping
Cask, smear testing, and placement in either the lag storage pit or the second-
ary area are lumped together in two initiating events, During all these opera-
tions, the hot cell status remains the same (cask connected at unload station,
all other ports closed) and only one canister is in motion, implying that the
same accident scenarios are required to gencrate the consequences of interest,
Both mechanical crane failure and crane operator error are contritutors and are
thus treated separately. Radiological consequences are ranked medium severity,
along with imgpact on repository availability. Personnel injury remains low as
all operations are remotely controlled,
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The process tank cover must be closed following canister/overpack
insertion to evacuate the tank prior to laser welding of the overpack cap.
Cover seal failure would result in either holdup of the process or a severely
oxidized weld incapable of meeting pressure or ultrasonic testing requirements,
In either event, availability is reduced, but no additional radioclogical
hazards specific to seal failure are created.

If the laser welding equipment breaks or operator error occurs, the
welding process could breach the canister, releasing radiocactive gases and
volatilizing fuel particles by heat addition. Releases would be contained in
the hot cell and air filtration system unless additional failures occurred.

Following welding, the canister overpack assembly is tested to ensure a
leak-proof seal has been made. Both helium sensing and ultrasonic weld
examination are used, Helium sensing is performed by induction heating the
pintle on the overpack, releasing helium inside the overpack from one of three
Cirtridges provided. Ultrasonic testing is conducted by filling the tank with
witer and examining the weld area. Either process can affect availability and
prssibly long-term repository viability if a bad weld remains undetected,

Any release of gases, fuel fragments, or fission products to the hot cell
mvironment creates the potential for occupational and public radiological
exposure, and definitely decreases facility availability, Occurrences proba-
gility and consequence severity rankings are given for these events in Table

External events capable of disrupting secondary area operations, given the
Constraints of the Hanford site, are similar to other process areas. Earth-
Quake, windstorm, and lightning comprise the list of natural occurrences
feasible for the Hanford site with sufficient energy potential to cause
significant damage. Human-induced events external to the waste handling
process considered credible are fires, explosions, and aircraft crashes.
Probability rankings for the occurrences of these events and their consequences
are also given in Table 2-6,

2.2.5 Hot Cell Discharge to Placement

Insertion of the canisters or canister/overpack assemblies into the
transfer cask and transport to underground placement locations are the primary
process steps considered in this section, A detailed description of these

processing steps is given in Sections 2.1.6 and 2.1.7. A material flow diagram
ie provided in Fig. 2-16.

loading of a canister overpack assenmbly into a transfer cask involves
positioning the transfer cask under the hot cell outlet port and obtaining a
seal (using the transfer cask crane), lifting a canister/overpack from either
lag storage or a process tank and transfer to the outlet port (using the hot
cell crane), and insertion of the assembly into the transfer cask., Transport




of canister/overpacke inside the hot cell was addressed in the previous
section. Initiating events are included in Table 2-7 for canister insertion
and transfer cask alignment failures.

As the transfer cask crane lowers the transfer cask from the hot cell
port, an automatic cask shield door (spring-loaded) closes to seal the cask.
Failure of this door mechanism will provide the environment surrounding the
canister with a flowpath to the holding area airspace. The canister has been
decontaminated in the hot cell area but may still possess residual activity or
contamination from the lag storace pit. Failure of the door was considered to
be of medium probebility. Radiclogical consequence severity was estimated to
be high an¢ medium for local and site boundary exposures, respectively.

Transfer cask drops and collisions with holding area equipment are of
minimal radiclogical release potential due to cask structural strength,
Transfer cacks are designed to withstand a drop test equivalent to a 7.3 m
(24 ft) height on to an unyielding surface without loss of shielding protec-
tion, All heights in the holding area required for transfer cask movement are
less than 7.3 m., Any cask breach is therefore considered unlikely.

The potential for undetected canister degradation by drop or collision is
significant, however. While no immediate effects (other than unplanned reduc-
tion of repository availability) are observed by operations personnel from
these incidents, fossible denting, creasing, or distorting of the enclosed
canister and likely shatter of some enclosed fuel rods can exert a long-term
influence on repository viability.

Accidents involving waste cage operation include loading, cage travel, and
unloading, Loading operations in the holding area as mentioned previously,
never elevate the transfer cask to a height near the cask design limit of
7.3 m. From Fig., 2-13 the maximum height for transfer and loading is on the
order of 5.2 m (17 ft) so cask breach from impact is not physically plausible.
Puncture may be a potential mechanism, depending on crane path and area sur-
rounding the waste cage. Drop/collision accidents are of medium occurrence
frequ:ncy with low radiological and medium availability/occupational injury
severities,

Cask separation from waste cage during lowering or cage hoist assembly
failure could result in forces sufficient to breach the cask, If cask separa-
tion occurs, the cask will not fall directly down the shaft (due to Coriocllis
forces) bt will repeatedly impact the concrete shaft walls for the duration of
the fall. The function of a shock/impact absorber at the shaft bottom would
probably be purely academic in this event as the cask may already be breached.

Failure of the cage hoist assembly and associated cage brake equipment
will result in the waste cage/cask dropping to the shaft bottom and impact with
the deformable shock absorber. Probability of cask puncture is high and impact
breaching is also possible,

Either of these events combine a pathway (cask breach) with an energetic
mechanism (impact) for the ejection of cask contents, particularly volatiles







Shield assembly and dolly installation have no crecible offsite radiolo-
gical release consequences but do present occupational injury hazards and could
degrade repository availability if a borehole was blocked. Some occupational
exposure could alsc be accumulated if the dolly/shield assembly becomes
contaminated/activated.

Rotation of the cask and alignment with the borehcle provide several
possible initiating events. If the operator incorrectly locates the trans-
porter or fails to lock the leveling jacks properly, the seal with the borehole
could be lost during canister ejection, creating a local radiological exposure
hazard from canister radiation fields but no released activity.

Inadvertent actuation of either the cask rotation or automatic alignment
systems could puncture the canister during ejection, releasing radiocactivity
locally and possibly external to the repository. This accident will reduce
repository availability.

Operator error during manual locking of the cask to the shield assembly or
attachment of the power/control cable could lead to cask/borehole seal failure
(local exposure) bit not canister perforation. Radiological consequences and
operational inijury severities are low. Repository availability will be
seriouely affected due to unplanned downtime.

Borehole shielding door failures could cause local extended exposure to
canister radiation fields but no release. Replacement/repair of the shield
door would require more unplanned downtime (loss of availability).

Hydraulic ram ejection of the canister from the transfer cask has the
potential for a canister breach and subsequent radicactivity release if control
of ejection speed is lost. Impact between two canisters and subsequent higher
release is also conceivable. The potential for loss of repository availability
ie also present, but & greater concern is the potential for canister degrada-
tion (due to impact) without immediate breach. The borehole filling operation
might continue; the emplaced degraded canisters represent a potential for loss
of long-term repository viability.

Another accident with identical physical consequences is loss of control
of the dolly during canister insertion. Collision between canisters in the
borehole ies possible, with the above referenced consequences,

When a borehole is completely filled, the dolly and shield door assembly
must be moved to a new borehole and a storage plug/retainer ring set installed
on the full one. These activities present local radiological and occupational
hazards, with an accompanying loss of repository availability.

Following completion of canister insertion, the cask/transporter must be
prepared for travel, moved to the underground waste cage loading area, the cask
loaded on the waste cage, returned to the surface, and moved to the hot cell
transfer port to accept the next canister. The transporter may require refuel-
ing prior to transporting more canisters, All these activities pose no radiol-




ogical hazard but can create occupational injury hazards and potential loss of
repository availability. Table 2-8 lists all initiating events for the place-
ment area, along with their associated ranked occurrence and consequence
severities,

This table also includes external events which could disrupt the placement
operation, Natural events considered plausible are earthquakes, rock deforma-
tions, flooding, and subsidence/uplifting. Human-induced events external to
waste procesging activities include loss of sump pumps, fire, and explosions,
Most of these events have the potential for compromising the long-term function
of the repository due to undetected degradation of the emplaced canisters or
inability to assure long-term retrievability (i.e., flooding).

2.2.7 paste Retrieval

The option to retrieve waste may take place under three possible
conditions: (1) immediate retrieval of waste following emplacement, with bore-
holes not yet backfilled; (2) retrieval without backfill material but borehole
collapsed as a result of a mine cave-in; (3) retrieval after 20 to 30 years,
boreholes backfilled, and room sealed with a bulkheaded panel. Detailed
description of all processing steps required for retrieval of emplaced waste
are discussed in Section 2.1.8.2. The related material flow diagram is given
in Fig. 2-21. The potential initiating events identified for the retrieval
operations are listed in Table 2-9.

Waste retrieval under normal conditiong (borehole intact, no backfill)
should reguire the same equipment used for cask transfer and emplacement,
Personnel exposure hazards from retrieved waste will be influenced primarily by
age of the waste, activity of surrounding borehcle material, and whether or not
the canister ie intact.

Initiating events for portions of the retrieval process are the same as
for emplacement due to use of the same equipment, Listing of these events in
the retrieval section is repeated to allow treatment of the retrieval option
separate from the rest of the analysis., Initiating event frequencies will be
significantly different if immediate retrieval (within one to three rs) is
attempted. Since retrieval ie an option and not a required step in the
material flow process, separate quantification of retrieval risk is required,

Common events include shield door assembly not properly installed,
operator error in transporter perking and jack leveling/locking, inadvertent
actuation of cask rotation mechanism during canister retrieval, borehole
shielding door malfunction, dolly/shield door assembly removal failure, and
storage plug/retainer ring installation failure. Ranked occurrence frequencies
and estimated consequence severities for these events are the same ag given in
T‘ble 2’8 .m ﬁ‘crlbd 1" Mim 2.20‘0

These events address most of the handling operations needed for retrieval,
There are, however, a few handling activities unique to the retrieval procese
(see Fig. 2-21). The grappling operation required to electromagnetically grip
the steel canister with enough force for withdrawal is not a part of canister
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The unique activity required for delayed retrieval is removal of backfill
material or collapsed borehole material using an overcoring machine, This
machine must cut an annulus around the canister and remove the mined material
Lo the end of the borehole (61 m) without striking the canister with the cut-
ting head (see Section 2.1.8.2). Given the complexity of this task, breakdown
of the overcore machine is an olwious possibility. In addition to lose of
availability, some additional occupational exposure may result from extended
operation/machine repair in the vicinity of activated mined material. Break-
down of the mined material removal machine is considered as part of the
overcoring machine failure.

Contact between the rotating overcore cutting head and an emplaced
canister would probably puncture the canister, releasing radicactive gases and
possibly volatiles to the local subterranean environment, Contact due to
rachine error and contact due to operator error are treated separately because
of the difference in expected frequency of occurrence. Due to the difficulty
of this operation, machine error is given a medium frequency and operator error
ig given a high frequency.

These additional events are included in Table 2-9 under a separate heading
of "delayed retrieval" to separate overcoring operations from normal retrieval,

External events capable of influencing retrieval are the same as those
listed for hot cell discharge to placement (Table 2-7) and placement (Table
2=8). The justification for their selection is given in the later portions of
Sections 2.2.5 and 2,2.6., These events are included in the retrieval events
Table 2-9 to keep retrieval as a complete, separate option distinct from normal
emplacement operations,

2.2.8  Service and Support Systens

The initiating events identified in previous sections occur either
directly from nuclear waste processing activities or as a result of external
events that disrupt those activities, The service systems of a repository
facility represent another more subtle source of accident initiators, Service
gystem failures also disrupt waste processing activities (similar to external
events) but not only by catastrophic equipment damage. Instead, the equi
merely stops functioning, FPor service systems such as electrical power, it is
commonplace to have one or more redundant backup systems to avoid loss of func-
tion, On the other hand, radwaste collection and treatment systems are usually
single systems, Their fallure can cause accumulation of waste processing by-
products if operation is continued, eventually forcing shutdown for repair and
Creating occupational and offsite radiological exposure hazards, The initiat-

; oovmtl identified for the service and support systems are shown in Table

Service mystems are those that serve more than a single building or
facility, and those that occupy more than ore facility or area, These include:
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standby power supply, and uninterrupted power supply. Mechanical and electri-
cal failures of power supply components and external events such as fire could
tricger loss of power supply to the repository which may lead to adverse
radiological and nonradiological consequences if the mitigative system measures
do not function.

The subsurface ventilation is designed to provide life support air and
adequate cooling for subsurface personnel and equipment. Two independent
ventilation systems are provided in the NWRB design: one to serve mine devel-
opment, and the other to serve areas dedicated to nuclear waste handling and
placement (confinement).

All underground repository operations would be affected by a loss of mine
ventilation as activities would halt and the underground area would be evalu-
ated. Working temperature and airborne activity constraints would require the
removal of all personnel. The anticipated temperature rise is not sufficient
to affect either the casks or the emplaced canisters., The only radiclogical
consequences that could be expected would be lower level occupational hazards.

The same initiating event can take place in the mine development area but
should lead mainly to occupational injury and reduction in repository
availability.

In addition to the service directly related to the repository's primary
function of accepting and storing radiocactive wastes, initiating events occur-
ring as a result of ongoing mine development during the active emplacement
period should also be considered, These events primarily impact repository
personnel safety and, to some extent, repository availability. Those initiat-
ing events that have been identified include failures of the rubber-tired
haulage system and mine conveyor system, and excavation activities; in partic-

ular, the use of line explosives, which pose serious threats to mine personnel
safety.
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CONSEQURNCE
PREQUENCY _——
LEVEY ** YR SEVERITY®*
L] 1 L
2 R
4 L]
L] 1 n
2 L]
4 »
L 1 .
2 "
4 L]
L 4 L]
1 L]
i Ld
4 L]
L 4 L
5 "
L 1 L
2 L]
- L
L 1 L
2 L
4 L}
L 1 "
H H
3 L)
. L}
°8 1 L}
2 H
3 B
‘ L}
L 1 L
i L
3 »
4 L]
L 1 L
2 L
3 L
4 "
L i L
2 L
3 "
4 L]
L 1 H
2 H
3 L]
4 L]

ological exposure; 7 = cooupmtional (ediological exposure;
:‘&m norradiclogical conmepence; 4 + lmpacty repository availability: 5 « long-term effects




TNALE 2-7
FOTENTIN. INITIATING EVENTS, 10T (ELL DISCHARCE 0 PLACEMENT

CONSEQUENCE
FREQUENCY
INITIATING EVENT LEVEL** ™R SEVERITY®*
61, Canister, overpack dropped, dlstorted, of jammed R I
during transfer cask insertion 2 L]
4 L]
€2. Transter cask crane fails to maintain cask seal L 1 -
during canister insertion : :
€3, Transfer cask shield door falls to autamatically L 1 L
close, remain closed during transport 2 H
4 n
€4, Transfer cask dropped to holding area floor ” 21 L
L
4 L]
1 L]
65, Tranafer cask/crane hits waste cage during transfer L] 1 L
2 L
K ~
5 L]
66. Tran{er caok falls off waste cage during waste L 1 L}
cage tisvel 2 H
3 H
4 H
67, wWaste cage hoist assembily failure L 1 »
2 H
3 H
4 ]
68, OUnderground transfer crane drops cask ] 1 L]
2 L]
3 B
4 L]
69. Transporter moves during cask loading operation L] 1 L
2 ~
3 L]
4 ]
70. loss of mine ventilation during operations L] 2 L
3 L
B ~
71. Transporter collision with stationary object (no fire) ~ 3 L
4 L
72. Transporter collision with stationary object (fire L 1 L
fram fuel tank rupture and/or flammable meterjial) 2 L
3 n
4 "
73, Transporter breakdown during cask rewement L] 2 "
3 L]
4 L

*ypes: 1 = public radiclogical exposure; 2 = occupetionsl radiological exposure;
3 = occupaticnal nonradiclogical consequence; 4 = impacts repository availability: 5 = lomg-term effects
**H ~ high; M - mediam; L ~ low; LL -~ very low




TABLE 2-7
FOTENTIAL INITIATING EVENTS, HOT CELL DISCHARGE TU PLACEMENT

(cont inued)

.
PREQUENCY W
INTTIATING EVENT LEVEL** FE* SEVERITY®
EXTERNAL EVENTS
74, Earthquake damages holding area, shaft, or L 1 L]
transporter load area § H
L
4 -
75, WwWindstorm dameges holding area, hoist surface equipment |# 9 ; L
L
3 L]
4 -
76, Lightning strikes holding area, shaft head frame L 1 L
2 L
3 L]
B L]
77. Rock Geformation in transporter load area (cave-in) L 1 L]
2 ~
3 H
4 H
78. Uplifting/subsidence in transporter load area L ; »
»
3 H
4 H
79, Uncontrolled subterranean flooding L 1 L
2 L
3 L
K L
5 H
80. Fire in holding ares, shaft head frame, shaft, L 1 L
or transporter loed area 2 L
3 H
4 L]
81. Explosion in holding area, shaft head frame, shaft, L 1 ~
or transporter load ares 2 H
3 H
4 H
82, Aircraft carsh inmto holding area or mine shaft L 1 H
head frame 2 H
3 H
4 .}
*ypee: 1 = public radiological exposure; 2 = accupational radiological exposure;
1 = ocoupetional nonradiological consequence; 4 = impacts repository availability; 5 = long-term effects
**H - high; M - medium; L~ low; LL - very low




TABLE 2-8
FOTENTIAL INITIATING EVENTS, PLACEMENT AREA

OOCQURRENCE (INSEQUENCE

FREQUENCY N R R a——

INTTIATING EVENT LEVEL** TYPE SEVERITY**
83, Shield door assembly/transport dolly installation L 2 L
failuree 3 4
4 L
84. Operator incorrectly locates transporter/locks L] 2 L
leveling jacks; cask to bogehole seal lost : :
85, Cask rotation/autametic aligment systems L 1 L]
inadvertently actuated during canister ejection 3 :
5 L]
86. Operator incorrectly locks cask to borehole sleeve » 2 L
or incorrectly attached power, control cable 1 L
4 ~
87. Borehole shielding door jammed closed /open - 2 L]
3 L]
4 L
88, Hydraulic ram ejects canister too rapidly L 1 L
2 ~
3 L
4 ]
s H
89. Dolly control failure during canister placement ~ 1 k
2 L
4 L]
5 H
S0, Dolly/shield door assembly removal failure L 2 L]
3 L
4 L]
81. Storage plus/retainer ring installation fallure L 2 L
3 L
4 -
92. Transporter accident during return (empty) trip L] 3 L]
4 Ld
93. Transfer crane drope/stalls during empty task movement L 3 L]
4 L]
54. Waste cage hoist assembly failure/cask drop during L 3 L}
return to surface 4 M
95. Surface transfer crane drope/stalls during empty L 3 L
cask movement to hot cell transfer port 4 "
96. Diesel fuel drums for transporter dropped from L 3 B
material hoist " L

*Types: 1 = public radiological exposure; 2 = occcupational radiological exposure;

3 = ocoupational nonradiological consequence; 4 = impacts repository availability; S = lono-term effects
"a-h.lgnll-latu\ml.-kmu.-wryla
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TABLE 2-8
FOTENTIAL INITIATING EVENTS, PLACEMENT AREA

(cont L nued)
OOQURRENCE CONSEXENCE
FREQUENCY
INTTIATING EVENT LEVEL** TYPE* SEVERITY**

97. Earthquake damages placement area L ; :
3 H

4 L

5 3

98. FRock deformation in placement area (cave-in) L ; :
3 H

4 L]

S H

99, Oplifting/susidence in placement area L % :
k] H

N i

5 H

100. Flooding of mine area L 1 L
2 L

3 H

4 H

S H

101, loes of sump pepe in mine area L 1 L
2 L

3 L]

4 i

S H

102, PFire in placement area L 1 -
2 L

3 H

- L

103, Explosion in placement area L 1 ~
2 H

3 H

4 L]

5 "

*Types: 1 = pblic radiclogical exposure; 2 = accupetional radiological exposure;

3 = occupstional nonradiclogical mn-qunen 4 = lmpacts repository availability; 5 = long-term effects

**H -~ high; M - medium; L - low; LL - very low



TABLE 2-9
FOTENTIN. INITIATING EVENTS, RETRIEVAL

OOQURRENCE CONSEQUENCE
FREQUENCY
INITIATING EVENT LEVEL** VPE® SEVERITY®*

104, Transfer cask fails to go into retrieval position L 4 L

105, Shield doot assembly not properly installed L § :

4 L

106, Operator incorrectly locates transporter,/locks L} 2 L]

leveling jacks; cask to borehole seal lost : :

107, Cask rotation/avtamatic aligrment systems L 1 L]

inadvrtently actuated during canister retrieval 2 L]

4 L]

108. Operator imcorrectly locks cask to borehole sleeve L] 2 L

or incorrectly attaches power,contiol cable 3 L

4 -

105. Borehole shielding door jarwed closed,open L] 2 L

3 L]

4 Ld

110. Delly,'shield door sssembly remowal fallure L 1 L

2 Ld

3 L

- L

111. Storage plug/retainer ring installation failure L 1 L

2 »

3 L

4 »

113, Loss of grapple extension control/operator error L 1 -

2 L

B L

113, Loss of electromagnetic couple between grapple L} 2 »

and canister 4 L

114. Decris collection system fajlure L] 3 "

4 L]

115, Transporter accident enroute to borehole area L 3 L}

(empty cask) 4 L

116, Transporter with transfer cask/retrieved canister L 1 ”

collides with stationary object (no fire) 2 L

3 L}

4 L

117. Transporter collision with stationary object (fire L i L]

from fuel tank rupture and/or flammable material) 2 L]

3 L}

’ 4 L]

| 118, Transporter breakdown during cask movement " 2 "

3 L4

{ K L
|

*Types: 1 = public radiclogical exposure; 2 = occupational radiological

exposure;
3 = cccupational nonradiclogical consequence; 4 = ingacts repository availability; 5 = long-term effects
**H - high; M - medium; L - low; LL - very low




TABLE 2-9
FOTENTIAL. INITIATING EVENTS, RETRIEVAL
{cont inued)

FREQUENCY
INITIATING EVENT LEVEL**
119, Transporter moves during cask uniocading operation L 1 L]
2 -
3 L]
4 -
120, Underground transfer crane drope cask ~ 1 L]
2 L]
3 H
4 L]
121. wWaste cege hoist assembly failure L ; :
3 H
4 H
122. Transfer cask falls off waste cage during the cage travel L 1 ]
2 H
3 H
4 H
123, TMansfer cask, /crane hits waste cage during surface transfer L] 1 L
2 L
4 L
124, Tranefer cask dropped to holding area floor L 1 L
2 L
E ]
125, Transfer cask shield door fails to close or L] 1 L
sutometically remains closed during transport 2 H
- L]
126, Transfer cask crane fails to maintain cask seal L 1 L]
during canister removal 2 H
k) L]
127. Canister/overpack dropped, dxnon.d, or jameed L 1 ™
during tranfer cask removal 2 L]
Rl L]
DELAYED RETRIEVAL
128, Overcore machine failure (including mined L 2 L
material removal) 3 "
4 H
129. Canister struck by overcome machine - comtrol L] 1 L]
system error 2 H
B L ‘
130. Canister etruck by overcome mechine - H 1 L] ‘
operator ercor 2 " |
4 L]

*Types: 1 = pblic radiclogical exposure; 2 = occupetional udxoloqlml upomt
3 = occupational nonradiological consequence; 4 = impacts repository aveilability; 5 = long-term effects
**H - high; M - medium; L ~ low; LL - very low

N
I

62



TABLE 2-9
FOTENTIAL INITIATING EVENTS, RETRIEVAL

(cont inued)
OOQURRENCE CONSEQUENCE
FREQUENCY
INITIATING EVENT LEVEL®* ™wee* SEVERITY?®®
EXTERNAL EVENTS

111, EBarthquake damages placement area, transporter L 1 -
icad area, shaft, or surface holding area 2 H
3 H
‘4 H
S H
132. Rock deformation in placement area (cave-in) or L 1 L]
transporter load area 2 L]
3 H
4 H
$ H
133, Uplifting/subsidence in placement area L 1 L]
2 H
3 L}
4 H
] H
134, Flooding of mine area L 1 L
2 L
3 H
4 H
5 H
135, wWindstorm dameqes holding area, hoist surface equipment L 1 L
2 L
3 L
4 L]
136. Lightning etrikes holding area, shaft head frame L 1 t

2
3 L]
4 »
137. Alrcraft crash into holding area or mine shaft head frame L l2 B
H
3 H
4 H
138, lLoss of sump pumpe in mine area L 1 L
2 L
3 L]
B H
S H
139, Pire in holding area, shaft head tramr, shaft. L 1 L
transporter load area, or placemen: area g L
H
4 -
140. Explosion in holding area, shaft head frame, L 1 -
shaft, or transporter load area : H
"
4 H

*ypes: 1 = pblic radiological exposure; 2 = occupational radiological exposure;
itory availability; 5 = long-term effects

3 = occupational nonradiological consequence; 4 = impacts repos

**8 - high; M - medium; L - low; LL - very low



FOTENTIAL INITIATING EVENTS, SERVICE AND SUPFORT SYSTEMS

TABLE 2-10

OOCURRENCE CONSEQUENCE
INITIATING EVENT LEVEL®** TYPE* SEVERITY®*
141, Loss of confirement ventilation during operations L] 2 L
3 ~
4 L]
142. Gasecus radvaste system fallure L 1 L
2 ~
3 L
4 L
143, Ligud radwaste system failure L 1 L
2 -
3 L
4 L
144, Bul* materials being hoisted to the surface L k) H
falls off cage 4 L
145. Dust and debris collection system (form mine L 3 B
development activities) failure 4 ]
146. Operator falls down the service shaft L 3 ]
B ]
147. Loss of offsite electric power L] 1 L
2 ]
3 L
4 "
148, Swbetation transformer failures L] 1 L
2 L
3 L]
4 L}
149. Electrical equipment causes operator injury L] 3 L]
150. Loss of ventilation in the mine development area L 3 R
151. Rubber-tired m System hite power lines, L] 3 L]
water lines, etc. B L]
152. Mine conveyor system falls L] 3 L]
15), Excavation activities cause operator injury L] k] ~
*Types: 1 = public radiclogical exposure; 2 = ocoupational radiological exposure;
3 = cocupational norcadiological conavjuence; 4 = lapacts repository availability; 5 = long-term effects
**H - high; M - sedium; L - low) LL - very low



2.3. ACCIDENT SCENARIO DEVELOPMENT

Initiating events identified in Section 2.2 (Tables 2-3 through 2-10) with
a rating higher than L (low) in either event freguency or consequence severity
are developed into a group of event tree models. An event tree consists of an
initiating event coupled to all systems/operator actions (intermediate events)
capable of influencing the end result (consequence). An accident scenario is a
subset of a particular event tree, consisting of the initiating event and a
unigue path of assumed intermediate event successes and/or failures leading
either to a consequence of interest or accident mitigation.

Development of event trees for all initiating events given in Section 2.2
is a significant task; however, many models are already available from previous
studies of repository concepts and retrieval feasibility. These models are
compatible with the event tree format and used with only minor modification for
the basalt repository concept. Requirements for new logic model development
are reduced significantly using this existing information.

A further reduction in the number of trees is possible if similar initiat-
ing events with similar projected consequences are grouped into a single
initiating event for development into a single event tree. For example, rail/
truck collisions with moving objects, collision with stationary objects, and
derailments are listed as separate potential initiating events for the arrival
area. All are transportation-related accidents with the potential for punc-
ture, crush, or burst of the shipping cask. These similarities allow consider-
ation of a composite initiating event, noting that the frequency data used for
this initiating event should be the sum of the contributors. In this manner,
the number of separate logic models required is reduced further.

Finally, independent event trees are not constructed for external events
or events with only personnel injury consequences. External events can only
act through existing plant system failures to cause the consequences of
interest, Existing event trees representing these failure paths are examined
for vulrerability to each external event of interest. Selected trees are used
to construct additional accident sequences, using the external event frequency
as the initiating event frequency and adjusting the failure probabilities of
all intermediate events as necessary to reflect vulnerability to the external
event,

Occupational injury to personnel does not require logic modeling as
available statistics provide worker injury and fatality for activities similar
to these required for repository operations., Data from rail handling, ware-
housing, and mining operations encompass most of the occupational health
hazards expected during preclosure activities, Risk due to occupational injury
can be quantified directly fram the date.

The fcllowing sections describe the development of event trees for each
major repository area. Petrieval is developed separately (acknowledging some
overlap in the sequences) to enable future consideration of this step as an
option rather than an integral part of the waste disposal process.



2.3.1 Arrival Area

Initiating events identified for the arrival area are given in Table 2-3,
All tganspottation-related accidents are grouped into a single event tree (Fig.
2-22)
due to similar expected consequences, Derailment and collision with both fixed
and moving objects are capable of breaching the cask by explosion, fire, or
puncture mechanisams.

The other event tree developed for arrival area activities is the failure
of the radiation monitoring system to detect a breached canister/shipping cask
assembly (Fig. 2-23). Although most of the potential consequences of this
event occur in other areas of the facility where the vehicle and cask are
opened, the initiating event occurs in the arrival area. Consequently, the
potential for a breached assembly reaching more sensitive areas is addressed
here.

External events capable of causing a switchyard derailment or collision
include earthquake, windstorm, aircraft crash, fire, and explosion. Aircraft
crash will be developed only once as a separate event tree using the entire
surface portion of the facility as the target area. The frequency of the event
is expected to be low but the potential for radioisotope release is high,
regardless of specific area or mitigative system. The event tree is given in

Fig. 2-24. This approach groups the same initiating event in different areas
into the same event tree. The arrival area collision/derailment event tree is

the pertinent event tree for use in developing aircraft impact. No credit is
taken for containment structures (other than the cask) or mitigative systems.
Energetic high mamentum impact is inherent, to the extent that contairment or
mitigation is not considered credible,

Earthquake (see Fig. 2-25) may cause derailment or overturning of shipping
cask vehicles but will only slightly affect the probability of fire or explo-
sion. Windstorm is considered even less likely to cause overturn/derailment
but is included on a preliminary basis (see Fig. 2-26).

Human-induced events such as fire and explosion have a dual nature. They
are justifiable intermediate events in arcident scenarics where impact or crush
may increase their occurrence probabililLy (given presence of combustibles or
explosives)., In addition, fire and expicsion have to be treated as initiating
events, potentially capable of causing injury and radionuclide release by caus-
ing a series of system failures. Figures 2-27 and 2-28 are event trees for
fire and explosion as initiating events in either the arrival/storage area or
the washdown/receiving area. The assumption is made for these models that if
fire as an intermediate event is not prevented or contained (given an explo-
sion, Fig. 2-28), cask breach by overpressure burst will occur., In a similar
manner, fire as an initiating event has to possess sufficient intensity and
duration to compromise cask integrity (10CFR70).

———

3rigs. 2-22 to 2-51 and Tables 2-11 to 2-16 are located at the end of Section
2.3,
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2.3.2 Washdown and Recelving Area

Initiating events capable of causing accidents in the washdown and receiv-
ing area were identified in Table 2-4. Transportation-related events can again
be lurped together. Furthermore, the event tree for collision/derailment in
the washdown and receiving area has no new mitigative systems or protective
features different from the same event in the arrival area. A single tree will
adequately represent this event for both arrival and receiving areas (see Fig.
2-22).

Rupture or improper connection of the radwaste sample line is treated in
Fig. 2-29, Perscnnel exposure will cefinitely occur given the initiating
event; offsite release can be prevented by proper operation of the airlock seal
and the secondary confinement exhaust system. This confinement system is made
up of three 50% capacity exhaust fans and filter trains, one of which is in
standby and powered by a standby electrical system. The filter trains consist
of moisture separators, 90% NBS filters, a HEPA filter, and a final HEPA
filter. It is assumed that manual operator action is required to actuate the
standby system in the event of a normal exhaust fan failure.

External events capable of affecting washdown and receiving area
activities are again similar to those identified for the arrival area. Aircraft
crash has already been considered by lumping the projected impact area into the
entire surface portion of the facility. Other events including earthquake,
windstorm, fire, and explosion would cause the same consequences in the
receiving area ae in the arrival area. There are no additional mitigating
systems or operator actions that could affect the consequences; thus, these
events are combined with their counterparts in the arrival area to form a
single set of event trees (Figs. 2-25, 2-26, 2-27, and 2-28).

2.3.3 Unloading Area

Activities in the unloading area will normally occur with the protection
of one or two sets of airlock door seals (depending on specific activity)
between the radiological source and the free environment. This increased level
of protection is provided because the unload area is where the protective
environment of the shipping cask is opened and the canisters removed. The
strencth of the shipping cask tends to limit the number of credible initiating
events prior to this point in the disposal process.

Transportation-related events such as collision or derailment are assumed
to occur with the unloading area airlock doors open and the receiving area and/
or cask preparation area airlock doore open to allow trackmobile access. This
provides a potential path for offsite release. Figure 2-22 also includes the
event tree for this event in the unloading area.

Once the vehicle ie positioned correctly, all sets of airlock doors
(receiving, unload, and cask preparation) are closed, the cask is rotated to
the vertical position, and the hot cell shielding collar lowered onto the cack
mouth to form an airtight seal. The hot cell and cask shielding door:z are then
removed, directly exposing the cask interior for the first time.
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At this point, several initiating events can occur that are capable of
destroying the cask/hot cell seal and exposing the unload area to the cask
internal environment. These events include (see Table 2-5) hot cell shield
collar seal failure, vehicle clamping/leveling system failure to maintain
reference position, or an earthquake. Failure of the hot cell shield door
seal, shield door cover seal, and failure of the vehicle clamping leveling
system are combined into a single event. Figure 2-30 is a diagram of the event
tree for loss of seal between the hot cell floor and cask slip. It is assumed
that the primary confinement exhaust system is operated at a slightly lower
pressure (absolute) than the secondary confinement exhaust system. FEither
exhaust system is capable of preventing radiological hazard provided the unload
area is isolated from the open environment (both the receiving area and cask
preparation area airlock doors are closed).

Primary confinement exhaust ventilation systems A and B are grouped
together as a single intermediate event because the B system is 100% redundant
to A and is assumed to start automatically on loss of A (no operator action
required). The secondary confinement system, however, consists of three 50%
Capacity exhaust trains, one in standby and assumed to require operator action
to initiate. Thus, the operator action and the probability of successful
backup system start are both modeled separately. In the event that either the
receiving area and unload area airlock doors are open, or the cask preparation

area airlock doors are open, HVAC system operation is irrelevant as a direct
pathway exists to the environment,

The canisters are raised from the shipping cask into the hot cell and
transferred to storage or processing by the hot cell crane. Failure of the hot
Cell crane or the crane operator during these operations could breach the
Canisters/fuel rods and release significant quantities of radiocactive gases and
possibly volatiles to the hot cell environment, The event tree for this event
i€ given in Fig, 2-31 assuming the seale with the unload area and the holding
area are intact., This event tree also includes the transfer of fuel canisters
cver other canisters in either the lag storage or secondary storage areas,
where a canister drop could breach more than one canister, causing subsequently
higher radicactive releases to the hot cell environment., The initiating and

intermediate events are the same, only the potential release fraction is
different.

The spectrum of external events capable of disrupting unloading area
activities is similar to other areas; however, the mitigative systems and
potential consequences, with the exception of aircraft crash, are not.
Aircraft crash has already been addressed on a sitewide basis, Other external
events requiring consideration are treated by listing the internal event tree
(€.g., loss of seal between hot cell floor and canister lip) and all the
external events capable of causing the initiating event and/or influencing the
probabilities of the intermediate events or conseguence types. In this manner,
all systems, processes, and actions of importance to plant throughput,
perscnnel and public safety, and repository viability are examined for
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vulnerability to each type of external event. Credible accident sequences from
these event trees are added to the list of internal event-generated accident

sequences,

The external event tables are given by process area in accordance with
each subsection., Table 2-11 lists the event trees developed for the unload
area and the external events capable of influencing each tree. Loss of seal
between the hot cell floor and the cask lip is almost guaranteed given an
earthquake or an explosion in the unload area during unloading of the shipping
cask. On the other hand, fire, windstorm, and lightning do not pass credible
threats to the seal once it has been established. They can act in a more
subtle way by causing a power failure, but this is addressed in the fault trees
representing the various hydraulic and pneumatic systems involved.

The other event tree in Table 2-11 is canister drop during movement into
the hot cell. An explosion or earthquake during this operation would enhance
the likelihood of a drop. Fire could force a local evacuation of the opera-
tions room and cause an eventual drop. Windstorm and lightning are not consid-
ered credible as their only credible influence is loss of electrical power,
Loss of power could affect operator response (not accounted for in a mechanical
system fault tree) because of loss in lighting; but, provided normal design
standards of battery-backed emergency lighting are followed, these events are
not deemed credible.

2.3.4 Secondary Area

Potential initiating events identified for the secondary area are given in
Table 2-6. Canister drop by the crane during transfer is included in the event
tree of Fig. 2-31. This includes drops while the canister is suspended over
another canister or when discharging canisters to the holding area.

Activities unique tc the secondary area require separate event trees,
Smear testing, canister inspection, overpack installation/welding, and leak
Cchecks all present potential hazards., Smear testing and welding incidents both
puncture the canister irside the hot cell/secondary area environment, so they
are grouped into a single event and developed into an event tree in Fig, 2-32,
Contaminated water leakage and radwaste piping ruptures are assumed to leak
contaminated water from a primary contaminated area to a secondary contaminated
area, placing the burden of cleanup on the secondary confinement exhaust
system. The event tree for this accident is given in Fig. 2-33,

External events for the secondary area are partially included in similar
considerations for the hot cell portion of the unloading area where canister
drop was considered for both areas. Further external event considerations for
canister puncture (Fig, 2-32) are earthquake and explosion. Liquid radwaste
leakage (Fig. 2-33) can be affected by earthquake, explosion, and fire, Table
2-12 lists the event trees developed for the secondary area and the external
events considered for each.
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2.3.5 Hot Cell Discharge to Placement

The process steps involved in discharaing waste canisters to the transfer
casks and transporting the casks to the emplacement area is described in
Sections 2.1.6, 2.1.7, and 2.1.8. Potential initiating events for these activ-
ities are identified in Table 2-7.

Canisters prepared for emplacement and decontaminated in the secondary
area are transferred out of the protected hot cell/secondary area through the
fuel discharce port. A transfer cask (diiferent from a fuel shipping cask) is
mated with the lip on the discharge port, the port opened and a canister placed
in the cask.

This process can be disrupted by a number of events capable of failing the
seal between the hot cell discharge port and the transfer cask lip. These
events are lumped together in the event tree given in Fig, 2-34, If tnhe seal
should be lost, the canister will be exposed to the local environment sirround-
ing the waste shaft head frame. The canister must either be leaking or possess
significant external contamination to create a radioclogical hazard, Ne.ther
condition is highly probable as the canister is subjected to weld inspection
and smear-tested prior to loading, However, the accident that causes loss of
seal could also affect canister inteqgrity.

The primary confinement exhaust ventilation system serves the hot cell/
secondary area. If this system is in operation, the air flow will be from the
load area/waste shaft headframe environment into the hot cell. Another venti-
lation system serves the waste shaft and headframe area. If the primary con-
finement exhaust system is unavailable, this system would remove airborne
activity from the immediate area surrounding the transfer cask. Both exhaust/
filter systems would have to fail to create a release potential., Both are also
assumed to include 100% redundant, automatically actuated backup systems,

All transport handling events during transfer to the waste cage, hoist
operation, and underground transfer to the transporter are grouped together in
Fig. 2-35. Only one canister/cask assembly is moved during any single opera-
tion from hot cell discharge to transporter loading., The air flow pathway is
open for these operations and the ventilation source is the same (shaft exhaust
system). Air flows from the subterranean level up the waste handling shaft to
the shaft exhaust and filtering system. This commonality of event and conse-
quence allows grouping of individual events associated with handling and trans-
port accidents during waste cage loading and descent.

Transporter accidents during travel from the waste cage area to the
placement area are represented in Fig., 2-36. During normal operations, two
exhaust systems service the underground placement area. The waste shaft
exhaust system removes air through the waste handling shaft., A separate
exhaust system exiting through a separate shaft to the confinement exhaust
building removes additional air. These two systems are dedicated to placement
operations (the confinement area); three other ventilation systems are used for
mining development. The confinement building exhaust system does not normally




have HEPA filters in line. When an alarm signal indicating radicactivity in a
shaft is received, the filters are automatically valved in line with the
exhaust blowers through a series of valve arrangements designed to prevent a
temporary overpressure problem. In order to avoid an offeite release, the
sensing system has to function, followed by the valve realignments,

An additional event tree (Fig. 2-37) is developed for the transporter
breakdown initiating event. No offsite release hazard exists for this event,
but extended personnel activity in the area immediately surrounding the cask
may result in higher occupational exposure.

External events capable of disrupting process flow and generating the
consequences of interest are divided into surface and subsurface contributors
to include consideration of waste transport from the hot cell discharge to the
subterranean placement area. Aircraft crash was already incluced for the
entire surface portion of the facility. Subsurface damage due to these events
is not considered credible. Table 2-13 lists the event trees developed for hot
cell discharge to placement and the external events capable of influencing
these activities,

Loss of seal between the hot cell secondary area floor and the transfer
cask lip (Fig. 2-34) can be caused by earthquake or explosion. Fire, wind-
storm, or lightning could cause power losses, but this is not expected to
affect the seal once the cask is locked in position.

Handling accidents with the transfer cask during movement from the hot
cell to the subterranean transporter (Fig. 2-35) can be caused by fire, explo-
sion, earthquake, or rock deformation (cave-in). Transporter collision hazards
(Fig. 2-36) can be increased by eartixjuake, explosion, fire, rock deformation,
uplift or subsidence, or subterranean flooding (including loss of sump pumps).
Transporter breakdown (Fig. 2-37) is als> possible due to these same external
events, In this case, however, local evacuation would already be underway due
to the event itself. The additional exposure would occur at a later date when
reentry to the mine area is allowed and cleanup operations are in progress,

2.3.6. Placement Area

Placement activities are described in Section 2.1.8.1. Potential
initiating events are identified in Table 2-8,

Several initiating events address placement activities associated with
preparation of the borehole opening and cask alignment/sealing to the borehole.
Shield door/transport cdolly installation failure, operator error in operation/
alignment of transporter, power control cable or borehole/cask lock failure or
incorrect operation, and borehole shield door jam do not breach the canister
but only subject personnel to extended exposure to local cask/canister environ—
ment. These events are grouped together in Fig, 2-38.

There are three initiating events capable of causing canister/fuel rod
breach during insertion: inadvertent cask movement during insertion, overspeed




of the hydraulic ram ejection unit, and overspeed of canister placement dolly.

These events are combined into a single canister breach event given in Fig.
2-390

Two further initiating events can occur during removal of the cask fram
the bciehole. These are the failure to remove the dolly shield door mechanism
crom a full borehole and installation failure of the storage plug/retainer
ring. These events have the same local consequences as the preparation and
cask alignment events. Consequently, they are grouped into the event tree
shown in Fig. 2-38.

The influence of external events in the placement area is determined by
examining the placement process event trees for vulnerability to each external
event considered (see Table 2-14)., Cask to borehole preparation, alignment,
and removali error (Fig. 2-38) can be caused by all the external events under
consideration including earthquake, rock deformation, flooding (including loss
of surp pumps), fire or explosion. Canister breach during insertion into the
borehole (Fig. 2-39) can also be caused by earthquake rock deformation, or
explosion.

2.3.7 PRetrieval

Retrieval is an option for repository cperations; not an integral part of
the waste processing activities. As such, it is treated scparately in this
analysis although many of the events and subsequent accident scenarios are the
same. The cbjective is to preoside a measure of relative risk strictly due to
retrieval operations that would be considered in addition to emplacement risk.
Retrieval activities are detailed in Section 2,1.8.2; potential initiating
events are given in Table 2-9,

The first section of initiating events represent "normal® retrieval; that
is, retrieval within a brief period (two years) following emplzcement. For
this option, retrieval is mostly a reversal of the emplacement process. Events
and event trees will also be similar.

Events addressing borehole preparation, cask alignment, and cask removal
are grouped together to form the single initiating event in Fig. 2-40. In this
tree, the intermedicte event "canister intact" refers to the survivability of
the canister during storage, not damage due to the initiating event,

There are two events capable of breaching the canister during removal,
These include inadvertent cask rotation and loss of grapple extension control.
These events are treated as a single initiator in Fig., 2-41.

Transporter acciden.s during cask movement from the borehcle to the waste
shaft area similar to emplacement (see Fig., 2-42), Puncture is not considered
a crecdible release mechanism as transporter speed ie limited to less than
10 mph. An additional event tree given in Fig. 2-43 is necessary to represent
occupational exposure hazard from transporter breakdow:.

The canister can be breached by several types of transport accidents



during transporter unloading, movement to the surface, and transfer to the hot
cell secondary area discharge port. These events include transporter movement
during cask unloading, cask drop during underground or surface crane transfer
(puncture only), waste cage hoist assembly failure or cask fall from waste
cage, transfer cask/crane collision with waste cage during loading or unload-
ing, and transfer cask shield door failures during transport., All events are
grouped together due to common ventilation system reqguirements and potential
consequences, Figure 2-44 is the event tree for all cask breach accidents
associated with movement from transporter unloading at the subterranean level
to cask unload and mate to the hot cell discharge port at the surface,

Figure 2-45 is the event tree representing loss of seal between the hot
cell secondary area and the transfer cask lip. The event tree for canister
damage during removal from the transfer cask to the secondary area by the hot
cell/secondary area crane is given in Fig., 2-46,

Additional events in the retrieval process are for "delayed retrieval,"
where borehcle accessibility is degraded due to either backfilling or borehole
collapse. If either condition exists, a special overcoring machine will be
required to cut an annulus around the embedded canister to free it. This is a
delicate operation with a machine that has not yet been developed. Three
possible initiating events are given in Table 2-9 to encompass the failure
modes of this device., Overcore machine failure (including mined material
removal) and coring tool contact with the canister due either to machine or
operator error are groupec into a single initiating event expanded into an
event tree in Fig. 2-47,

The inclusion of external events is similar to the preceding sections,
except for aircraft crash which is developed separately for retrieval
operations. This separation is to maintain the capability of evaluating
incremental risk due to the retrieval option separately from emplacement
activities. Figure 2-48 ic the event tree for aircraft crash during retrieval
Operations, Table 2-15 provides a list of retrieval event trees and external
events to be considered for each.

Failures and human error during borehole preparaticn, cask alionment and
remc.al, and borehole plugging are susceptible to earthquake, rock defc:mation,
and explosion (Fig. 2-40). Canister breach during retrieval can be caused by
earthquake, cave-in, or local explosion also (see Fig, 2-41). Transporter
collisions in Fig, 2-42 can be influenced by earthquake, rock deformation,
fire, and explosion.

Transporter breskdown (Fig., 2-43) is vulrerable to explosion, rock
deformation, flooding (including loss of sump pumps), fire, and explosion.
Transfer cask damage during transport to the surface facilities can be caused
by earthquake, rock deformation, fire, and explosion (refer to Fig. 2-44).

Loss of seal between the hot cell secondary floor and the transfer cask
lip shown in Fig., 2-45 can be affected by earthquake or local explosion only.
Canister handling accidents during transfer cask unload to the hot cell second-
ary area (see Fig., 2-46) can be caused by earthquake, fire, and explosion,



Overcore machine failure depicted in Fig, 2-47 can be increased by
earthquake, uplift/subsidence, rock deformetion, flooding (including loss of
sump pumps), fire, and explosion,

All event trees noted require reevaluation using each identified external
event as the initiating event. Intermediate event failure probabilities may
also require adiustment to reflect a degraded state given the external event,

2.3.8 Service and Support Systems

Several service systems have appeared as intermediate events in the event
trees developed for each process area. Thessr same systems can also act as
initiating events to various accident scenarios. For example, normal fuel
processing in the hot cell implies the continued operation of the primary
confinement exhaust ventilation system to provide a continual air flow and to
keep the pressure differential in a direction from least to most contaminated.
Failure of this system would cause seepage flow to reverse, possibly exposing
less contaminated areas to higher concentrations of both particulate and noble
gases. In addition, current plant design specifies that no charcoal filters
will be used on the secondary confinement exhaust ventilation system., If

reverse seepage of noble gases were to occur, they would be passed to the open
environment.,

Service system failures as accident initiators represent a more subtle
accident possibility due to the number of other systems that could potentially
be affected by a service system failure. Service systems identified from

preliminary plant design were used to develop the list of initiating events
given in Table 2-10.

A loss of confinement ventilation during repository operations would
require an evacuation of the underground waste placement regions (not active
mining areas, which are serviced by separate ventilation). The subterranean
environment would rapidly increase in temperature to the point where manned
activities are not possible, Buildup of combustion vapors, dust, and possible
airborne contamination are additional hazards. Figure 2-49 is an event tree
developed from this event, Note that the primary concerns are the removal of
personnel from the subterranea environment as rapidly as possible and having
alternate air supplies/circulation available. This event does not contribute
directly to offsite release potential,

Failure of the gasecus and liquid radwaste systems tc contain radiocactive
effluent from the fuel di posal process is potentially capable of causing both
personnel and public exposure. In either accident, the primary confinement
exhaust ventilation and filtering system must fail to create a release to the
open environment as shown in the event trees of Figs, 2-50 and 2-51.

Several initiating events given in Table 2-10 are primarily hazardous to
personnel (nonradiological hazards) and are therefore not developed into event
trees due to the availability of data for these types of occurrences., These
events include material hoist failures, operator injuries associated with the



service shaft, and mining ventilation system failures. These hazards are well-
understood from mining experience,

The loss of offsite power does not directly cause any accident sequences
to occur; however, it is influential in many existing event trees due to the
reliance of system components on either normal or standby power systems. Many
processes are dependent on electrical power but no repository systems involve
the confinement or control of a highly energetic process; consequently, loss of
Site power is examined as a contributor to other system failures rather than a
separate initiator.

External events capable of disrupting service and support systems are
given in Tsble 2-16 according to the initiating event (and event tree) each
will affect. Loss of confinement exhaust ventilation system can be caused by
fire, explosion, earthquake, windstorm, or lightning. Gaseous and liquid
radwaste system failures can be caused by fire, earthquake, or explosion.

It should be noted that although loss of site power is not treated
explicitly as an initiating event for this analysis, it is a contributing event
at the fault tree level for many systems (both normal and standly power). An
external event can also affect the reliability of these systems, Fire, wind-
storm, lightning, flood, explosion, and earthquake are all capable of causing
loss of offsite power.

Loss of standby diesel power is also not treated explicitly as an initiat-
ing event but as a contributing event at the fault tree level. Fire, explo-
sion, and earthquake are capable of causing loss of diesel power,
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Fig. 2-23. Breached canister/shipping

cask escapes detection by radiation monitoring system in arrival

yard.
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AIRCRAFT CRASHES INTO REPOSITORY NO EXPLOSION FIRE PREVENTED CASK INTACT CONSEQUENCE
SURFACE FACILITIES OF CONTAINED TYPES
A3 83 €3 D3
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|
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Fig. 2-24. Aircraft crash onto repository surface facilities.
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WINDSTORM DAMAGES ARRIVAL NO EXPLOSTON FIRE PREVCNTED CASK INTACT CONSEQUENCE
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FIRE OCCURS IN ARRIVAL/ NO EXPLOSION CASK INTACT CONSEQUENCE
STORAGE AREA TYPES
FI B& cs
................ 1A
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o
ol’* [l ¥ e ey 3 , 4
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Fig. 2-27. Fire in the arrival/storage yard area or the washdown and receiving area.




EXPLOSION OCCURS IN FIRE PREVENTED CASK INTACT CONSEQUENCE
ARRIVAL /STORAGE AREA OR CONTAINED TYPES
EX 87 c7

8-

Fig. 2-28. Explosion in the arrival/storage yard area or the washdown and receiving area.




RADWASTE SAMPL ING ATRLOCK SEAL SECONDARY € n OPERATOR ACTI- 5@% STANDBY CONSEQUENCE

LINE RUPTURE /BURST REMAINS INTACT FINFMENT VEN VATES 6@% STANDBY  CONFINEWENT VENT.  TYPES
OR IWMPROPER SYSTEM A OR 8 SYSTEW FAN OPERATES
CONNECTION OPERATES
€8 08 €8
e 2, 4
{ ------------------- 2, 4
------------------- 1,24
--------------------------------------- 1,2, 4
------------------------------------------------------------------------------- t 2.4

2-29. Radwaste sampling line rupture or improper connect.
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LOSS OF FUEL CASK UNLOAD RECEIVING  PRIMARY SECONDARY OPERATOR STANDBY CONSEQUENCE
SEAL BET- CANISTERS PREP . AREA AREA AREA CONF INEMENT CONF INEMENT ACTUATES SECONDARY TYPES
WEEN HOT INTACT AIRLOCK INTACT ATRLOCK VENT . VENT . STANDBY CONF INE -
CELL FLOOR INTACT INTACT SYSTEM SYSTEM A SECONDARY MENT SYS-
AND CASK A DR B OPERATES VENT TEM OPE-
LIP OPERATES SYSTEM RATES
AS a9 9 D9 EQ Fo Go H9 19
................................................................................................ NA
................................................ NA
I e e NA
i {- ----------- NA
e 1,2, 4
----------------------------------- 1,2,4
............................................... NA
----------- [ e o e e e e
----------- [ {--------—---l , 2,4
"""""" 1 » 2 ’ 4
U O S S S 1,2, 4
------------------------------------------------------------------------------------ 1,2, 4

Fig. 2-30. Loss of seal between hot cell floor and cask lip during unloading operation.



CANISTER  CANISTER(S) HWOT CELL CELL UNLOAD RECEIVING PRIMARY  SECONDARY OPERATOR  SECONDARY CONSEQUENCE
DROP BY  REWAIN PORT PREP . ARE A ARE A CONFINE-  CONFINE- ACTUATES CONFINE-  TYPES
MOT CELL  INTACT SEAL AREA AIRLOCK  AIRLOCK  WENT EX-  MENT EX-  SECONDARY WENT Ex.
CRANE OR INTACT  AIRLOCK  INTACT INTACT- HAUS T HAUS T CONFINE-  HAUST
OPERATOR INTACT VENT . VENT . VENT VENT .
ERROR DU- SYSTEM SYSTEM A STANDBY  STANDBY
RING CASK ALB OPE-  OPERATES  SYSTEW SYSTEM
UNL OAD RATES OPERATES
Ale 810 c1e D1 £10 F1e 610 Mo e J1e
................................................................................................... NA
[ e e i o e e NA
T SRR 1,2, 4
R SRR NA
R - SROVUNOILY |.crr19-. S R NA
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N I ! ___________ ST NA
@ L RS 1,2,4
et R O S |
---------------------- 1,2, 4
....................................................... NA
.......... T T
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|
--------------------- 1,2, 4
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‘ i bt b mare s i s 3,2, 4
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Fig. 2-31. Canister drop by hot cell crane or operator error during shipping cask unloading.

e



e e e e e e N, — - —— - - e B e e e b Saadiebd R e e

CANISTER PUNCTURED FUEL RODS PRIVARY CONFINE-  CONSEQUENCE
DURING HANDLING IN REMAIN INTACT VENT SYSTEW TYPES
SECONDARY PROCESS AREA OPERATES (A OR B)
A1l B11 cn

[P g S e e i e NA
----------------- | e e e e o o

M onnermenrsraneniied ;

b meeee 1,2 ,4

Fig. 2-32. Canister punctured during handling operations in the secondary process area.
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LIQUID RAN- ACTIVITY DETECTE. SECONDARY CON- OPERATOR ACTI- SECONDARY CON- CONSEQUENCE
WASTE (EARKAGE IN SECONDARY P INEMENT SYSTEM VATES STANDBY FINEMENT SYSTEM TYPES
FROM PROCESS CONF INEMENT EX- A (OPERATES SYSTEM B B OPERATES
TANK TO SECON- HAUST SYSTEW
DARY CONFINE-
MENT AREA
Al2 B12 €12 D12 E12
........................................................... NA
r ------------------- NA
T P 31, 2, 1%
--------------------------------------- 1,2,4
----------------------------------------------------------------------------- 1,2 ,4

Fig. 2-33.

Liquid radwaste leakage from process tanks to secondary conf inement area.
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LOSS OF SEAL BETWEEN HOT CELL CANISTER REMAINS PRIMARY CONF INE - WASTE SHAFT CONSEQUENCE
SECONDARY FLOOR AND TRANSFER INTACT MENT EXHAUST VEN|. EXMAUST VENT. TYPES
CASK LIP (ND CONTAMINATION) SYSTEM A OR B SYSTEM A OR B
OPERATES OPERATES
Al3 B13 ci3 -
e e e -NA

Fig. 2-34. Loss of seal between hot cell secondary area floor and transfer cask lip.
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TRANSFER CASK DAMAGED DUE TO IMPACT TRANSFER CASK FUEL CANISTER WASTE SHAFT CONSEQUENCE
FROM HANDL ING/TRANSPORT ACCIDENT REMAINS INTACT REMAINS INTACT EXHAUST VENT. TYPES ]
SYSTEM A OR B !
OPERATES .
Ala Bla Cla Dia
e Tt 3, 4
--------------------------------------- ‘I e T T e - I |
----------------- 2., , 4

Fig. 2-35. Transfer cask damaged due to handling accident during transport

from hot cell area to placement.



TRANSPORTER FURE PREVENTED RADIOACTIVITY INST. WASTE SHAFT CONF INEMENT CONSEQUENCE

COLLISION/FAILURE UR CONTAINED ALARMS TO ACTIVATE EXHAUST SYTEw EXHAUST SYSTEM TYPES
DURING CASK SURFACE FILTERS OPERATES (A&B) OFERATES
TRANSFER TO
PLACEMENT
AlS 8156 1% D1S§ ElS
I— - - S e . - . 0 A S O ) 0. W A A . 3 4
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""""""""""""""""""" " -{-’""““"""“"'l 2 3
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2-36. Transporter collision during cask transport to placement.



I')"'(’

TRANSPORTER BREAKDOWN TRANSPORTER CASK UNLOADED CONSEQUENCE
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CASK PREP AND AL IGNMENT TRANSPORTER CONSEQUENCE

TO BOREHOLE FAILURE OR ERROR MOVABLE TYPES

AlT B17
-------------------- NA

............................ :
.................... 2

Fig. 2-38. Preparation, alignment to borehole and removal failure or error.




CANISTER BREACH FUEL RODS CASW TO BOWE - RADIOACTIVITY CONF INEMENT CONSEQUENCE

DURING INSERTION  INTACT HOLE SEAL INTACT INST . ALARWS EXHAUST SYSTEM TYPES
OPERATES
AL8 818 c1s D18 £18
o e e A 5
|
............................................................ &
_{ -------------------- 2,6
-------------------- 1,2,4,58
--------------------------------------- 1,2 ,4,5

Fig. 2-39, Canister breach during insertion into borehole.



SOREHOLE PREPARATION, CASK ALIGNMENT, CANISTER INTACT RADIOACTIVITY CONF INEMENT CONSEQUENCE

OR REMOVAL FAILURE OR HUMAN ERROR INST. ALARWS EXHAUST SYSTEM TYPES
OPERATES
A18 819 c19 D19
............................................................ NA
e e o . =g o L e e 2
B o | e T 1,2
o e o]
'
- e e 1, 2
-—

Fig. 2-40. Failure or error associated with borehole preparation, cask alignment, or removal for retrieval operation.
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CANISTER BREACH FUEL RODS CASK TO M;“CYIV!TV CONF INEMENT CONSEQUENCE

DURING RETRIEVAL INTACT BOREHOLE SEAL INS EXHAUST SYSTEW TYPES
FROM BOREHOLE INTACT
e 20 D2e
- - - - - .- 4
ot e e i -
.............. {-°---°‘—-----°----—2 y &
_{ ------------------- 1,2, 4

Fig. 2-41. Canister breach during retrieval from borehole.




TRANSPORTER FIRE PREVENTED RADTOACTIVITY CONF INEWENT WASTE SHAFT CONSEQUENCE
COLLISION DURING OR CONTAINED INST  ALARWS EXHAUST SYSTEW EXHAUST SYSTEM TYPES
CASK TRANSFER OPERATES OPERATES (A&B)
TO WASTE CAGE
A1 821 21 021 €21
................................................................................ 3
--------------------------------------- 2,23
S pa——- e B S ————
i [ et s e e 2,3 ,4
c [ A S ——————
> e e R 1,2,3,4
{ ------------------- 1,2,3%9,9
------------------ 1.2,3,4

Fig. 2-42. Transporter collision during retrieval,
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Fig. 2-43.

------ - - -

Transporter breakdown during retrieval transport,
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TRANSFER (ASK DAMAGED DURING TRANSFER (ALK FUFL CANISTER WASTE SHAFT CONSE JUENCE

LOADING, TRANSPORT TO SURFACE, REMAINS INTACT REMAINS INTACT EXHAUST VENT . TYPES
AND UNLOAD SYSTEM A OR B
OPERATES
A23 823 €23 D23
........................................................... 3
.............................................................................. 3
[ ------------------- ’,8,9
------------------- 1,2,3,4

Fig. 2-44. Transfer cask damage during load, transport to surface, and unload
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LOSS OF SEAL BETWEEN
SECONDARY FLOOR AND
CASK LIP
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Fig. 2-45.

HOT CELL FUEL CANISTER PRIMARY CONF INE - WASTE SHAFT CONSEQUENCE
TRANSFER REMAINS INTACT MENT EXHAUST EXHAUST VENT . TYPES
VENT. SYSTEW SYSTEM A OR B
A OR B OPERATES OPERATES
Bza C2a D2a
( """""""""""""""""""""""""""""""""""""""" NA
T I s e s 2,4
-------------------- 2,4
B 1,2,

Loss of seal between hot cell secondary floor and transfer cask lip - retrieval.
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Fig. 2-46.
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OVERCORE WACHINE CANISTER FUEL RODS RADTOACTIVITY OPERATOR CONF ITNEMENT
FAILURE / INTACT INTACT INS TRUMENT MANUALLY TRIPS EXHAUST SYS-
OPERATOR ERROR ALARWS EXHAUST FILTER TEM OPERATES
A28 826 c2e D2e E26 F26e

- " " - " - - -~ " -

- - - " - - - -

-
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Fig. 2-47. Overcore machine failure during delayed retrieval.
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AIRCRAFT CRASHES INTO MOLDING NO EXPLOSION FIRE PREVENTED CASK INTACT CONSEQUENCE
AREA OR MINE SHAFT HEAD FRAME OR CONTAINED TYPES
DURING RETRIEVAL
A27 827 27 D27

"

¢01-2
'
:
'
:
]
i
-
i
:
1
:
34

’ Fig. 2-48. Aircraft crash inte holding area or mine shaft head frame from retrieval

operation.
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LOSS OF CONF INE -
MENT VENT. SYSTEW

Fig. 2-49.

WASTE TRANSPORT
SHAFT EXHAUST
SYSTEM 2 R B8
OPFRATIONAL

828

LOCAL FMERGENG Y PERSONNEL ACCESS WASTE TRANSPORT CONSEQUENCE

ATR AVAILABLE SHAFT CAGE SHAFT CAGE TYPES
OPERATIONAL OPERATIONAL

(2% 028 E28

------------------- 2.3 .8

P 8 e e 2

.................. - e ——————————

(B .

e gt i 2

- ————————————— [ ------------------- 3,4
O T T R ——

------------------- .9,: 9

Loss of confinement ventilation system during emplacement or retrieval operations.
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GASEDUS RADWASTE SYSTEW PRIMAR ¢ CONF INEMENT  CONSEQUENCE

RUP TURE /F ATLURE T0 EXHAUST VENTILATION  TYPES
ISOLATE GAS SYSTEW A OR B

OPERATES
A29 829

e ———— 2,

Fig. 2-50. Caseous radwaste system rupture/failure to isolate gas.

LIQUID RADWASTE SYSTEW PRIMARY CONFINEMENT  CONSEQUENCT
RUPTURE /FAILURE TO EXHAUST VENTILATION  TYPES
ISOLATE LIQuID SYSTEM A OR B
OPERATES
aze B30
[ ----------------- 2 , 4
-------------------- 1,2, 4

Fig. 2-51. Liquid radwaste system rupture/failure to isolate liquid.




TABLE 2-11
UNLOADING AREA EXTERNAL EVENT CONSIDERATIONS

Event Tree

—— e —— " — " —— — —— " . . o e . i et e

External Event

Lose of Seal between Hot Cell
Floor and Cask Lip

Canister Drop by Hot Cell Crane

or Operator Error During Cask

Earthquake
Explosion in Unload Area

Earthquake
Explosion

Fire
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TABLE 2-12
SECONDARY AREA EXTERNAL EVENT (QONSIDERATIONS

Event Tree External Event
Canister Punctured During Handling Earthquake
in Secondary Process Areca Explosion
Liquid Radwaste Leakage from Process Earthquake
Tank to Secondary Confinement Area Explosion

Fire
2-106




TABLE 2-13

HOT CELL DISCHARGE TO PLACEMENT
EXTERNAL EVENT CONSIDERATIONS

Event Tree

- - —— - — e —

Loss of seal between hot cell

secondary floor discharge and transfer

cask lip

Transfer cask damaged due to impact from

handling/transport accident

Transporter collision/failure during

cask transfer to placement

2=-107

Fire

Explosion

Earthquake

Rock deformation (cave-in)

Earthquake

Explosion

Fire

Rock deformation
Uplift or subsidence
Subterranean flooding
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TABLE 2-14
PLACEMENT AREA EXTERNAL EVENT CONSIDERATIONS

Event Tree External Event
Cask preparation and alignment to Earthquake
borehole failure Rock deformation
Flooding
Fire
Explosion
Canister breach during insertion Earthquake

Rock deformation
Explosion
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Borehole preparation, cask alignment
and removal, borehole slugging

Canister breach during retrieval

Transporter collisions

Transporter breakdown

Transfer cask damage during transport

Loss of seal between hot cell
secondary floor and transfer cask lip

Canister handling accident during transfer
cask unload to hot cell secondary area

Overcore machine failure

Earthquake
Rock deformation

Explosion

Earthquake
Rock deformation
Explosion

Earthquake
Rock deformation
Fire

Explosion

Explosion
Rock deformation

Flooding
Fire

Earthquake
Rock deformation
Fire

Explosion

Earthquake
Explosion

Earthquake
Fire

Explosion

Earthquake
Uplift/subsidence
Rock deformation
Flooding

Fire

Explosion




TABLE 2-16
SERVICE AND SUPPORT SYSTEM EXTERNAL EVENT CONSIDERATIONS

o — o e e e

Event Tree External Event

— e . e —

Loss of confinement exhaust

ventilation system

Gaseous or liquid radwaste system Fire
rupture/failure to isolate Earthquake
Explosion

Lose of offsite power® Fire
Explosion
Earthquake
Windstorm
Lightning
Flooding

Loss of standby diesel power®* Fire

Explosion
Earthquake

*These are contributing events.

2-110



2.4 RESULTS OF ACCIDENT SCENARIO DEVELOPMENT

The results of the accident scenario development are grouped into accident
sequences contributing to each of the five consequence types considered. In
order to present the accident sequences in a concise and readable format,
events were abbreviated as given in each tree. The appearance of an overbar
(e.q., B2) implies success of the system while the lack of an overbar denotes
system failure.

Boolean algebraic reduction technigues have been used to further limit the
sequences to only independent contributors. An independent accident sequence
consists of the initiating event and the minimun number of additional
intermediate event failures required to cause the consequence of interest. Many
of the event trees contain multiple paths from the same initiating event to the
same consequence type. If two accident sequences are the same (i.e., they
contain the same intermediate event failures) except for one containing an
additional failure, then this sequence is redundant and is discarded. Only
sequences containing the minimum failures sufficient to generate the
consequence type are retained. Accident sequences that contribute to each of
the five consequence types are given in Tables 2-18 through 2-26. Abbreviations
used for external event initiators are shown in Table 2-17., The sequences are
divided into those that occur during normal emplacement operations and those
that occur during retrieval. This will allow retrieval to bLe treated as an
option in repository operations contributing an additional increment of risk.

Accident sequences generated from external events are included in the
tables for each consequence type. It should be noted that:

1) Intermediate events following an external initiating event may have
higher failure probabilities than those same intermediate events
occurring in internal accident sequences, This is due to the fact that
the occurrence of the external event may increase the failure
probability of many key plant systems,

2) 'The data that will be used to quantify accident sequences generated by
external events may indicate that some intermediate events have a
failure probability of one (given the external event). This is not
accounted for in the sequence listings.

3) Boolean reduction technigques have been applied to the accident
sequences with the associated consequences as currently defined.
Future work in phase II may subdivide a consequence type ( e.q.,
radiological) into release categories ( see Section 3). When these
categories are explicitly defined, the accident sequence will require
reassembly and additional reduction to adequately account for
contributors to each level of release within a given consequence type.
The independent accident sequence tables presented in this report may,
therefore, be preliminary as each respective consequence type is
treated as an entity in the reduction,

t’_lll
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ABPREVIATIONS USED FOR EXTERNAL EVENTS INITIATORS

EARTHQUAKE

EXPLOSION

FIRE

ROCK DEFORMATION
UPLIFT/SUBSIDENCE
SUBTERRANEAN FLOODING
WINDSTORM

LIGHTNING

TABLE 2-17
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ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

S 5BBEASRBRBR X

BBBBEZBBE IR BB BB B 2

EX
EX
A8
A8
A8
A9
A9
A9
AS
A9
A0
A0
A10
A0
A0
A1
A2
a2
p2

B10
B10
B10
B10
B10
B11
B12
B12
B12

8IS 38 ]

& Bl

|8 38138 &

a0
b b
o o

D1
D2
D2
D3

D4

D5

2 3 8 3

Rl

E2

E8
F9
F9

E9

E12

TABLE 2-18

EMPLACEMENT
F2
9 MW 19
G9 H9
F9 69 1I9
G10 H10 TI10 J10
G10 H10 I10
F10
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TABLE 2-18 (continued)
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

EMPLACEMENT
31. A13 B13 C13 D13
32, A4 B4 Ci4 D14
33. A15 B15 C15 D15 E15
34, A15 B1S C15 EI5
35, A18 B18 C18 D18 E18
36. A18 B18 C18 D18
37. A29 B29
38. A30 B30
41, Q. B 0 D9 B F3 69 W 19
42, BQ B 09 D9 B F9 G9 HY
3. R B O p9 BN FI 9
44, M B O D9 E9
45. BQ B9 09
4. EX B9 €9 D9 B9 F9 G3 M 19
47. EX B9 €9 D9 B9 F9 9 HY
48, EX B9 O D9 B F9 9
49, EX B9 09 D9 E9
50. EX B9 9
51. EQ B10 €10 D10
52. EQ B10 €10 D10 E10 F10
53. EQ B10 C10 D10
s4, EX B10 c10 D0 E10 F10
55. EX B10 C10 D10
57. FI B10 C10 G10
58. FI B10 C10 D10 E10 F10
59. FI B10 C10 D10
60. EQ B11 C11
61. EX B11 C11
62. EQ B12 c12 DI2 E12
63. EQ B12 Cc12 D12
64, B B12

N
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TABLE 2-18 (continued)
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)
EMPLACEMENT

65. EX B12 c12 D12 E12
66. EX B12 c12 D12
67. EX B12

68. FI B12 C12 D12 E12
69. FI B12 C12 D12

70. FI B12
7. EQ B13 C13 D13

72. EX B13 C13 D13

73. EQ B4 C14 DI

75, EX B1& Ci& D14

75. FI B4 C14 D14

76. BD B14 C14 D14

77. B B15 C15 D15

78. EQ BI15 C15

79. EX B15 €15 D15

80. EX B15 C15

81. FI B15 €15 D15

82. FI B15 C15

83. BD B15 C15 D15

84. RD BI15 CI15

85. US B15 €15 D15

86. US B15 C15

87. SF B15 €15 D15

88. SF B1S C15

89. EQ E18 C18 D18 E18
90. BQ B18 C18 D18

91. EX B18 €18 D18 E18
92. EX B18 C18 D18

93. RD B18 C18 D18 E18
94, RD B18 C18 D18

95. B B9

2=X15




TABLE 2-18 (continued)
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)
EMPLACEMENT

9. EX B29
97. FI  B29

98. EQ B30




TABLE 2-19
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)
RETRIEVAL

1. A19 B19 €1 D19

2. M9 B1S C19

3. A20 B20 C20 D20 E20

4, A20 B20 C20 D20

5. A21 B21 C21 D21

6. A21 B21 c21

7. A23 B23 C23 D23

8. A23 B23 (23

9. A5 RS €25 D25

10. A25 B2S5 €25 D25 E25 F25 G25
11. A25 BeS5 C25 D25 E25 F25
12. 226 B26 26 D26 E26 F26
13. A26 B26 C26 D26 E26

14, A7 BT €2 D27

15. A27 BT C27

16. A29 B29

17. A30 B30

18. BQ B19 C19 D19

19. BQ B19 €19

20. EX B19 C19 D19

21. EX B19 C19

22. RD B19 C19 D19

23. RD B19 C19

24, EQ B0 €20 D20 E20

25. EQ B2 C20 D20

26. EX B20 C20 D20 E20
27. EX B20 C20 D20

28, RD B20 C20 D20 E20
29. RD B20 C20 D20

30. B B21 €21 D21
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31.
32.
33.
24,
35.
36.

37.

38.
39.
40.

41,

42,
43,
4y,
45,
U,
47,
48,
4g,
50,
51,
52.
53.
54,
55,
56.
v 8
58.
59.
60.
61.

ERBBABBIRBBEBEAARREB

BEREREBEBRBRREERBRRERE

88K

FI

“HeGEEs S aRRBBA

BREEERRRRBEBRER

c21
c
c21
c21
c21

c21
c23
ca3
c23
c23
ca4
cey
c25
25
Ca5
c25
c25
c25
C26
c26
C26
C26
c26
C26
c26
c26
C26

D21

TABLE 2-19 (continued)
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

E25
E25
E25
E25

SHEREBBHUEREBRES

F26

F26

F26

RETRIEVAL

G25

G25

G5
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TABLE 2-19 (continued)
ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)
RETRIEVAL

62. EQ B29
63. EX B29
64, FI B29
65. R B30
66. EX B30
67. FI B30
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TABLE 2-20
ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT
1. &1 Bl C1 D
2. M2
3. A3 B €3 D3
4, A3 B3 C3
5. EQ B4 CH D4
6. B3 B4 Cu
7. Wb B5 €5 D5
8. w» B 5
9. FI B6 C6
0. EX BT ¢7
1. EX BT
12. A8
3. A9 B0 €9 D9 E9 F9 9 M9 I9
14, 29 B9 €9 D9 B F9 G HY
5. A9 B 09 D9 B F9 G9
6. A9 B9 O D9 E9
17. 49 B9 9
18. A10 B10 C10 G10
19. A10 B10 €10 D10 E10 F10
20. A10 B10 C10 D10
21. A11 B11 C1N
22. A2 B12 C12 D12 E12
23. M2 B12 c12 D12
24, A12 BI12
25. A13 B13
26. A4 BIY
27T. A15 B15
28. A16 B16 C16
29. A16 B16
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TABLE 2-20 (continued)
ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT
30. A17 B17
31. A18 B18 C18
32, A28 B28 C28 D28 E28
33. A28 B2B C28
34, A28 Bo8
35. A29
36. A30
37. FQ B ©9 D9 E9 FI G HO9 I9
38, |0 B €9 D9 B9 FI G9 H9
39. m ® © D B9 FI 09
4. EQ B €9 D9 E9
41, EQ B9 (9
42, EX B9 €9 D9 E9 F9 G9 H9 I9
43, EX B9 © D9 E9 F9 9 HO
44, EX B9 ©9 D9 E9 F9 G9
45. EX B9 ©9 D9 E9
46. EX B9 (9
47. EQ B10 €10 D10
48. EQ B10 €10 D10 E10 F10
49, EQ B10 C10 D10
50. EX B10 C10 D10 E10 F10
51. EX B10 C10 D10
52. EX B10 €10 D10
52, FI B10 C10 G10
54, FI B10 €10 D10 E10 F10
55. FI B10 C10 D10
56. EQ B11 C11
57. EX B11 C11
58. EQ B12 C12 D12 E12
59. EQ B12 C12 D12
60. EQ B12
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TABLE 2-20 (continued)
ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT
61. EX B12 c12 D12 E12

62. EX B12 C12 D12

63. EX B12

64, FI B12 C12 D12 E12
65. FI B12 C12 D12

66. FI B12

67. EQ B3
68. EX B13

69. B B16

70. EX B

71. FI B4

72. RD B

73. R BI15

74, EX BI1S

75. FI B15

76. RD BI15

77. US B15

78. SF  B15

79. B BI7

80. EX BI17

81. FI B17

82. RD B17

83. SF B17

8i, By B18 C18
85. EX B18 C18
8. RD B18 C18
87. EQ B28 C28 D28 E28
88. EQ B8 C28
89. EQ B8
90. EX B28 C2B D28 E28
91. EX B28 c28
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TABLE 2-20 (continued)
ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT

92. EX Bo8

93. FI B28 C28 D28 E28

94, FI B28 C28

95. FI  B28

9. WD B28 C28 D28 E28

97. WD B28 C28

98. WD  B28

99. LI B28 C28 D28 E28

100. LI B28 (28

101. LI B28

102. @  B29

103. EX B29

104. FI B29

105. EQ B30

106. EX B30

107. FI B30
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ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

. wd el b
W N - O W oo~ O Ut W N -
. . . . . . . . . . . . .

REBEEIFSE
TEIREBBETRBERNBERBRRRR

N
o

24,

A19

RERRBRRRBRRBR
O E W N = O

B19

ESRREREERERRE

C20

ca2

ca3

25

c27

D28

Ce0
€20

cez

ca2

ca2

D25

D27

TABLE 2-21

RETRIEVAL
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TABLE 2-21
ACCIDENT SCENARIOS FOR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

RETRIEVAL
30. SF B2 c22
31, SF B2
32. RD B2 c22
33. RD B2
34, B B3 C23
35. EX B23 (23
36. FI B23 (23
37. RD B23 €23
38. EQ B2
29. EX B2Y
40. BQ B2S €25 D25
41, EX B25 €25 D25
42, FI B25 €25 D25
43, EQ B2
44, EX B26
45, FI B2
46. ERD B26
47. US B26
48, SF B2
49. BQ C28
50, EQ B28 D28
51. EX C28
52. EX B28 D28
53. FI C28
54, FI B28 D28
; 55. WD (28
\ 56. WD B28 D28
‘ 57. LI €28
| 58. LI B28 D28
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ACCIDENT SCENARIOS FOR PERSONNEL NONRADIOLOGICAL INJURY (CONSEQUENCE 3)

nE583

S RS S 1
% 378 B

ab b b
n - O
. . -

13.
14,
15.
16.
17.
18.

19.

Al

FI
EX
EX
A3
A4
A15
A28

EARBRBR

2

to

13

B8
B13
B13

D5

G &l

Cé

C7

C28 D28 E28
D28

TABLE 2-22

EMPLACEMENT
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TABLE 2-23
ACCIDENT SCENARIOS FOR PERSONNEL NONRADIOLOGICAL INJURY (CONSEQUENCE 3)
RETRIEVAL

A21
A23

~N O N W -
o)
3088

FI B21
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17.
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a3.
24,
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29-
30.

Bl Rl Rl

8 8 3
| ¢ 3 3133

A10 B10
A10 B10
A10 B10
A11 BN
a2 B12
a2 B12
A12 B12
A13 B13
A14

A15

A18 B18
A18 B18
A28 B2B
A28 B2B

&8 8 88

3 88

o
-
(=]
l (]
—
o

C13

c18
c18

D28

D2
D2

D5

2 8 33l
2 33 3l

D10
D10

D12
D13
D18

D18
D28

E10

E12

E18

E28

TABLE 2-24
ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

EMPLACEMENT
F2

F9 69 1O
F9 GY9 H9
F9 G9

F10

19



TABLE 2-24
ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

EMPLACEMENT
31. A29
32. A30
33, Q B 0 D9 E9 F9 G9 H9 I9
3, B B9 9 D9 B9 F9 G HY
35. B B 0 D9 E9 F9 G9
3. m B 09 DI E9
37. R B O
38, EX BS €9 D9 B9 F9 G M9 I9
39. EX B9 0O D9 B FI @ H
40, EX B9 0 D9 E9 F9 @9
41, EX B9 09 D9 K9
42, EX B9 09
43. EQ B10 C10 D10
44, EQ B10 C10 D10 E10 F10
45. EQ B10 C10 D10

46. EX B10 C10 D10 E10 F10
47. EX B10 C10 D10

48, EX B10 C10 D10

49, FI B10 €10 G10

50. FI B10 C10 D10 E10 F10
51. FI B10 C10 D10

52. EQ B11 C11

53. EX B11 C11

54, BQ B12 c12 D12 E12
55. EQ B12 C12 D12

56. EQ B12

57. EX B12 c12 Di2 E12
58, EX B12 C12 D12

59. EX B12

60. FI B12 Cc12 D12 E12
61. FI B12 Cc12 D12
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TABLE 2-24 (continued)
ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

EMPLACEMENT
62. FI B12

63. EQ B13 C13 D13
64. EX B13 C13 D13

65.

66. EX

67. FI

68. RD

69. US

70. SF

71. EQ B28 C2B D28 E28
72. EQ B8 D28

73. EX B28 C28 D28 E28
74, EX B28 D28

75. FI B28 C28 D28 E28
76. FI B28 D28

77. WD B28 C2B D28 E28
78. WD B28 D28

79. LI B28 C28 D28 E28
80. LI B28 D28

81. B0 B9

82. EX B29

83. FI B29

84, EQ B30

85. EX B30

86. FI B30
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ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

W oo <N O O W) -

BR28S3IFPFEINES
TEBEEINNQEBBBUBIRRR
O W o o

24,

5EEREERRE

88

B21
B21
B23
B4
B2S
B25

g 8l

B29
B30

B21
B21
B21
B21
B21
B21
B21
B21
B23
B23
B23
B23
B24

cae
(F]]
c21
ca3

C25
c25

ce8
ca8

€20
€20
c20
c2
c21
C21
c21
c21
c21

c21
ca23
ca23
ca3
c23

D21

TABLE 2-25

RETRIEVAL

D25 E25 F25 G25

D25

D28

D21

D21

D21

D21

E25 F25

E28
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TABLE 2-25 (continued)
ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILARILITY (CONSEQUENCE 4) |

RETRIEVAL
0

30. EX B4 :

31, EQ B2S (25 D25 E25 F25 G25

32, EQ B2S €25 D25 E25 F25

33, EX B25 €25 D25 E25 F25 GF2S
34, EX B25 (25 D25 E25 F25
35. FI B25 (€25 D25 E25 F25 G25
36. FI B25 (25 D25 E25 F25

37. EQ B28 C28 D28 E28
38. EQ B28 C28

39, EX B28 C28 D28 E28
40, EX B28 c28

41, FI B28 C28 D28 E28
42. FI 'B28 (28

43. WD B2B C28 D28 E28
44, WD B28 (28

45, LI B28 C28 D28 E28
46, LI B28 (28

47. EQ B29

48, EX B29

43, FI B29

50. EQ B30

51. EX B30

52, FI B30
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TABLE 2--26
ACCIDENT SCENARIOS FOR LONG-TERM EFFECTS (CONSEQUENCE 5)

A8 B18

A18 B18 C18

A8 B18 C18 D18 E18
A18 B18 C18 D18 E18
A18 B18 C18 D18

L o B S S T o T
L L . .
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3.0 CONSEQUENCE IDENTIFICATION

The identification and subseguent evaluation of radiological and nonradi-
clogical consequences resulting from abnormal operations or processes is a
major element in the risk assessment of the preclosure phase of a geologic
repository. The consequence can be expressed in terme of radiation dose,
fatalities, dollars, etc. It is generally not a single value quantity but a
distribution of values according to variations in weather, population, etc., |
and to uncertainties in the amount and conditions of radicactivity release. |

There are several consegu>nce types that are relevant to a repository's
preclosure activities, namely:

1. radiological consequence to the public,

2. radiological consequence to the worker,

3. nonradiological conseqguence to the worker (i.e., occupational injury),
4. impact on repository availability,

5. compromise of a repository's ability for long-cerm geclogic isolation
of high-level waste (HLW), and

6. financial impact.

These consequence types may be grouped into two general categories:
radiological and nonradiological consequences. The methods for evaluating each
conseguence category are quite different. Because of general lack of statisti-
cal data, radiclogical conseguences usually require a numerical modeling
approach to estimate the level of radionuclide release and the resulting radia-
tion dose. On the other hand, nonradiological consequences (e.g., oc¢ pational
injury, financial and availability impacts, etc,) are usually evaluated using
statistical data based on past experience; however, nonradiclogical conse-
quences can be radiation-induced and may be measured in monetary units. The
different consequence types are interdependent, as illustrated in Fig. 3-1.
Radiological consequences and occupational (nonradiological) injuries
contribute to overall financial risk., Repository availability is affected by
accidents and it in turn impacts financial risk.

The following subsections discuss phenomena for each of the consequence
types in detail. This discussion is generally broader than the approach
recommended for consequence quantification in the next study phase of this
project. Each subsection contains a recommendation regarding the best approach
for quantification of that perticular consequence type. Subsection 3.6
presents the consequence types recommended for quantification in the next
project phase.
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3.1 RADIOLOGICAL CONSEQUENCE

Some accidents in a repository, whether initiated by external or internal
events, can lead to the breach of containment barriers and release of
radionuclides. The release may be airborne or transported via groundwater and
the effects can be measured in terms of radiation dose or health effects (e.g.,
latent cancer deaths). The different waste forms in the repcsitory (i.e.,
SURF, HIW, and TRU) have different levels of emissions and different
radiological properties which affect the racdionuclide release and transport
mechanisms.,

Spent fuel will be received at the basalt repository in a carbon steel
canister. Each canister contains disassembled fuel elements of either 3 PWR or
7 BWR fuel assemblies, A PWR waste canister constitutes approximately 1.38
metric tons of heavy metal (MIHM) while a BWR waste container has approximately
1.32 MTHM,

The commercial HIW package is a stainless steel canister containing
vitrified waste. It will be overpacked at the repository into a carbon steel
Cylinder. A HLW waste canister will contain approximately 2.28 MTHM.

The repository is designed to accept both spent fuel and HIW canisters
(50/50 split) equivalent to 2370 MIHM/yr and 1,600 CHTRU drums/yr. Based on a
50/50 split between spent fuel and HIW, and a 20-yr schedule of receipt, 7400
BWR canisters (9,768 MIuv), 10,100 PWR canisters (13,938 MIMHM), and 10,400 HLW
canisters (23,712 MTHM) must be accommodated. Although the repository will
store a large inventory of spent fuel assemblies and vitrified HILW (27,900
canisters), the racionuclide inventory per unit of stored waste is considerably
less, and in a less releasable form than in a nuclear reactor. The bulk of
biologically significant radiocisotopes is in the form of solids or remain bound
in the fuel matrix/vitrified HLW. The power density of the stored waste is
also much lower than in a reactor. Therefore, reactivity considerations are
unimportant. The time scale for heatup is relatively slower also because of
the lower decay heat. In fact, heatup of the canisters due to decay heat alone
is not physically possible. The term "heatup" denotes the raising of fuel
temperatures to the point where release of activity from the canisters by one
or more mechanisms described below becomes possible.

Although the source term per disruptive incident is smaller than in a
reactor, we expect that more disruptive events could occur in the preclosure
phase of the repository because of the many canister-handling operations
involved over a long time interval. Understanding of the potential severity of
radiological consequences in the preclosure phase of a repository is a
necessary prerequisite to licensing, construction, and operation.

3.1.1 Radionuclide Classification and Characteristics
In order to effectively analyze the radiclogical consequences of

repository accidents, it is convenient to classify the radionuclides on the
basie of their physical forms at the time of the accident: gases, volatiles,
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and sclid particulates (nonvolatile fission products and neutron activation
products). Table 3-1 lists the key radionuclides and their properties. A pre-
vious study performed at GA, (Seth, 1982) summarized the characteristics of the
different radionuclides which are pertinent to the wastes that will be stored
in the repository. They are given below.

3.1.2 Radicactive Gases and Volatiles

The principal radionuclides in this category are H-3, C-14, Kr-85, 1-129,
Ru-106, Cs-134, and Cs-137. These nuclides are present in significant quanti-
ties (except I-129) in the spent fuel, are soluble in water, and are bioclogi-
cally mobile. The quantities of these nuclides which can be released and their
biological effects differ significantly. However, the first four of these
racdionuclides do constitute the primary sources of offsite doses due to minor
accidents and routine venting of damaged fuel assemblies.

Gaseous tritium (H-3) and tritium oxide vapors released to the environ-
ment, mix rapidly with the ambient water and become part of the hydrologic
cycle. C-14 is produced by the reactivation of nitrogen impurity in fuel. It
will be released in the form of CO, and can either become incorporated in the
plant material or washed out onto 1@nd and water surfaces. The noble gas Kr-85
present in the fuel pin voic spaces (gaps) can leak out quickly from defective
fuel elements., When released to the environment, it mixes rapidly throughout
the atnosphere.

I-129 can be absorbed by plants, animals, and humans (thyroid),
particularly in natural iodine-deficient locations. Although the I-129 inven-
tory available for release is very emall (for example, relative to Kr-85) its
dose equivalent is many orders of magnitude greater. Of the other volatiles,
Cs-137 dominates the rwerall inhalation and ingestion hazards. Ru-106 which
forms the vclatile oxide, PuO,, #s important during high-temperature oxidizing
conditions. If RuO, jc inhaled, it is deposited predominantly in the naso-
pharyngeal region. In a repository environment, the highly radicactive Ru04
will react with dust particles and recduce to RuO,, which represents a much
hicher dose to the lungs following inhalation. Hdwever, the inventory of
Ru-106 diminishes relatively rapidly as its half-life is only about one year.

3.1.3 Radicactive Particulates

Fuel dust (bearing fission products) could have a major impact on any
radiation doses should it escape the storage facilities. Under large crushing
forces, & fraction of the fuel can be expected to be ejected as an aerosol.
Irradiated oxide fuel contains a variety of grain sizes (five to several
hundred microns). The magnitude of dust formetion and the particle size dis-
tribution are important since particles with Aerodynamic Equivalent Diameter
(BED) of lese than about 10 microns could be readily transported in the air
flow and easily inhaled. The racietion hazard is dominated by the plutonium
isotopes (particularly Pu-238) in the fuel and the fission product Sr-90.
Radicactive products contained in the cladding and structural materials pose
minor hazards as no significant fraction is likely to be released as respirable
size particles.
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TABLE 3-1
KEY RADICACTIVE NUCLIDES

Principal

Radionuclide Half-Life Exposure Mode
Gases

H-3 2.3y Inhalation

c-14 5.73+3 y® Inhalation

Kr-85 10.8 y External
Volatiles

1-129 1.60+47 y Inhalation

Rn-106 1.0y Inhalation

Cs-134 2.1y Inhalation and external

Cs~137 30 y Inhalation and external
Particulates

Sr-90 29 y Inhalation

Y-90 64 h Inhalation

Pu-238 87.7 y Inhalation

Pu-239 2.41+4 y Inhalation

Pu-240 6.54+3 y Inhalation

Pu-241 14.7 y Inhalation

Am-241 432 y Inhalation

Qm-244 18.1 y Inhalation

(@) 5.7343 = 5,73 x 103



3.1.4 Source Terms for Release

The radiocactive source term available for release under ~accident
conditions at a nuclear waste repository during preclosure activities depends
on several general parameters:

0 total radionuclide activity,

0 physical properties of the release (e.g., volatiles, particles,

o fraction of breached containers,
© size of ruptures, and
o fraction of aerosolized release.

The two types of waste forms of concern in this study are spent unreprocessed
fuel (SURF) from commercial nuclear reactors and vitrified high-level waste
(HLW) .

In both cases, the radiocactive material source of greatest concern
consists of small particles liberated from the essentially monolithic waste
matrix outside of the local canister containment and into the interior atmo-
sphere of a repository or into the environment. Although these particles can
be produced as a result of normal processes, the largest contribution is due to
accidental loss. The particles of greaiest health concern are the aerosolized
particles having AED of 104 m or .ess because they are regarded as "respir-
able." These particles require the most attention in calculating releases and
transport during repository preclosure accidents. In addition, larger size
particles deposited on the ground that can result in large doses of external
exposure should also be considered (for example, Cs-137).

The liberation and migration of radionuclides from the waste form to the
destination where they can cause health effect: can be broadly ronsidered to be
a two-step process, involving the -e'« =" and "transport." The two processes
are related to some degree because certain types of transport are only possible
for certain types of releases. Nevertheless, the separation is useful for the
purpose of clarifying the presentation.

Under the conditions of the accident ccenarios discussed in Section 2 of
this report, the entire release process from either spent fuel or vitrified HIW
can be regarded as a sequence of releases out of the inner containment (canis-
ter or assembly), out of the outer containment (cask), out of the repository
and into the environment. The third step in the sequence is bypassed when the
accident does not occur inside the repository. For occupational exposure, the
greatest health concern is due to release inside confined repogitory volumes
where operating personnel have access. For population exposure, direct
releases into the environment are the most important, although releases through
filter ventilation systems must also be evaluated,
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The barriers, release mechanisms and pathways for both SURF and HIW are
shown diagramatically in Fig. 3-2. The most important release mechaniam is
rupture which can be of essentially two types: impact and burst. Impact
rupture is a mechanical disruption process caused by impact (fall, missile,
etc.). Burst rupture occurs only when internal pressure (e.o., due to thermal
environments) can build up to the point where the canister containment fails.,
Cther release processes like diffusion, leaching, oxidation, and crud release
tena to occur subsequent to a rupture and some are only possible following a
rupture.

3.1.5 Radionuclide Release Models

The release models discussed here are specifically for particulate
release. Release fractions for gases and volatiles have been characterized to
@ large extent in previous studies (Wilmot, 1980; wilmot, 1981; walker, 1978).
Thus, no new modeling is required for this group of radionuclides and the data
available in the literature will be used in consequence evaluations. Although
release fractions have been estimated in previous waste management studies,
large data uncertainties exist because of limited data and the accident-
specific nmature of the release.

The release of a particular radionuclide to the environment depends on
such factors as the mechanistic nature of the event, the physical and chemical
properties of the racionuclide, its plateout characteristics, and the ability
of the ventilation exhaust system to contain the release.

The important canister/fuel element release models which require special
computational attention are impact rupture, burst rupture, and diffusion.
Leaching, oxidation, and crud release can be evaluated parametrically.

Impact rupture ie the release of radicactive material out of a nonintact
canister by the mechanical disruption of the cladding and subsequent depres-
surization of the fuel element. The mechanical force of an impact can cause a
fuel element to bend or become punctured. As the fill gas and fission gases
vent through a breach in the cladding, a driving force is produced which
carries along other materials contained in the fuel-clad gap.

The rupture is a threshold process which occurs when a certain amount of
mechanical energy is transferred to the waste container in the form of impact.
The likelihood of a rupture depends on a number of properties including the
material properties of the waste form and of the containers and the mode and
spot of impact. As such, it is virtually impossible to express the impact
rupture release through an all-inclusive mathematical expression. It is
possible, however, to develop a relatively simple semiempirical erpression to
illustrate dependence on important parameters,

The particulate release through the break in the cladding or the canister
can be calculated in the form of a mass release which can then be converted to
activity based on isotopic composition.
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Figure 3-2 HLW/Spent fuel release mechanisms, barriers and pathways.




Thus,

to Lo
Ha(r,t)
M = A . fam (t) dt (3-1)

where

Ma(f't)

fd(['t)

fam(t)

fo

+
e

Ma(r,t), the
at time t, can be

Ma(r,t)

vhere
Me(t)
N(r)

L

a

0

0 fd(flt)

mass release due to impact rupture

aerosolized mass within the opening for particle size
(radius) r at time t

decontamination factor (within the opening) for particle
of size (radius) r at time t

fraction of air mass released from the canister at time t

maximum size of aerosol particle corresponding to half of
the diameter of the break

total time period for the release calculation.

aerosolized mass within the opening for particles of radius r
expressed as the product of several quantities:

Me(t) . N(r) . £.L . a (3-2)

total fuel mass within the inner containment at time t

normalized particle distribution; the lognormal
distribution is adequate

fraction of failed inner containers (equal to unity if
calculation is performed for inner containment; e.qg., fuel
element)

fraction leaking from breached inner containment

aerosolized fraction.

The differential fraction of air mass being released from the canister at

time t is



fam(t) = _TMalt) . dPc(t) (3-3)
mg (t) Po(t)
where
ma(t) - mass of air in canister at time t
Po(t) - internal canister pressure at time t.

The decontamination factor, fg(r,t), is the particle depletion factor due
to diffusion during flow and it can be calculated from the following expression

2
log fa(r,t) = € + ¢ | HAE) LTL) { (3-4)
AP(t)DA
where
B - air viscosity

d(r) - diffusion coefficient for particle of radius r

L(t) =~ leak hole length a* time t

AP(t) - drop in pressure along leak path

D - leak hole diameter

C1 and Cy are constants.

The burst rupture mechanism produces releases analogous to impact rupture
but driven by internal pressure rather than external forces. It occurs in a
severe thermal environment, whereas impact rupture occurs in a severe impact
environment, As spent fuel is heated, internal pressure will increase until
the cladding balloons and then bursts.

Once a spent fuel element is ruptured, vaporized fission products can
diffuse into the fuel-clad gap and out of the rupture opening. Higher
temperatures increase the likelihood of this diffusion mechanism.

The burst rupture release can be calculated according to the model of
Lorenz, et., al. (Lorenz, 1980).

Mg = avp (Mg/A)@ exp - (c/T) (3-5)
where

Mg - mass released in a burst

VB - volume of plenum gas vented




gap inventory of released element

- internal containment (clad) area

—]bg

- temperature at rupture location, and
a, a and ¢ - are fitted parameters based on experimental data.

The diffusion mechanism in steam is only inportant if steam is present; e.q.,
water-cooled cask in a fire accident,

The release for this mechanism can be evaluated according to a model by
Lorenz, et. al. (Lorenz, 1980).

My = Mo 1-exp - [(Rot/Mo)] (3-6)
where

M - mass released by diffusion

t - time interval at diffusion temperature

Ro - initial rate of release by diffusion,

The value of Ry can be calculated from the following expression

Ro = &(WP) (Mg/M)2 exp [-7/T) (3-7)
where
W - radial gap width
P - system pressure, and

8,Y,a - adjustable parameters based on experimental data.

The leaching process is important primarily under flooding conditions and
only at high temperatures,

The crud release mechanism essentially releases no fission products
because the fuel cladding does not have to rupture for a release to occur.
Crud occurs as particulates in the water surrounding the fuel. Some fiesion
products may deposit with the crud in small concentrations because they may be
present in the reactor coolant or in solution in storage pools. However, the
presence of Cobalt-60 in the crud is the major concern. This mechanism, there-
fore, assumes the release of only corrosion products (crud) either by impact,
vibration, abrasion, or severe rapid thermal transients. Crud release depends
on shock and temperature,

11




e Oxidation is significant only for temperature conditions well in excess of
430%C,

Release fractions for leaching, crud release, and oxidation are given in
the transportation accident scenarics report by Wilmot (Wilmot, 1981).

Radionuclides in vitrified HIW can be released as a result of canister
impact. Physical impact can cause rupture of a cask and canister. The
depressurization of the cask and canister could drive respirable particulates
or volatiles from the cavity interior. However, volatilization is not a viable
release mechanism for HIW as this waste form is almost completely devoid of
gaseous radionuclides.

3.1.6 Exposure Pathways and Indivdual Doses

A generalized illustration of the pathways leading to radiation exposure
of humans due to accidental release of radiocactivity from the repository is
given in Fig. 3-3, Important pathways for exposure to gasborne activity
include direct (both external and inhalation) radiation from the passing cloud
or plume as well as direct and indirect radiation from racdioisotopes deposited
on the ground (contamination). Indirect exposure refers to ingestion of foods
which contain radionuclides and milk produced by consumption of contaminated
pesture grass. Response or control measures can be taken to reduc> both direct
and indirect exposure, depending on the severity and timing of the accident.
Typical measures for direct exposure control are sheltering, evacuation and
iodine tablets. Measures for indirect exposure control include impounding of
local milk and crops.

Important liquid pathways for human exposure due to groundwater
Contamination include: (a) direct radiation from consumption of fish and
water, (b) direct radiation from radionuclides deposited on stream banks and
sediments, and (c) indirect exposure from ingestion of crops irrigated with
contaminated water. Of these, item (b) is often found to be the most
significant., It includes exposure during recreational activities such as
boating, swimming, and fishing. Liquid pathway exposures can be mitigated also
by response or control measures.

3.1.6.1 Gagborne Pathways. The term "gasborne pathway" is used here to
designate the release and transport of gases or particulates in the air.
Affected are repository worker exposuree in confined volumes of the repository
as well as offsi*e exposure of the public in the vicinity of the passing
radioactive plum . The plume can contain the following forms of radioactivity:

a) Noncondensible fission or activation product gases such as Kr-85 and
tritium,

b) Volatile nongaseous radionuclides, which can be in gaseous compounds
such as (0, or Ru0y, or condensible vapor form (at elevated plume
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temperatures), or in condensed particulate form. Included in this
group are the hazardous fission product nuclides of Cs, Sr, and I
(Table 3-1).

C) MAerosol particles from fuel dust, in particular, particles of
respirable size (less than 10 um AED). This group includes plutonium
radionuclides.

Within confined volumes, the following types of models are gengrally
applicable for describing the airborne concentration of the radionuclides and
the release to the atmosphere:

1) BAerosol trajectory models, predicting the movement of individual
particles,

2) Indoor Air Quality (IAQ) models, predicting the global behavior of
gases and particulates in a simple manner.

3) Nuclear reactor accident aerosol models, predicting the global
behavior of particulates in a more complex manner.

The aerosol behavior models developed for nuclear reactor accidents are
mainly used for one or more large, well-mixed compartments. Most of these
models account for a wide variety of behaviors for the aerosol cloud as a whole
as opposed to individual particles considered in the trzjectory models. The
following aerosol phenomena are considered in these models:

Brownian coagulation
turbulent coagulation
gravitational coagulation
gravity settling
diffusion to the walls
leakage or ventilation
air cleaning.

0000000

The applicable computer codes for the different aerosol modele are
discussed in Section 3.1.8. Their use may, however, be unnecessarily complex
for conceptual repository configurations where a simpler approach may suffice.

Indoor air quality models do not generally treat the coagulation processes
explicitly or differentiate between deposition on walle or the floor. Instead,
overall deposition parameters based on empirical data are used which implicitly
account for coagulation by the appropriateness of the test simulations.

For releases inside the repository, the indoor air quality (IAQ) model is
reasonably adequate for the purpose of the present study since final design
information on repository compartmentalization is not yet available.

In Section 3.1.5 (BEgs. 3-1, 3-5, and 3-6), the mass of gas and fuel dust

released to the confinement air (gasborne pathway) is given in terms of the
mechanisms of burst release (M), impact release (Mp), diffusion release (Mp),
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and oxidation release (leaching mechanisms pertain to liquid pathways). The
mass release can be converted to an activity release for a specific radio-
nuclide by knowing the relative concentration of that nuclide in the canister
gas or on the fuel dust particles.

In the Indoor Air Quality Model, for purposes of calculating doses, some
of the gasborne release mechanisms may be taken to be essentially instanta-
neous, burst and impact release for example. Others, such as diffusion and
oxidation release, may occur in a time-dependent manner. The simplified sketch
below illustrates the IAQ model.

y c/ Time-dependent
release to
atm.

well-mixed

conf. air Concen. C

Time-dependent
q f release to
I

confinement

Canisters

An initial instantaneous release at to of radionuclide n produces an initial
concentration Cn o of that nuclide in the confinement air, which is assumed to
be perfectly mixed. Thereafter, a time- dependent release occurs which is
instantareously mixed in the confinement air. In many cases, the rate of time-

dependent release can be described by an exponential function (see Bq. 3-6) of
the form

q = g e“A(t"tQ) (3-8)

where gp is the initial radionuclide inventory remaining after the burst
release at time t;, and A is a removal constant,

Within the confinement air, the concentration of the radionuclide may be
reduced by the following confinement processes included in the IAQ model:

radioactive decay per exponential constant A,,

natural deposition or fallout per exponential constant Ap.
leakage rate to the atmosphere per linear constant 7,
recirculation filter cleanup per exponential constant A,

0000
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For convenience, an overall removal constant is defined by:

B= Xr+ lp+ Ae + Y (3-9)

The differential equation for time-dependent containment activity c¢ is

gg = q - BC (3-10)
rate of rate of rate of
conc, activity activity
change added removed

with the boundary condition that C = Cy at t = ty (after burst release), For
constant parameters A and B, the solution over an interval of time is

———

cn B [e-A(t-to) . Blt-tg) ] + G e Blt=to) (312)
B-A

Depending on the relative importance of the terms, this equation predicts

monotonically increasing, monotonically decreasing, or peak concentration in

the time interval.

Based on this concentration, the dose to workers in the confinement can be
calculated, using the methods for reactor containments specified in 10CFR20.
In 10CFR20, maximum permissible concentrations (MPC) of specific radionuclides
in air are given, corresponding to a dose rate of 2.5 mrem/hr (occupational
dose limit). For a given mixture of radionuclide concentrations Cl1, C2,... Cy,
the actual overall dose rate can be obtained from

el e ﬁ S __25 (3-12)
n= (HPC)n Vv

where V is the confinement-free volume. Implicit in this formulation is the
assumption of immersion in a semi-infinite medium, which can be conservative
for certain nuclides.

Over the same interval, the integrated release from the confinement tc the
atmosphere is

t
Q= 5/ yCdt (3-13)
t
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(3-14)

1
B

This is a monotecnically increasing function (in units of curies) that levels
off with time.

The foregoing equations express the fission product concentration and
release of a single nuclide to the atmosphere in a specific time interval in
which the parameters such as removal constants ( A) and leak rates (7) remain
constant. The accident is broken up into intervals. The first interval
extends from time tg, until the parameters change significantly. One can use as
many intervals (denoted by k) as needed to simulate the accident history.

If n is a subscript denoting each of the N nuclides listed in Table 3-1
and k is a subscript denoting each of the K time intervals, the total
integrated release to the atmosphere for each nuclide is

5 b o

The external whole body dose to a person at distance z from the confinement can
be calculated in a simple manner by the eguation

N K
Bgy = 3 W £ T OnkEn (3-15)
=l k=1

where X/Q is the atmospheric dispersion factor at distance z and Ep is the
effectivity factor for nuclide n, converting from curies to whole body dose.
Similerly, the inhalation thyroid, lung, and bone organ dose equations are,
respectively,

N K
Dy = DX I I OnkEn . (3-16)
thy el k=l "
N K
D,.= bXQ X £ OnkEn . (3-17)
lung n=l k=l "
N K
- b/ £ X OukBh s (3-18)
Pbone =l k=l
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where the Ej, are dose effectivity factors for the different organs and b is the
breathing rate.

In this formulation, the X/Q values pertain to the atmospheric dispersion
factors in the Gaussian plume dispersion model. This model is used extensively
in reactor accident analysis and is considered adequate for the environmental
transport of gases and dry, small airborne aerosols where fallout en route can
be neglected.

More complete dose calculations may be made using computer programs which
simulate the plume dispersion and transport, as described in Section 3.1.8.
Some of these also calculate ground deposition and fallout of particulates,
direct exposure from ground deposition, food and milk pathway exposures, and
the interactions with the populations, including mitigating actions of shelter-
ing, evacuation, etc. The only computer code able to analyze all these effects
is the CRAC2 code, which is recommended to be used in the next study phase to
determine dose consequences of offsite releases.

3.1.6.2 Liguid Pathways. A brief discussion of liquid pathway exposure due to
crud or leaching release is given here for completeness, Differential
eguations describing the one-dimensional groundwater transport of activity
subject to retardation and hydrodynamic dispersion are given in ONWI-121
(Bechtel, 1981). Data requirements for the simulation include:

Retardation or sedimentation coefficients
Groundwater speed

Rate of containment flow from the repository
Dispersion coefficient

0000

At the Hanford site, there are no nearby wells or usage of groundwater for
crop irrigation. The most significant exposure pathway is likely to be contam-
iration flow and dilution in the nearby Columbia River, with subsequent deposi-
tion and sedimentation along the downstream shores of the Tri-Cities area.

Doses can be estimated knowing the groundwater (aquifer) flow rate, the
river flow rate, irrigation uptake rate along the river, and so-called usage
terms or consumption rates, The latter account for (mass or volume of
water/yr) humen consumption, if any, of potable water, fish, and food produced
by irrication agriculture. They also account for the use of shoreline
recreation facilities, Also required for ingestion pathways are the dose
conversion factors for internal exposure, based on a 50-year dose commitment of
a radionuclide n introduced into the human body.

A typical dose equation for liquid pathways is

Dy =§Zn: e + Fynp - Up (3-19)
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Where Dj
Ch, P

dose to the organ j for all pathways P and all nuclides n.

activity concentration of nuclide n in the media consumed for
pathway P (PCi/liter)

Fj,n,p = dose factor for radionuclide n, pathway P and organ j.
Up = usage term for pathway P, liters/yr.

The dose factors Fy n p are well-known and are given jn NRC publications. The
activity concentrafions can be estimatec from the repository release calcula-
tion and gross approximations of the groundwater and river dilution. Usace
terms can be appropriately derived from an analysie of the area agriculture and
recreational history.

3.1.7 Recommended Approach

Figure 3-4 illustrates the proposed approach for the quantitative
evaluation of the radiological consequences of repository accidents., Note that
the evaluation will only address airborne releases since this is the mejor
release pathway in the preclosure period. BExcept for flood, radionuclide
release via water pathway is a slow process which is not likely to affect the
preciosure safety of a repository.

As noted in Sections 3.1.4 and 3.1.5, the transport and behavior of
radionuclides play a key role in the conseguence evaluation. The fractional
release of radionuclides from breached canisters and fuel pins is used directly
in dose calculations. However, providing reliable estimates of release
fractions (source terms) is difficult, largely because of the accident-specific
nature of the release and the lack of adequate experimental data to support
postulated release assumptions.

The release fraction for gases and volatiles given in previous studies
(Wilmot, 1980; wilmot, 1981; walker, 1978) will be used in this project. The
models discussed in Section 3.1.5 will be applied to the extent permitted by
required data to determine the release fraction of particulates having AED of
10 m or less. For transport of these particulates in confined areas, the

Rather than calculate radiological consequences for each and every
accident sequence, consequences will be evaluated for a short list of release
categories, representing discrete levels of release ranging from fuel-cladding
gap release only to significant release of radionuclides under fire or explo-
sion conditions. That is, each release category corresponds to a certain set
of accident conditions and corresponding set of release fractions of radio-
nuclide groups. The list of release categories is so chosen such that the
complete range of accidents and activity releases to be analyzed are covered.
Offsite release consequences, in the form of doses at a given distance, will be
calculated for each release category by the CRAC2 computer code, accounting for
site-characteristic weather variations and humen actions, The statistical
sampling process in the CRAC2 code for weather and human response produces a
statistical statement of consequences., This is called a risk curve, given
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(conditional upon) the release category. Each release category (or condi-
tional) risk curve is expressed as the frequency of exceeding a certain dose as
a function of dose. This is basically the same procedure as used in all
nuclear plant PRAs since WASH-1400.

Fach accident sequence in the event trees will be assigned a release
category based on the physical conditions of the seguence and on predetermined
Ccriteria which define the release categories, Table 3-2 shows a proposed set
of release categories for repository accidents, and the typical events and
release mechanisms corresponding tc each category. The category criteria will
be closely based on these typical events and release mechanisms, A set of
release fractions for the radionuclide groups will be defined quantitatively in
each release category.

To derive the radiological risk, the summed frequency of all sequences
leading to each release category will be derived. By combining the summed
frequency with the CRAC2 conditional risk curve for that release category, one
obtains an absolute risk curve for the release category. The overall reposi-
tory risk is obtained by the standard combination of the absolute release
category risk curves (i.e., frequencies are summed at each consequence level).

An advantage of this approach is that the consequence assessment
(conditional risk curves) can proceed in parallel with the accident event
trees. But the release category definitions and criteria (leading to quantita-
tive release definition) must be made early on from preliminary accident
scenario analysis,

It is recognized that there are large uncertainties jawvolved in the
Characterization of release fractions. To permit the identification of
domirant radiological risk contributors, uncertainties of release fractions in
different accident scenarios should be considered on an individual (scenario
dependent) basis.

3.1.8 Available Computer Programs

Of the computer programs applicable to the HLW-PSSA listed in the Task 1
Literature Review report (Ligon, 1984) the following programs are directly
applicable for the consequence evaluation of preclosure activities in a
repository: ORICEN-S, CRAC2, PADLOC, XOQDOQ, and GASPAR., The extent of their
applicability is summarized in Table 3-3. These computer programs such as
CRACZ, XOQDOQ, and GASPAR are adequate for offsite consequence calculations
only.

ORIGEN-S is a zero-dimensional depletion code which solves the Bateman
equations for radicactive growth and decay of a large number of isotopes
(Mills, 1983). It is an enhanced version of ORICEN, the ORNL Isotope Genera-
tion and Depletion Code. ORICEN-S can be used to estimate the radionuclide
inventories in a HLW repository and to estimate the heat and radiation source
terms from radicactive waste packages., Because radionuclide inventory informa-
tion (based on ORIGEN runs) are available in the literature, it is not
necessary to run this code specifically for this project.
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TABLE 3-2

QUALITATIVE RADIONUCLIDE RELEASE CATHGORY DEFINITION

Release
Category

Release Mechaniam(s)

Radionuclide Release*

Typical Events

Heatup of failed fuel

during fire or explosion
driving off vclatile and
nonveolatile radionuclides

All noble gases, most volatiles,
significant fraction of nonvolatiles
from amount of failed fuel involved
in the accident

Severe impact or release coupled
with fire or explosion

II

Limited heated fuel
release (<1400°C) or
severe aerosol release

All noble gases, significant fraction
of volatiles, small to moderate
fraction of nonvolatiles

Temporary loss of cooling to
canisters; severe impact and
aerosol formation without fire,
explosion

III

Failed fuel gap release +
aerosol release - no fuel
heatup

A significant fraction of noble
gases, small fraction of volatiles,
very small fraction of nonvolatiles
on fuel aerosols

Mild impact and aerosol release,
no fire or explosion

Failed fuel gap release
only - no fuel heatup

A significant fraction of noble
gases, very small fraction of iodine
and other volatiles

Mild impact or other canister
failure, no aerosol formation or
release

*Release shown is qualitative; quantitative values will be defined in the later phase of the study.




TABLE 3-3
COMPUTER (QODES rOR RADIOLOGICAL CONSEQUENCE EVALUATION

Atmospheric
Dispersion/
Radionuclide Radionuclide Deposition Dose

Code Name Inventory Release Model Calculation Availability
ORIGEN-S X bl
CRAC2 X X Sandia
PADLOC* X GA
X0QDOQ X NRC
GASPAR X NRC

*PADLOC can be used to calculate plateout on confinement side ventilation
walls and within filters.

**Radionuclide inventory results from ORIGEN runs are readily available in the
literature.
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CRAC2 (Ritchie, 1983) is a newer version of CRAC (Calculation of Reactor
Accident Consequences), a computer code that has been used to study the effects
of varying population density, weather conditions, and radionuclide release
inventories on various consequences of atmospheric releases in the event of a
nuclear power plant accident. Improvements in CRACZ include the modification
of the atmospheric dispersion model, the introduction of a new meteorological
sampling technique, a new evacuation model, new output capabilities, and a new
thyroid damage model.

The major inputs to CRAC2 are:

meteorological data

population distribution
radionuclide inventories

decay half-lives of radionuclides
breathing rate

dose conversion factors.

co0oo0o00O0

PADLOC (Hudritsch, 1977) is a one-dimensional mass transfer computer code
developed at GA to analyze steady-state and time-dependent plateout of fission
products in an arbitrary network of pipes. It was developed as a general model
to simulate radionuclide transport and plateout in applications such as the
primary circuit of a high-temperature gas-cooled reactor (HTGR). It can also
be applied to radionuclide release during hypothetical accidents in the reposi-
tory, including plateout on confinement-side walls and plateout within filters
positioned at the top of upcast shaft. Major input data types include: mate-
rial properties, ventwork geometry, air flow rate, and temperature.

The application of PADLOC to calculate release fractions of radionuclides
transported within the repository was demonstrated in NURBEG/CR-1931 (Pepping,
1981). The PADLOC results indicated that plateout and deposition within the
repository will have a modest impact on reducing airborne activity. In each

instance where significant radionuclide rel  .se was predicted, the receiving
medium was air.

X00D0Q (Mills, 1983) is a computer code used by the NRC in its meteoro-
logical evaluation of routine releases from commercial nuclear power reactors.
This code, which uses the steady state Gaussian plume assumptions, can be used
to estimate ground-level radionuclide concentrations and deposition amounts
associated with atmospheric releases from waste repository operations. Meteo-
rological data, decay half-lives and source parameters are the major types of
inputs to XOQDOD., Outputs from XOQDOQ such as atmospheric dispersion and
deposition factors can be used as inputs to GASPAR. XOQDOQ runs on IBM 360/370
computers.,

GASPAR performs air-release dose calculation of noble gases and of
radiocactive particulate emissions, including doses for both the entire
population and the individual. It currently runs on CDC computers. The
present documentation of the code is quite poor, requiring the user to study
the program listing before running the code.

)
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Figure 3-5 illustrates how each body of information will be utilized to
calculate the radiation dose and the computer codes to be used. An ORIGEN-S
run need not be performed. There is considerable information available from
previous studies of radionuclide inventory data for spent fuel and HIW that
were generated using this code. PADLOC will be used to calculate the plateout
factor as required in the evaluation of a given accident scenarioc. Release
fraction and filter decontamination factor data will be taken from the litera-
ture, making sure that the number selected applies closely to the scenaric in

question.

For the following reasons, the use of CRAC2 is recommended to quantify
aerosol release to the environment in terms of radiation dose:

o The code is readily available at GA Technologies and Sandia National
Laboratories.

© Sandia and GA Technologies have extensive experience in using the
code.

o Its predecessor, CRAC, has been used in a previous preclosure risk
analysis of a repository for spent unreprocessed fuel (Pepping, 1981).

o It is uniquely qualified to perform the statistical weather variation
required to derive the risk curves.

For calculating radiation dose as the consequence of interest, the CRAC2
code would be run in a simplified mode; e.g., without population or evacuation
models, no health effect calculations, etc. The code running time should be
suitably short.

As discussed earlier (Section 3.1.6) the nuclear accident aerosol models
are quite complex and appear unnecessary for the project. They are addressed
here to give the reader some idea on which codes may be applicable to the
repository.

The more complex computer programs are essentially of three types:
monodispersed, fixed-distribution, and discrete distribution types. QORRAL,
MADCA, and ETHERDEMO are of the first type and employ mass balance equations
that are similar to those of the IAQ model. TRAP, TRAP-MELT, HAA-3, and HAA-4A
are of the second type and utilize time-dependent continuous distributions of
aerosol size. NAUA-4, MATADOR, PARDISEKO, CRAB, MAERCUS, and QUICK belong to
the third category and tend to be generally time consuming. In this category,
QUICK and MAEROS appear to have the best blend of efficiency and accuracy for
simple applications.
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3.2 NONRADIOLOGICAL OCQUPATIONAL CONSEQUENCE

Many activities within the repository require operztor actions which
expose workers to industrial accidents in addition to possible radiation
exposure. A worker hit by a talling cask may be killed or injured, regardless
of whether or not the cask is breached. Hence, the evaluation of nonradiolo-
gical occupational consequences (i.e., personal injury or death) requires a
much simpler approach than that required for a radiological consequence
evaluation.

3.2.1 Recamended Approach

In this project, we propose to do the following regarding nonradiological
conseguences:

1. Categorize the initiating events identified in Section 2 by repository
activity (e.g., surface activities, hoisting, emplacement, etc.)

2. Identify the probable causes of injury (e.qg., fire, entrapment,
accidental falls, etc.)

3. Determine frequency and riek of perscnnel injury/death for each
repository activity from industry data.

Categorization of initiating events according to repository activity and
identification of those leading to operator injury has been presented in
Section 2. Accident freguency and occupational injury data are addressed in
Section 7.

3.3 IMPACT ON REPOSITORY AVAILABILITY

The availability of a subsystem, equipment, or component can be expressed
in terms of its mean "uptime" or mean-time-between-failures (MIBF) and its mean
"downtime" of mean-time-to-restore (MITR) as:

As was shown in Fig. 3-1, accidents leading to both radiological
consequences and nonradiclogical occupational consequences affect repository
availability. In addition, we must consider repository downtime due to clean-
up and equipment repair (even though the waste package is not breached or no
operator is injured), and downtime due to scheduled maintenance of equipment,

3.3.1 Evaluation of Repository Availability

The general approach to evaluating availability consists of three
sequentjal steps: (1) qualitative analyeis, (2) system modeling, and
(3) quantification.
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The qualitative analysis generally performed by reliability engineers is
the Failure Modes and Effects Analysis (FMEA). An FMEA is a method for
identifying all the failure modes of a plant, system, or process; determining
the effect (s) of each one; and determining the mechaniams for the failure. In
the FMEA process, the analyst postulates a failure mode, then considers the
effect of this failure alone throughout the system. Failure modes consisting
of multiple or dependent failures may also be postulated.

An effective way of ensuring that no significant failure modes are omitted
in the FMEA, is the development of system symbolic logic diagrams (SSLDs) which
subdivide the facility into successively smaller portions (e.a,, systems and
components) proceeding one level at a time, ‘This is helpful because it
restricts the number of items that must be considered in each subportion, thus
reducing the likelihood of amissions. The FMEA can then be based directly on
the SSLDs. It is usually desirable to prepare the FMEA at the lowest level of
assembly possible because this allows more specific analysis of the effect(s)
of each fail.re mode and the ways to mitigate the effect (g).

System modeling involves the use of reliability block diagrams (FBDs),
fault trees, and/or event trees to estimate system availability and/or
reliability.

Once a system is adequately modeled using one or a combination of the
above techniques, system availability is estimated. The quantification process
includes obtaining the failure rate and repair time data, defining the data
uncertainties and modeling uncertainties, and obtaining the system reliability
or availability.

3.3.2 Recamended Approach

In evaluating the impact of repository availability, there are three major
areas to consider:

1. Repository downtime resulting from accidents which lead to personnel
and/or public exposure to radiation,

2. Repository downtime due to work days lost from operator injury or
death following an accident whether or not radiation is released.

3. Repository downtime for cleanup and equipment repair even if the
accident scenario does not lead to a radionuclide release or operator
injury.

Items 1 and 2 can be calculated by simply translating the consequences
discussed in Sections 3.1 and 3.2 in terms of repository downtime, To bound
the problem, the radiological and nonradiological consequences can be grouped
into three or four categories and an upper and lower estimate of downtime
assigned to each category.
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Item 3 can be quantified by translating system availability given a
certain initiating event in terms of system downtime,

System modeling technigues such as event trees and fault trees are used to
calculate the frequency of each accident scenaric. The product of accident
frequency and the associated downtime summed over all accident scenarios gives
the overall unplanned repository downtime.

3.4 FINANCIAL CONSEQUENCE

The firancial impact of repository-related iccidents represents the
offsite and onsite costs related to public and plent personnel health effects,
waste storage replacement, cleanup, decontamination, repair, etc.

Offsite financial consequences estimate the monetary loss to the
government resulting primarily from the release of radiocactivity to the
environment. The cost factors that should be considered include: (1) the
monetary value of health effects (i.e., the expenditure society is willing to
make to prevent loss of life and the cost of providing health care to the
affected population); and (2) property damage (e.g., lost public and private
property, interdicted land and farm crop costs, lost wages, decontamination
costs, etc.).

Onsite financial consequences pertain to the monetary loss affecting the
repository facility and its personnel because of accidents which may or may not
lead to a radionuclide release, and of maintenance and tepair operations which
reduces the repository's évailability to accept and dispose of nuclear wastes,
The cost factors include: (1) plant personnel health effects, (2) replacement
storace costs, (3) cleanup costs, (4) capital costs, (5) litication costs, and
(6) indirect costs (e.qg., shutdown of reactors because of spent fuel storage
problems, loss of industrial capacity, loss of jobs, etc.).

3.4.1 Discounting Costs

In the economic consequence evaluation of an adverse condition which could
occur at any time during the life of the repository, there are two major
variables: money and time. The time value of money makes it unrealistic to
directly compare monetary amounts unless they occur at the same point in time.
Discounting techniques have been proposed (EPRI, 1982 and Strip, 1982) to
determine the present value of money. For repository applications, the dis-
counting formulés based on continuous discounting used in (Strip, 1982) appear
adequate, They are given below.

1. For calculations of early health effects and offsite property damage,
the present value of a cost Cy, which occurs with frequency f:
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~gti -rtf
eIt Cof dt = Cof [ LSRR, S ] (3-20)

r = effective discount rate

f = frequency of accident costing C,
ti = time of onset of risk of accident
tf = time of end of risk of accident.

2. For calculating the present value of an expense Co which recurs for M
number of years (e.g., cleanup expense):

.

L 5. -rti ~r(tg-t{)

1
f £ f Co e~rt' at'at = Cofe ~ [l-e ] 1-e~tM
t t r

3. For calculating the present value of an expense Co that will recur
until a fixed date, rather than a fixed number of years (e.g.,
replacement storage costs),

bt tf
-rt! Cof -rtj ~rtf -~rtf
. f Co e at' dtz__;.. [ | DRSNS (tf- ti)]
r
ti t

(3-22)
3.4.2 Available Methods to Calculate Financial Consequences

| Offsite financial consequences of nuclear power plant accidents have been

| calculated using the CRAC code (NRC, 1975). The work reported in (Strip, 1982)

| used CRAC2 (Ritchie, 1983) to estimate offsite firancial consequences. Econam-
ic effects taken into consideration in CRAC2 include lost wages, relocation
expenses of the evacuated population, decontamination costs, lost public and
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private property, and interdicted land and farm crop costs, They are all
calculated on the basis of statewide land use and land value data, and the
population distribution surrounding the specific site., Economic consequences
which are not included are the cost of providing health care to the affected
population, all onsite costs, litigation costs, and indirect costs,

An EPRI report (Stamatelatos, 1982) describes a value-impact methodology
that goes beyond the calculation of financial impact since it also considers
attributes (values and impacts) not directly measurable in monetary units,
However, the method used for calculating discounted costs resulting from
postulated accidents follows that described in EPRI's Technical Assessment
CGuide (EPRI, 1982).

3.4.3 Recammended Approach

If guantitative evaluation of economic consequences of repository-related
activities is considered, the following steps are recommended.

1. From the set of accident scenarios identified as dominant risk
contributors in the preliminary ecreening process (discussed in
Section 2, Scenario Enumeration and Selection), group the severity ot
each consequence type into three or four categories.

2. Develop a list of assumptions regarding DOE's and NRC's actions in
response to a repository accident,

3. Based on these assumptions, identify all the important cost factors
and determine the cost data necessary for realistic cost calculations.

4. Calculate an upper and lower bound cost estimate for each consequence
Category in each consequence type using the discounting formulas
presented in Section 3.4.1.

3.5 EFFECT OF PREQLOSURE OPERATIONS ON LONG-TERM REPOSITORY FUNCTION

The design of a repository follows the "engineered barrier system"
approach. The engineered barrier system includes the waste packages and the
underground facility. A waste package, as defined in 10CFR60, is composed of
the waste form and any containers, shielding, packing, and absorbent materials
immediately surrounding an individual waste container. The underground facil-
ity refers to the mine structure, including openings and backfill materials.
Such a system would ensure substantially complete containment of HIW over a
long per‘c. of time. However, processes (either natural or manmade) which
occur dur./ic the preclosure phase could compromise this multiple barrier con-
Cept <., conseq ently, prevent the repository from ensuring the safe and
permanent disposal of radicactive waste for thousands of years,

This type of consequence is not a rick contributor irn the preclosure
phase; therefore, no attempt will be made to quantify any contribution to risk,
Instead, the sequences/operations that are potentially capable of generating
this consequence will be identified to facilitate consideration of preventive
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procedures and operations at an early stage in the repository design/licensing
process. Potential initiating events that could lead to this type of
conseqguence were presented in Section 2,

3.6 CONS'QUENCE TYPES RECOMMENDED FOR FURTHER EVALUATION

An important goal of this project is to use the results of the risk
evaluation in the licensing of the construction and operation of a nuclear
repository. To achieve this goal and at the same time effectively use the
available resources, wc recommend that radiological (public and worker) and
nonradiological occupational consequences be evaluated in more detail in order
to demonstrate the usefulness of the HLW-PSSA methodology.

Relevant initiating events and their corresponding consequences have been
discussed in great detail in Section 2. As quantification of radiclogical
consequences will be performed in the next study phase of this project, those
accident scenarios leading to radiological consequences could then be further
categorized according to the four release categories shown in Table 3-2, It is
expected that a major portion of release fraction modeling effort (using the
model s discussed earlier) will concern aerosol release.

While repository availability and financial impacts are also important
considerations, particularly in a comprehensive risk evaluation, their not
being addressed at this time will not preclude our ability to demonstrate thc
methodology.
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4.0 FAULT TREE DEVELOPMENT

Fault tree development requirements fcr this project were based on the
systems identified as intermediate events in the event tree accident scenarios.
Wherever possible, portions of fault trees developed in previous repository
safety analyses were used to avoid duplication of effort. Systems not explic-
itly described in the "Conceptual System Design Description, Nuclear Waste
Repository in Basalt" (SD-BWI-SD-005) were not modeled due to lack of informa-
tion. Instead, these systems have been assigned failure probabilities from
similar systems currently operating for other applications (see Section 7, Data
Base). Future phases of this project may include fault tree modeling of these
systems as design information becomes available.

The systems modeled were primarily the various building and subterranean
confinement exhaust ventilation/filtration systems. In order for a radiolo~
gical incident to occur, the barriers to local and environmental radionuclide
release must be defeated., For the repository concept, those barriers consist
mostly of the air circulation/cleanup systems. The availability of electrical
power for these systems is a key issue in any safety analysis.

Adjacent to the repository power substation is the standby diesel
generator building, There are two 13.8 kV diesel generator units that
automatically start (using compressed air) and pick up all standby power loads
in the event of loss of offsite power. Individual load centers further reduce
the service voltage to 4.16 kV for motors >200 hp and 480 V for smaller motors
and normal utilities, A third power source, designated as the uninterruptible
power source, is also described in the conceptual design; however, no loads are
identified for this system and most battery backed sources are at a voltage
insufficient to power ventilation loads. Thus, only two power sources with
their associated load centers are considered for waste handling exhaust
ventilation systems,

The fault trees developed for the waste handling building primary and
secondary confinement ventilation systems are given in Figs., 4-1 and 4-2,
Passive failures such as duct collapse are lumped together into a single event,
Multiple failure modes of active components are considered (e.g., filter
collapse in addition to loss of filtration function). Human error is included
at the component level where applicable.

Faults occurring with both the intake supply and the exhaust were
considered to cause system failure, It was assumed that if a supply is
interrupted, the preferred pressure differential would be lost between the
confirement systems. This in turn defeats the hasic confinement concept and
was thus considered as a mode of confinement failure,

There are filter trains on both the intake and exhaust blowers. On the
intake side, there is a bird screen, tornado dampers, and a combination of 30%
and 90% National Bureau of Standards (MNBS) particulate filters. These inlet
barriers are designed to prevent damage to the intake circulating machinery and




to limit the circulation of particulate matter from the external environment.

Exhaust filtration immediately upstream of both primary and secondary
confinement exhaust systems include a moisture separator, a 90% NBS filter, and
two HEPA filters. In addition, the primary confinement exhaust system contains
a charcoal filter for limited gaseous absorption. Maintenance errors allowing
any of these filters to become plugged were lumped together into a single human
error., Primary failures of each filter component were modeled separately.

It should be noted that the exhaust of the primary and secondary
confinement (and the waste transport shaft exhaust system) is sent via a common
header to a single stack. This is a potential dependent failure, causing both
systems to fail, particularly if an earthquake is considered as an initiating
event., Many of the accident scenarios require the failure of ooth primary and
secondary systems to generate an offsite release; this intersystem dependency
is one way these conditions can be satisfied.

The normal and standby power systems are identified in the primary and
secondary confinement ventilation fault trees. There is an implicit assumption
in the fault tree modeling concerning standby power in that the backup system
utilizing standby power is assumed (by fault tree structure) to be available
immediately to pick up the function of the disabled normally-operating system.
This is not strictly accurate because on a loss of offsite power, either diesel
has to start, achieve operating speed, and sequentially pick up the required
standby loads, The implicit assumption is that the time interval between loss
of normal power to a ventilation system and successful operation of the standby
ventilation system (upon successful diesel start and run) is insufficient to
allow an appreciable amount of airborne contamination to escape to the outside
environment. Other ventilation systems using back-up capability/standby power
also have this assumption inherent in their fault tree structure.

4.1 WASTE HANDLING BUILDING CONFINEMENT VENTILATION SYSTEM

The philosophy of waste handling building confinement system operation
outlined in the referenced basalt conceptual design description is different
for the various systems considered. The waste handling building has both a
primary and a secondary confinement exhaust ventilation system. The primary
exhaust ventilation services the hot cell and secondary areas. These areas are
the ones expected to have the highest contamination levels during normal opera-
tion, The primary system consists of two 100% redundant exhaust fan and filter
trains. It was assumed for this analysis that the backup primary system
started automatically upon the functional loss of the normal system,

The secondary confinement exhaust ventilation system consists of three 50%
capacity fan and filter train assemblies. In the event of a failure of either
of the running systems, it was assumed that initiation of the standby system
was by manual operator action. The normal direction of leakage (determined by
pressure control of these exhaust ventilation systems) is in the direction of
higher contamination; that ie, from the personnel areas to the secondary
confinement areas, and finally, to the primary confinement areas.,




There are two sources of power available to the waste handling building
confirement ventilation systems. Normal power for all site loads is delivered
to the repository using two 138 kV transmission lines. Power is converted to
13.8 kV and split into the various load centers at the receiving substation.
Standby power comes from two diesel generators.,

4.2 WASTE TRANSFORT SHAFT VENTILATION SYSTEM

The head frame of the waste transport shaft is located in the waste
handling building outside the hot cell/secondary area. This ventilation system
required modeling as an intermediate event because a transport accident
occurring during hoist cage loading, transport to the subterranean level, or
hoist cage unloading would be limited to a local release potential, given
proper shaft ventilation/filtration system operation (see Fig. 4-3).

The exhaust fan and filter train for the waste transport shaft are located
in the exhaust filter fan house section of the waste handling building adjacent
to the secondary confinement exhaust fan/filter train assemblies, As noted
previously, this system also exhausts to a tunnel and stack common to both the
primary and secondary confirement exhaust systems. This ic not a crucial
comonality because the waste shaft ventilation cannot serve as a redundant
backup to primary and secondary confinement ventilation (in most cases).

The waste shaft exhaust system is comprised of two fan/filter train
Systems, PBoth are required to run continuously for satisfactory performance so
loss of either train constitutes system failure, The two trains have common
inlet and outlet headers but use parallel fans and filter assemblies. They can

also be cross-tied between the outlets of the filters and the inlets of the
fans.

The exhaust portion of the waste shaft ventilation system is modeled
similar to the waeste handling building primary and secondary confinement
exhaust systems previously discussed, The fans are smaller than the other
gystems, but the filter assenblies are identical to the secondary ventilation
System. Human error at the component level, multiple comporent failure modes,
and loss of electric power are the same as fault trees discussed above.

loss of supply air to the waste transport shaft is the same as loss of
supply air to subterranean confinement systems and is treated in detail in the
next section. However, it should be emphasized here that this commonality
Creates another dependency between two redundant systems for some of the
accident sequences,

4.3 SUBTERRANEAN CONFINEMENT SYSTEMS

The confirement exhaust ventilation system designed for the under ground
portion of the repogitory is contaired in a separate building enclosing a
dedicated vertical shaft for air flow. The purpose of this system is primarily
to remove the heat from the waste panels, 1In the event of a subterranean
radionuclide release, filtration of the exhaust air ir also possible, Proper
operation of the filtration would eliminate any offsite environmental release




(see Fig., 4-4), The system as described in the conceptual design document has
five fan/filter train assemblies, Three are required for normal operation
leaving two of the parallel units as installed backup capacity. These backups
are assumed to operate on standby power while the normally operating units are
supplied from the normal power system,

The flow of air is upward through the confinement exhaust shaft to a
conmon plenum at the surface. Each of the five units is connected to the
plenum. Normally, the air then flows through a separate filter bypass duct for
each of the units, through the fan and out to the ocutside environment,

In the event that subterranean radicactivity monitors detect airborne
contamination, a series of damper movements is required for each operating
assembly, followed by start-up of a second stage for each fan, in order to
align the respective filter trains with the exhaust flow prior to the arrival
of the contamination. The following equipment actions must take place for each
operating assembly to successfully remove the contamination:

1. inlet and outlet dampers on filter train open
?. second stage of fan starts and achieves operating speed

3, inlet or outlet dampers on bypass duct close (either ie assumed to
successfully block the flow).

This complex series of operations is necessitated by the conflicting
requirements of minimum power consumption (minimum fan hp) during normal
operation but full high-efficiency filtration capability during an accidental
release situation., The alternatives of full-time cperation of the filter
systems require the additional power consumption needed for second stage fan
operation, This is considerable for the air flow requirements defined in the
system design description,

The receipt of a subterranean radicactivity alarm was assumed to trigger
the realignment of the damper/filter assemblies automatically. An additional
intermediate event was included in the appropriate event trees for manual
operator initiation probability given automated system failure. This occur-
rence of human interaction at the event tree level represents the potential for
an operator to mitigate an accident in addition to contributing to one.

Loss of supply air to the subterranean environment was considered to be a
conf inement system failure mode as either insufficient air flow or additional
load on the exhaust fans would eventually result in loss of filter function,
Confinement air intake is located adjacent to the refrigeration building which,
together, enclose the confinement air intake shaft. The building houses five
150 hp axial flow fans, three of which are normally operational. Each fan
assembly is capable of 74,000 ft#/min flow. This subterranean air supply
system and the fault tree sect.on (see Subterranean Confinement Air Ventilation
System Fault Tree (Fig. 4-4), Transfer Ml) are common to both the subterranean
confinement air ventilation and waste transport shaft ventilation systems,



adding interdependency to accident sequences where both systems are capable of
furnishing ventilation,

From the conceptual design description, the inlet of the supply fans
appears to be through a common tornado damper/bird screen assembly; however,
the text describes the units as separate. The system was modelled assuming
Separation., Intake filter trains upstream of the fan consist of the tornado
damper/bird screen assembly and a particulate air filter to keep external dust
from being circulated.

Power supplies to the fan motors were assumed to be normal for running fan
units and standby power for the two installed spares. Each fan motor is rated
at 150 hp, so it is assumed the power will be from a 480V load center., Notors
(200 hp and over) will usually be supplied by 4.16 kV load centers (ref. system
design description).

Power to operate the exhaust filter dampers and bypass duct dampers was
assumed to be from the standby source (diesel generator backup). From the
cursory description of the uninterruptible power source (battery backed) the
only loads assumed to be tied to this system were the radiation monitoring
systems, along with the switching logic necessary to realign the confinement
exhaust from a bypass to a filtration configuration.

4.4 OTHER SYSTEMS

It is expected that more detailed system description will be available for
the facilities addressed here in the later stages of design/construction than
is currently available. Systems such as radiation monitoring, onsite power
distribution, and compressed/breathing air systems are usually modelled to
accurately represent the particular facility.

The conceptual design description for a repository in basalt does not
provide this level of detail; consequently, fault trees have not been developed
for these systems. Instead, data (industry-wide) are available (see Section 7)
depicting the overall probable behavior of these types of systems. These data
have been adopted in lieu of a more sophisticated modeling approach for this
aralysis,

Lack of sophisticated detail is not necessarily a drawback at this stage
in the design process. The objective of performing this safety analysis is to
develop a methodology capable of identifying and prioritizing significant
contrisutors to accidents. Use of data for system behavior at the conceptual
stage implies the system that is finally constructed is at least as reliable
and safe as current generation syctems of similar function. Using these
nunbers to identify design weaknesses and proritize corrective action is
justifiable in view of current quality control measures on existing systems.
An additional feature inherent in this approach is the ability to examine a
potential change intended to address one problem in light of other problems
that may be created.



Systems such as the radiation monitoring systems (both surface and
subterranean) have been quantified as subsystems. Normal and standby power have
been modeled very simply to provide a breakdown of potential contributing
subsystems., No further subdivision of these systems was considered justifiable
given the current status of system design. As the design matures, additional
effort should be expended on level of detail in the systems modelinrg,
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5.0 SAMPLE PROBLEM FOR HLW-PSSA METHODOLOGY DEMONSTRATION

The sample problem selected for this analysis is a small subset of the
complete family of repository accident scenarics leading to public
radiological exposure (Ref. Section 2.3). The primary objectives in
solving a simplified problem are to (1) demonstrate the methodeology, in
particular the ranking process; and (2) to provide a test case for the
computer programs used in determining risk values and importance ranking.
This test case must be simple enough to allow hand calculations of key
results to validate computer methods.

The list of accident scenarios chosen for the sample problem is given
in Table 5-1. The identifiers used for initiating and intermediate events
are the same as those used in Table 2-18. A bar across the top of an
intermediate event inplies successful operation; lack of a bar implies
failure. Each intermediate event can be identified by referring to the
indicated event tree (by number) and matching the appropriate intermediate
event desigrator (by letter).

The eleven accident sequences contained in Table 5-1 represent all
major waste processing areas identified in Table 2-1. They also require
the fault trees developed in Section 4 as intermediate events. Two of the
sequences are external events (earthquake and windstorm). External events
are included to demonstrate how they are incorporated into the overall risk
estimation. Human error is included at both the component and system
interaction levels.

The use of all existing fault trees and a reduced number of event tree
sequences is optimal for checking computer program calculations of risk and
importance ranking. At the fault tree level, no verification is required.
The SETS program for fault tree recduction is an established analysis tool
in use for many years. The VALUE computer procram (see literature review
report for this project - Ligon, 1984) quantifies the minimum cut set
expressions developed in SETS. VALUE has been verified previously,
including the importance ranking of components using a modified (normalized
to one) Fussell-Vesely importance measure.

Accident sequences from the event trees alsc reqguire reduction,
quantification and importance ranking of intermediate events, To
facilitate the event tree error checking procese the number of accident
sequences used in the sample problem has been restricted to a size amenable
to hand calculations.

It should be emphasized that the results of the sample problem cannot
be interpreted as a preliminary boundary estimate of repository pre-closure
risk. PRestriction of the problem to consideration of only selected
accident sequences makes the results only useful as an exercise in applying
the analytical methods. Meaningful results must necessarily be generated
from the entire family of accident sequences generated for a specific
consequence type.
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TABLE 5-1

SAMPLE PROBLEM ACCIDENT SCENARIOS

—— . - — T —— T~ ——— ] —————— T~~~ - . " .t - -

Accident Sequence Initiating Event Description

Al Bl C1 Dl Train/Truck Collision or Derailment

AR B2 C2 D2 E2 Breached Shipping Cask Undetected by
Radiation Monitoring System in Yard Area,

Wb B5 CS windstorm Damages Arrival/Storage Yard.

A8 BB 8 D8 EB Radwaste Sampling Line Rupture or Improper

Connect in Receiving Area
A BS (9 D9 F9 9 H9  Loss of Seal between Hot Cell Floor and
Shipping Cask Lip.

Al2 BI2 C12 D12 E12 Liquid Radwaste Leak from Process Tank to
Secendary Area.

Al3 B13 C13 D13 Loss of Seal between Hot Cell Floor and
Transfer Cask Lip.

Al4 Bl4 C14 D14 Transfer Cask Rupture during Handling
Accident - Subterranean Transport.

Al5 B15 C15 D15 E15 Transporter Collision during Transport
to Placement.

Al8 B18 C18 D18 E18 Canister Breach during Borehole Insertion.

B B9 C9 D9 E9 Earthquake Causes Loss of Seal between Hot

Cell Floor and Shipping Cask Lip.



6.0 IMPORTANCE RANKING

A major objective of the High-Level Waste Preclosure Systems Safety
Mnalysis (HLW-PSSA) project, is the development of a systematic methodology
to identify and quantitatively prioritize the structures, components,
systems, and operations which are important to safety during the preclosure
phase of the HIW repository. Although the repository is still at the
conceptual stace, analysis at this time is directed mainly at identifying
the components or systems that are dominant risk-contributors in order that
design modifications can be made (if needed) before construction and
operation.

The selection of importance measure(s) for use in this project has to
consider several factors relevant to the repository such as the extent of
the availability of repository-specific data, compatibility with analytical
tools that will be used in the preclosure risk assessment, the ease of
applicability to repository situations, etc.

Several importance ranking measures that have been used in the nuclear
industry to study systems performance were evaluated for the purpose of
identifying one or two measures that would be used in risk evaluations of
preclosure activities at proposed high-level-waste repositories. They are:
the Birnbaum measure, structural measure, criticality measure of basic
event importance, upgrading function, Fussell-Vesely measure of basic event
and minimal cut set importance, Barlow-Proschan measure of basic event and
minimal cut set importance, the sequential contributory measure of basic
event importance, the significance indices, and the risk importance
measures, Details of the study, including the discussion of the different
importance measures are presented in the appendix.

6.1 EVALUATION

A set of criteria was developed to identify those measures which are
applicable to the safety and risk evaluation of a nuclear waste repository.
These criteria are:

1. The importance measure should use readily available repository
data (i.e., component failure rates and repair times) and not
require @ prohibitive level of data detail.

2. Useful insichts on a repository system performance should be
provided by the importance measure.

3. The measure should be easily applicable to repository situations
and it should yield scrutable results,

4, Numerical importance ranking should se provided by the measure.

5. Uniform ranking of all components (or events) represented in the
fault tree model should be possible.




€. The measure should be applicable to repairable and non-repairable
components,

7. A computer procram should be available to calculate the rankings.

6.1.1 Computer Programs

Of the computer programs that are currently available for ranking
basic events and cut sets in their order of importance to syctem failure
(i.e., top event occurs) we have considered the following ones because of
their ability to accept as input the minimal cut sets generated from the
SETS (Worrell, 1978) fault-tree recuction code:

IMPORTANCE (Lambert, 1981) allows calculation of various importance
measures such as the structural measure, the Birnbaum measure, the
criticality measure, the Fussell-Vesely (F-V) measure, the Barlow-Proschan
(B~P) measure, and the sequential contributory (S-C) measure.

In addition to minimal cut sets (obtained from SETS), this code
requires as input the failure rates and repair times of all basic events
contained in the minimal cut sets. The failure and repair distributions
are assumed to be exponential. All measures are computed assuming
statistical independence of basic events.

The SEP (Set Evaluation Program) computer code (Olman, 1982) provides
a means of measuring the contribution of each basic event to system failure
by taking the product of the Birnbaum measure and the event probability.
When normalized by the system failure (top event) probability, this
expression essentially becomes the Fussell-Vesely measure. SEP calculates
these measures separately for the noncomplemented and complemented
occurrence of each event. These measures are calculated assuming that the
event and its complement are independent events. The sum of these two
measures yields the true importance measure for the event.

VALUE (Barris, 1982) ranks the basic event and minimal cut set
contribution to top event probability using the F-V equation, mocified to
yleld importance rankings which sum to unity.

The computer code STADIC-2 (Koch, 1983), which is a general purpoce
Fonte Carlo simulation code, can also be used to calculate importance
measures such as the F-V measure and to propagate data uncertainties, thus,
providing importance ranking factors in the form of distributions.

6.2 PRELIMINARY SCREENING

The significance index is directly related to the upgrading function.
The risk reduction worth and risk appreciation worth measures do not seem
to offer any advantage over the other basic importance measures that were
considered (See the Appendix). Hence, these measures are not addressed
explicitly in the preliminary screening results shown in Table 6-1.

6-2



Based on the results of the study, the following measures have been
screened out as inadequate in meeting project objectives:

Birnbaum measure
Structural measure
Upgrading Function
Barlow-Proschan measure

00O

The remaining importance measures, namely, criticality, Fussell-Vesely
(F-V) and Sequential Contributory (SC) were subjected to more rigorous
analysis to determine whether they rank components in a consistent manner
and to determine how the ranking behaves as a function of various factors
such as repair time, top event probability, minimal cut set order, etc.

6.3 RECOMMENDED MEASURE

From the results of the analysis, the F-V measure was found to be most
€uitaple for ranking component importance under a variety of conditions
(i.e., as a function of system unavailability, unreliability, or both).
Furthermore, the F-V method provides ranking for both basic events and
minimal cut sets. In general, the use of the F-V measure will provide
importance rankings that would be both useful and meaningful in assessing
the safety of repository systems and operations.

Although none of the computer codes for calculating importance
measures included an analysis of the uncertainty in the failure rate and
repair data, the inherent straightfowardness of the F-V equation easily
permits the calculation of probability distributions for the importance
measure. STADIC-2 is further recommended to perform the uncertainty
distribution calculations for the HIW-PSSA project. This program is a
validated tool for combining distributions according to an input algorithm,
The F-V measure for both components and systems can then be eval ated in
the form of distributions.
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TABLE 6-1

IMPORTANCE MEASURE SELECTION CRITERIA

UPGRADING FUSSELI(- BARLOW- SEQUENTIAL
CRITERIA BIRNBAUM'S STRUCTURAL CRITICALITY FUNCTION VESELY(@) PROSCHAN CONTRIBUTORY
1. Uses readily available repository yes yes yes yes yes yes yes
data (to some (to some
extent) extent )
2. Provides useful insights on a yes yes yes yes yes yes yes
repository system performance
3. Easily applied to repository yes yes yes yes yes yes yes
situations and provides scrutable (tc some (to some
results extent) extent)
4, Provides numerical ranking yes yes yes yes yes yes yes
5. Uniformly ranks all components no no yes yes yes Initiating Enabling
(or events) represented in the events events
fault tree model only only
6. Applicable to repairadcle and yes yes yes Non- yes Repairable yes
non-repairable components repairable only
only
7. Computer program available to yes yes yes yes yes yes yes

calculate the rankings



7.0 DATA BASE

This section presents a summary of cdata derived from the literature
and government/industry data banks pertaining to the scenarios, fault trees
and consequences discussed in Sections 2 to 4. Emphasis is given to those
scenarios selected for quantification in the next study phase of the HLW-
PSSA project (see Section 5). As noted in Section 1, the data gathering
task will be contirued in the next phase. Hence, the data presentec here
are not complete, particularly in the areas of human reliability and
operator injuries resulting from industrial accidents (i.e., non-
radiological). The data are grouped into the following categories:

(1) Initiating event frequency data (Sec. 7.1)
(2) Intermediate event probability data (Sec.7.2)
(3) Basic event failure data (Sec. 7.3)

(4) Human error rates (Sec. 7.4)

(5) Radiological data (Sec. 7.5)

(6) Occupational injury data (Sec. 7.6)

7.1 INITIATING EVENT FREQUENCY DATA

Data for the initiating events identified in Section 2 are presented
in Table 7-1.1 For some initiating events representing a system failure
(e.g., radiation monitoring system, hot cell collar seal, hydraulic
clamping/locking system, etc.), where not enough design detail on the
specific system is currently available, generic data for primary components
of the system are given. In subsequent work involving quantification of
all accident scenarios, these systems will have to be modeled in more
detail in order to include more realistic data, No uncertainty bands are
reported for the data shown. In the next study phase, which includes

Guantification of selected scenarios to demonscrate the methodology, a more

detailed uncertainty analysis will be performed.
7.2 INTERMEDIATE EVENT PROBABILITY DATA

Mean-value probability data for intermediate events identified in the
event trees presented in Section 2 are shown in Table 7-2. Many are
conditional probability values which were derived from previous studies and
involved significant engineering judgement. Uncertainty analyses will be
performed in the next study phase to establish uncertainty bands for these
values,

7.3 BASIC EVENT FAILURE DATA

Failure data for the events identified in the fault trees in Section 4
are presented in Table 7-3. The mean values and the variance about the
means are shown, assuming a lognormal distribution., The basies for the use
of lognormal distribution for basic event failure rate is discussed below.

1a11 tables are presented at the end of the section.




7.3.1 Data Uncertainty

Estimates of failure rate and repair times derived from various data
sources are subject to uncertainties. It is not always specified what
failure modes are represented, what environment is applicable, and what is
the total population. For some events, event description matching is not
possible; therefore events operating under conditions that are similar to
the event under consideration are selected as representative. This
ambiguity results in uncertainty that is reflected in the spread of the
probability distribution for the event.

For the events listed in Table 7-3, the assumption of a lognormal
distribution for the failure rates seems to be adequate. The lognormal
distribution was explicitly used in WASH-1400 (NRC, 1975) and other PRA
studies of nuclear power plants because of its mathematical behavior. The
format of the data contained in various sources differ as to the
distribution parameters provided; hence, a consistent approach for
presenting the data is given here using the properties of a lognormal
function as shown in the following equations.

Mean = = e (W+03/2) (7=1)
Median = ASO = e“ (7-2)
Variance = g2 - ¢ (28 402 ) (¢ 02 _ 1 (7=3)
A
Range Factor = RF = 3. = )229- = /..).‘..9.2- (7-4)
Aso  Aps A o5
k95 s e ( M4 1.6"‘5 ) (7_5)
AOS = e (“ i 1.6“5 ) (7_6)
= 1nisg (7-7)
1n RF
B35 =eses (7-8)
1.645



Using these relations it is possible to calculate the median, range
factor, mean, variance, 95% confidence level and 5% confidence level, given
that any two of these variables are known.

7.4 HUMAN ERROR RATES

Quantification of human error rates is not within the scope of the
present work. The types of human errors identified in the event tree and
fault tree levels requiring quantification are listed in Table 7-4.

7.5 RADIOLOGICAL DATA

The calculation of radiological consequence in terms of radiation
doses requires information on the types and amounts of radionuclides
present in the waste form under consideration (i.e., SURF and HIW), the
release fraction resulting from different release mechanisms, and the dose
conversion factors necessary to convert the radicactivity released to
raciation dose to man,

7.5.1 Radionuclide Inventories

The radionuclide compositions of spent fuel and HLW were chosen to be
consistent with other widely accepted waste management studies, The
reference studies all utilize the ORIGEN code to obtain the radionuclide
compositions. The results, however, maybe somewhat different because
assumptions regarding fuel-cycle options, fuel exposure, plant capacity
factor, etc. vary when defining the discharged fuel composition.

The radionuclides present in PWR, BWR, and HLW canisters are given in
Tables 7-5, 7-6, and 7-7, respectively. Note that the spent fuel
radionuclide inventories are shown as per metric tonne heavy metal. Since
the Basalt repository design assumes a waste canister containing 3 PWR
assemblies (1.38 MIHM) or 7 BWR assemblies (1,32 MIHM), the data in Tables
7-5 and 7-6 will have to be adjusted for the higher metal content per
canister.

7.5.2 Release Fractions

A number of accident scenarios which could lead to a breach of
containment barriers and subsequent radionuclide release were identified in
Section 2. The mechanisms for the release and the form of release (i.e.,
gases, volatiles and particulates) were discussed in Section 3.

A key issue in consequence calculations is the determination of the
amount of radionuclides released from failed canisters or fuel pins. The
insufficiency of data and the accident - specific nature of the release
make it quite difficult to provide highly reliable values for the release
fractions. Release fractions and decontamination factors are available in
a number of reportc (Bechtel, 1981; NRC, 1979; DOE/ET-0028, 1978; Wilmot,
1980; wilmot, 1981; Walker, 1978). Data provided by Walker (Walker; 1978)
seem to be the most comprehensive because the author provides the ranges of



values from experiments and current practices as well as his recommended
values, when appropriate.

Release fractions from wWalker (Walker, 1978) for release mechanisms
applicable to this study are shown in Table 7-8. Data for other parameters
such as filter efficiency, resuspension factors, and plateout are shown in
Table 7"9.

Another source of useful data is provided by Wilmot (Wilmot, 1981).
Release fractions for specific radionuclides in a spent fuel are given for
various release mechanisms relevant to transportation accidents (Table 7-
10). Caution must be exercised when using these data since the conditions
assumed in the derivation of these values are considered more extreme than
those that could occur in a repository. They can at best be considered to
represent an upper bound when applied to a repository facility.

7.5.3 On-site Exposure Data

For on-site exposure calculations, the following types of data are
reguired:

o Plateout rates - use available data cr derive them using PADLOC,

Release fraction - use available data or perform more specific
calculations.

Volume of building.

Exhaust rates (ventilation).

Filter efficiency - use design - specific data.

Natural deposition rates - calculate as a function of particle
density, particle size and air viscosity.

Maximum permissible concentrations as given in 10CFR20 Appendix
B.

7.5.4 Meteorological Data For CRAC-2

Sufficient metecrological information is required to chara<terize
transport processes out to a distance of 50 miles (780,000 meters) from the
facility. The primary source of meteorological information for the Hanford
site will be the National Climatic Center (Asheville, North Carolina). The
following meteorological data for Hanford, Washington will be obtained:

Windspeed (hourly values)
Wind direction (hourly values)
Atmospheric stability

Mixing height

Precepitation

7.5.5 Dose Factors

The translation of radionuclide releases to observable doses requires
(1) the computation of the concentrations of radicactivity in the air and
on the ground and (2) the computation of doses that could accrue from both
external and internal irradiation,




Dose factors for external irradiation from a uniformly contaminated
ground plane are given in Table 7-11 (NRC, 1977). These factors apply to
surface contamination vie deposition of airborne effluents on ground
surfaces or liguid effluents on shoreline sediments, These factors are
derived from a consideration of the dose rate to air 1 meter above the
ground plane and the penetration of radiation into the body.

Dose factors for internal exposure are provided in Table 7-12 (NRC,
1977). These dose factors are appropriate for continuous intake over a
one-year period and include the dose conmitment over a 50-year period.

7.6 OCCUPATIONAL INJURY DATA

Statistical data on expected injuries resulting from mine-related
activities were derived from an initial study performed by Engineers
International specifically for this project (Engineers International, 1984)
and summarized in Table 7-13. These data will be augmented in follow-con
activities,

The primary mining systems that will most likely be used during
repository development and which could lead to the types of accidents shown
in Table 7-13 are:

rail haulage

rubber-tired haulage

conveyor

hoisting

drill and blast, or continuous miner

roof support.

The basis for the accident statistical analysis is the Mine Injury and
Worktime Quarterly Report published by the U.S. Department of Labor, Mine
Safety and Health Administration (MSHA). This document contains accident
statistics for metal, non-metal, stone, and coal operations in the United
States. The time period studied was January through September, 1983.

This time period was chosen because it corresponds to the most current
information aveilable and, for the first time, contractor accident
experience statistics are separated from mining experience. This is
important because contractor work may have been hichly specialized and
dargerous, and contractor personnel may have been unfamiliar with the mine
or surroundings and therefore prone to accidents,
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This analysis attempts to incorporate mining experience for use in
waste repository construction and operation. That is, the number of
accidents in work-hours in the mining industry was related to job
classification and work-hours during peak development of the repository
during the first 9 years. This process assumes that the injury incidence
rate (IR) ((number of injuries + number of employee hours) x 200,000) for
mining is analogous to repository operations. Another assumption is that
the working environments of the two industries are equal. However one
major assumption of this analysis is that personnel in mines or
repositories are equally responsible. This assumption has limitations.






7.6.2.1 Example. Roof fall injuries in 1983 include 2 fatalities, 73
NFDL, and 54 NDL accidents. These numbers represent 25.0%, 9.8%, and 11.3%
of the total accidents in the respective class of injuries. The problem is
to relate the 2 fatalities of 25,602,195 work-hours to the 1,247,400
work-hours of the face development crew during the first 9 years of
repository construction. Other job classifications are not included for
this category because roof falls primarily occur at or near the face during
development,

All fatalities in 1983 yield an incidence rate of 0.06 for 200,000
work-hours. Roof fall fatalities are responsible for 25% of 0.06. This
product, when multiplied by the number of 200,000 work-hour units of the
development crew in the first 9 years (6.237) yields a product of 0.094,
the expected injury rate for roof fall fatalities during construction,
This number is very small, but realistic in the sense that many underground
hard rock mines have operated for a long time without a roof fall fatality,
Similar calculations were performed for NFDL and NDI. accidents,

A tabulation of calculations as described above appears in Table 7-13.
The injury numbers are estimated, but not unreasonable given the facts that
repository personnel will be more highly trained, will be working with new
equipment and will use better-maintained equipment than their industrial
counterparts. Roof fall incidents may be greatly reduced due to the much
lower extraction ratios that will help keep roof stresses to a minimum.

Several classifications result in zero reported fatalities. This
means that the expected fatalities are extremely low for all
classifications. Tt may be safe to say that NFDL and NDL accidents will
occur in all classifications.

One limitation of this data analysis is that MSHA data do not
differentiate the method of mining in presenting statistics; that is, the
data include all types of mining technicues, not just room-and-pillar which
will be practiced during repository construction. This fact is important
because other development methods such as raising, or draw point
development, can be much more hazardous due to working in closer quarters
than with driving main drifts and crosscuts.

Injuries resulting from ignition and fires are not common occurences,
and cannot be adequately identisied by studying statistics of onc year.
Table 7-16 illustrates the causes of fires in metal and non-metal mines
from 1968 to 1979. Electrical fires are the most numerous, representing
over 42% of the total.






Table 7-1

INITIATING EVENT FREQUENCY DATA

Initiating Event

1. Train collision/derailment

Severe with fire
Moderate with fire
2. Truck accident
Severe with fire
Moderate with fire
3. Radiation Monitoring System

a) Sensor/detector/indicator
Sensor /detector/indicator

b) Alarms
4. Aircraft crash
a) Fatal accidents
) Aircraft movements (Spokane, Wash)

@)12.6-6 = 12.6 x 107°

Frequency

Reference

12.66'?) per
train mile

1.5-9 per mile
8.0-8 per mile
1.44-4 per mile
8.2-9 per mile
3.1-7 per mile
1.1-4 per hour

6.81-5 per hour
1.098-5 per hour

2.33-6 per hour

6.17-8 per mile

18,339 per year

1.0-6 per year

Bechtel, 1981

DOE, 1979
DOE, 1979
Bechtel, 1981
DOE, 1979
DOE, 1979
SRENQD, 1978

SRI, 1981
IEEE, 1984

IEEE, 1984

FAA, 1981
FAA, 1981

Stottlemyre, 1979

Comment s

These values will be
used to determine
aircraft crash fre-
quency following
mode]l described in
(Pepping, 1981).

For a moderately sized
earthquake (76.7
Richte5 scale) in any
100 km“ area - Hanford.







Table 7-1

(Cont inued)
Initiating Event ”"—i‘;;-qmmy - Reference " Camment s
11. Vehicle hydraulic clamping/locking
system failure
a) Interlock system 1.2-3 per year Bechtel, 1981
b) Hydraulic piston 5.508-6 per hour Bhaskaran, 1979
¢) Orientation control system 2.088-5 per hour Bhaskaran, 1979
d) Hydraulic piping system 3.4095-5 per hour Bhaskaran, 1979
e) Mechanical pin connections 3.250-6 per hour Bhaskaran, 1979
f) Pneuatic actuator 2.010-6 per hour IEEE, 1984
~ g} Magnetic jack latch drive 7.80-7 per hour IEEE, 1984
Ll mechanism
s h) HRydraulic actuator 2.90-7 per hour RAC, 1978
12. Hot cell shield door seal (pneumatic seals)
a) Pressure door (hydraulic) 3.765-5 per hour FARADA, 1972
b) Electromagnetic radiation 5.0847-5 per hour GIDEP, 1975
shields
C) Pressure door (mechanical) 4.455-5 per hour FARADA, 1972
13. BHot cell crane drop
‘ a) Cranes (bridge, composite) 1.001-4 per hour 1EEE, 1984
‘ b) Cranes 5.00-5 per hour Bechtel, 1981
¢} Structural failure of cranes 1.00-5 per hour SRENCD, 1978
d) Crane brake fails 3.00-4 per hour SRENCD, 1978
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Initiating Event

TABLE 7-1

22.

24,

25.

b) Operator inadvertently moves
underground transporter

¢) Power steering assembly fails

Borehole shield door failure during
installation of canister

a) Hatch closure latch fails
b) Interlock failure

Transport dolly failure

Relay failure
Relay failure

Power/control cable failure

Power cable
Control cable

Borehole/cask mechanical lock
(interlock) fails

Borehole shield door jams
hydraulic pressure door

Mechanical door -~ personnel, cargo
Door mechanism fails
Storage plug/retainer ring fails

a) Fasteners, clip, or clamp
b) PRetaining rings (safety coupling)

1.044-4 per hour

&
BE

.20

3.00-7 per
2.16-6 per

4.84-6 per
4.79-6 per

1.20-4 per

3.24-5 per

1.62-5 per
1.00-6 per

year
operation

hour
hour

hour
hour

operation

hour

hour
year

<5.54-5 per hour
1.145-6 per hour

{Cont i nued)
Frequency Reference Comment s
1.00-3 per year SRENCD, 1978

Bhaskaran, 1979

SRENCD, 1978
Bechtel, 1981

Bechtel, 1981
SRI, 1981

1EEE, 1984
IEEE, 1984

Bechtel, 1981
FARADA, 1972
FARADA, 1972

SRENCD, 1978

GIDEP, 1975
FARADA, 1972
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Initiating Event

27.

Inadvertent cask movement during canister
insertion

a)

b)

a)

b)

Accidental transporter motion
Relay failure
Relays/circuits fail

Hydraulic autopositioner inadvertent
movement

Servo controls (aligmment)
Position/angle indicator (motion)
Autamat ic guidance control system
Sleeve engagement mechanism (oper.)
Sleeve engagement mechaniam (static)

Overspeeding of hydraulic ram ejector unit
Sleeve engagement mechanism (oper.)
Brakes fail

Speed control device fails

Overspeed of placement dolly

Brake mechanism fails
Speed control device fails

=

-7 per hour

3.
2.16-6 per hour

.1

=g

6.87-4 per hour
7.00-5 per hour
2.088-6 per hour
1.308-4 per hour
7.688-5 per hour

1.308-4 per hour
1.60-5 per year
1.00~-4 per year

.00-5 per year

1
1.00-4 per year

Bechtel, 1981
SRI, 1981

GIDEP, 1981
GIDEP, 1981
Bhaskaran, 1979
Bhaskaran, 1979
Bhaskaran, 1979

Bhaskaran, 1979
SRENCD, 1978
SRENCD, 1978

SRENCD, 1978
SRENCD, 1978




TABLE 7-2
INTERMEDIATE EVENTS FATLURE DATA

Fail.re Rate or Probability

Intermediate Event of Occurrence Reference Camment s
1. Receiving area airlock door failure 2.90 - 4 per hour(d) Graham, 1971
2. Receiv.ing area radiation monitoring 1.10 -4 per hour SRENCD, 1978
system failure
3. Ekaplosion given derailment or truck/ m™p(b) Data may be available from
rail collision in switchyard activ- the National Fire Protec-
ities (excluding shipment of tion Agency in New York.
explosives)
4. Fire given derailment or truck/rail .016 Clarke. 1976
collision in switchyard
5. Cask remains intack given fire or .999 SRENCD, 1978
explosion
6. Explosion given aircraft crash .5(c) Engineering Assumes aircraft explodes
Judgment upon impact.
7. PFire given aircraft crash .34 Clarke, 1976
8. Explosion given earthquake .01(c) Engineer ing
judjment

(a)2,90-4 = 2.90 x 10-$
(B)18D = To be determined.

(C)he probability distribution to be developed for these values will reflect the uncertainty in
essigning the most reasonable value in lieu of the absence of more specific data.
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TABLE 7-2 (Continued)

Intermediate Event

Failure Rate or Probability
of Occurrence

10.

11.

12.

13.

14,
15.

16.

Fire given earthquake

Explosion given windstorm

Fire given windstorm

Explosion given fire in
wwitch yard area

Cask preparation area airlock
door failure
Unload area airlock door

Hot cell port seal (pneumatic
seal) failure

Radiation monitoring alarm for
secandary conf inement exhaust
system failure

Jdofle)

.01(¢)

.dofc)

2.90-4 per hour

2.90-4 per hour

1.0-5 per year

1.10-4 per hour

Reterence

Enginecring
Judgment

jmqineerinq
Judgment

Engineering
Judgment

Graham, 1971

Graham, 1971
SRENQD. 1978

SRENCD, 1978

Assumes earthquake severe enough

to damage power lines, resulting
in fire.

Assumes wind velocity strong

enough to damage power lines,
resulting in fire,

Data may be available from the
National Fire Protection Agency
in New York,

(C)he probability distribution to be developed for these values will reflect the uncertainty in

assigning the most reasonable value in lieu of the absence of more specific data.
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TABLE 7-3

BASIC EVENT FAILURE DATA

Event Event Failure Rate H (D)@ Repair Time H
D Description Mean Variance Mean Variance Reference

A7,M0,M3, Exhaust blower motor  1.689-5(b) 1.603-10 2.100+1 7.100+2 NCSR, 1979 (failure rate)

M8,C7,Cl16, (300-500 HP) GIDEP, 1984 (repair)

p10,D11,D39,

D45,D51,D52,

D58,D64,069,

D70,D102,D103,

D135,D136

B5,B9,B13, Exhaust blower motor 3.001-5 5.490-9 1.070+2 7.170+2 SRI, 1981 and

Bl18,B51 (3000 HP) West inghouse, 1978
(failure rate) (C)
SRI, 1978 (repair)

D24,D25,D26, Damper motor (<1HP) 4.242-6 1.011-11 4.0 9.0 SRI, 1981 and RAC, 1978

p27,D78,D79, (failure rate)(C)

D86,D87,D111,

p112,D119,D120, SRI, 1980 (repair)

D144,D145,D152,

D153,D169,D170,

D177,D178

(@)g = hrs D = Demand

(0)].689-5 = 1.689 x 1075
(€)Composite data derived from the sources listed.
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TABLE 7-3 (Continued)

Bvent
ID

Event
Description

Failure Rate H (D) (@)
Mean Variance

Repair Time H
Mean Variance

Reference

A3, A5,A35,
A38,B4,B8,
Bl12,B16,B50,
3,06,D4,05,
D38,D44,D50,
D57,D67,D68,
Dl10o,Dl01,
D133,D134

A24,M9,A51,

B7'mo.m‘UNIl

B53,C26,C27,
D28,D30,D32,
D34,D40,D46,
D52,D59,D65,
D72,D73,D80

All,Al6,A22,
A29,B34,B40,
u7' 37,[”3,
D126,D159,
D184,C11,C15,
Al7,A25,B36,
B42,B48,C18,
€22,017,095,

Exhaust blower fan

Instrumentation and
controls circuit
failure

Air filters (NBS,
HEPA, charcoal)
primary failure
{rupture, out of
limits)

D128,D161,D186,

A20,A28,R37,
B43,B49,C20,
C24,D19,097,

D130,D163,D188

(@lp = nes

(€)Composite data derived from the ources

D = Demarx

5-361-5 1.615‘-9

4.234-€ 1.007-11

3.154-6 6.740-11

listed.

1.800+1 6.300+1

8.00 3.600+1

0.3 0.144

GD, 1963; Graham, 1971;
NCSR, 1979; EPRI, 1982;
EPRI., 1981; SRI, 1981
(failure rate)(C)

EPRI, 1982; EPRI, 1981
(repair) (€

SRI, 1981 (failure rate)
Engineering judgment
(repair)

GlDEP, 1981; IEEE, 1984;
EPRI, 1982; SRI, 1981
(failure rate) (<€)
G1DEP, 1983 (repair)






e=L

TABLE 7-3 (Continued)

Event Event Failure Rate H (D) (a) Repair Time H
D Description Mean Var iance Mean Varjance Reference
A2,B1,C1,D1 Loss of integrity of 2.660-6 4.320-11 12.5 87.8 Duphily, 1982 (failure
exhust duct rate and repair)
A33,A36,B19, Heating/cooling coils 1.900-5 2,202-9 8.0 36.0 EPRI, 1981 (failure rate)
B27 collapse and block flow Engineering judgment
(repair)
A8,A14,833, Moisture Separator 4.748-4 1.408-7 1.0 1.60 FARADA, 1973
B39,B45,09, primary failurc (failure rate)
C13,D08,098, Engineering judgment
D131,D164, (repair)
D189
A9,A13,B32, Moisture separator 5.276-5 1.564-8 1.0 1.60 FARADA, 1973
B38,B44,C8, collapse - mech. (failure rate)
C12,09,099, failure Engineering judament
D132,D165, {repair)
D190
E4,E13,E14 Primary cable fault 3.220-6(d) 5.828-12 22.5 285 IEEE, 1984 (failure rate)
Duphily, 1982 (repair)
E8,E1Q Diesel generator fails (4.000-2) 1.000-3 -- - NRC, 1975
to start on demand
£7,E10 Diesel generator fails 8.000-3 3.890-4 26.0 387.0 NRC, 1975
while running (primary
failure)
(@)g = s D = Demand

(d)per 1000 circuit feet






Table 7-4
HUMAN ERROR RATES REQUIRING QUANTIFICATION
A. Initiating Events - Emplacement
1. Improper connection of radwaste sample line
a. low to moderate stress
b. checklist required

Cc. supervisor check required

2. Crane operator error - canister drop

a. low to moderate stress
b. heavy equipment operator training required

3. Operator error during remote welding process

low to moderate stress
b. checklist required

w

c. supervisor check required
d. QA signoff required

4, Valve misaligmment of radwaste piping, operator error

a. low to moderate stress
b. checklist required

5. Transfer cask crane operator error of commision - cask
inadvertently moved during canister insertion

a. low to moderate stress
b. checklist required
¢. supervisor check required
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7.

10.

Table 7-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

Transfer cask crane operator error of commission - cask drop on
sharp object resulting in canister puncture

a. low to moderate stress
b. heavy equipment operator training required

Operator error during shield door installation on borehole
a. low to moderate stress
b. checklist required
¢. QA signoff required
Operator error during transport dolly installation and removal
a, low to moderate stress
b. checklist required
¢. QA signoff required

Operator error during aligmment of transporter to borehole

a. low to moderate stress
b, checklist required with specified position tolerances

Operator error during lock of cask to borehole mouth

a. low to moderate stress
b, checklist required
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n.

12.

13.

14,

Table T-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

Operator error of commissions - cask inadvertently rotated during
canister insertion

a,
b.
c.

low to moderate stress

checklist required

QA signoff required for disable of rotation mechanisms during
insertion

Operator error of commissions - transporter moved during canister
insertion

a,
b.
d.

low to moderate stress

checklist required

QA check required for disable of transporter drive during
insertion

Operator error of commission, gaseous radwaste system
inadvertently isotated

a.
b.
C,
d.

low to moderate stress

panel alams

checklist required

supervisor concurence required

Cperator error of commission liquid radwaste system inadvertently
isolated

a.
b.
c.
d.

low to moderate stress

panel alamms

checklist required

supervisor concurence required



Table 7-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

B. Initiating Events - Retrieval
(Note: only errors not listed for enplacement are included here)

1. Operator error during overcore machine operation causes canister
breach

a. moderate stress (difficult task)
L. checklist required

See emplacement for other applicable HERs
C. Human Error Rates Occurring As Intermediate Events

1. Operator fails to actuate standby secondary confinement exhaust
system given failure of normal system

a. medium to high stress

b. checklist required

c. emergency training required
d. supervised activity

e, alam activated

2. Operator fails to manually activate subteranean confinement

exhaust filtration system given radicactivity detection and
failure of auto system

a, medium to high stress

b. emergency training required
¢, supervised activity

d., alamm activated
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Table T-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

D. Human Error Modeled in Fault Trees (Figs 4-1 to 4-4)

1.

Operator fails to activate backup blower system (Events D2 and
D54)

Operator fails to detect plugged filter components during
maintenance (Events A4, A6, A39, A42, B3, C4, C5, D3, D75, D108,
D141, D166, A44, A46, B22, B24, B28, B30)

Operator fails to open tornado damper following maintenance
(D37, D43, D49, D56, D62)

Operator de-energizes filter damper motor or blower motor (D29,
D31, D33, D35, A23, A31, AS0, A52, B6, B11, B15, B20, BS2, C25,
c28, D21, D23, D41, D47, D53, D60, D66, D71, D74, D81, D83, D89,
D91, D104, D107, D114, D116, D122, D124, D137, D140, D147, D149,
D155, D157, D172, D174, D180, D182)
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PWR Canister Inventory,

Table 7-5

C1/MTHM

A total HM content of 461.4 kg is assumed.

Years After Recelpt at Repository

Isotope i 5 10 20 50 100
H=3 3.09E+02 2.47E+02 1.86E+02 1.06E+02 1.95E+01 1.17E+00
C-14 2.78E+04 2.78E+04 2.78E+04 2.78E+04 2.76E+04 2.74E+04

Mn-54 1.27E-01 4.48E-03 6.87E-05 1.62E-08 2.10E-19 1.51E=-37

Fe=-55 4.96E+02 1.71E+02 4.50E+01 3.13E+00 1.05E-03 1.71E-09

Co=-60 2.87E+01 1.70E+01 8.77E+00 2.35E+00 4.51E-02 6.20E~-05

Ni-59 3.37E+00 3.37E+00 3.36E+00 3.36E+U0 3.36E+00 3.36E+00

Ni-63 4.86E+02 4.72E+02 4.54E+02 4.21E+02 3.36E+02 2.31E+02

Zn-65 4.45E-09 7.12E-11 4.06E-13 1.32E-17 4.54E-31 1.65E-53

Se-79 4.08E~-01 4.08E-01 4.0BE-01 4.08E-0l 4.08BE-01 4.07E-0l

Kr-81 2.34E-06 2.34E-06 2.34E-06 2.34E-06 2.34E-06 2.34E-06

Kr-85 5.44E+03 4.20E+03 3.04E+03 1.60E+03 2.30E+02 9.09E+00

Rb-87 2.43E-05 2.43E-05 2.43E-05 " 2.43E-05 2.43E-05 2.43E-05

Sr-90 6.42E+04 S5.82E+04 5.14E+04 4.02E+04 1.92E+04 5.59E+03
Y=-90 6.42E+04 5.82E+04 5.15E+04 4.C2E+04 1.92E+04 5.59E+03

2r=-93 3.25E+00 3.25E+00 3.25E+00 3.25E+00 3.25E+00 3.25E+00

Nb=93m 1.59E+00 1.91E+00 2.21E+00 2.6CE+00 3.01E+00 3.10E+00

No-94 2.25E-01 2.25E-01 2.25E-01 2.25E-01 2.25E-01 2.24E-0l

Mo=-93 1.28E-02 1.28E-02 1.28E-02 1.28E-02 1.28E-02 1.27E-02

Tc=-99 1.44E+01 1.44E+01 1.44E+01 1.44E+01 1.44E+0l 1.44E+0l

Ru-106 2.60E+02 1.67E+01 5.42E-01 5.67E-04 6.52E-13 8.22E-23

Rh-106 2.60E+02 1.67E+01 5.42E-01 5.67E-04 6.52E-13 B8.22E-28

Pd-107 1.03E-01 1.03E-01 1.03E-01 1.03E-01 1.03E-01 1.03E-0l

Ag-108 2.06E-06 2.02E-06 1.96E-06 1.86E-06 1.59E-06 1.21E-06

Ag-l08m 2.67E~05 2.62E-05 2.55E-05 2.42E-05 2.06E-05 1.58E-05

Ag-109m 4.24E-0C8 4.55E~-09 2.80E-10 1.05E-12 5.66E-20 4.32E-32

Ag-110 8.67E~-04 1.56E-05 1.02E-07 4.43E-12 3.59E-25 5.45E-47

Ag-110m 6.19E-02 1.11E-03 7.32E-06 3..7e-10 2.57E-23 13.B9E-45

Cd-109 4.24E~08 4.55E-09 2.80E~10 1.05E-12 5.66E-20 4.32E-32

Cd=-1l1l3m 1.98E+01 1.64E+01 1.29E+01 B8.03E+00 1.93E+00 1.79E-01

In=115 8.36E~12 B8.36E~l2 B8.36E~l12 8.36E-12 8.36E~12 8.36E-12

Sn-1l19m 1.50E-0s 2.41E-05 1.37E~-07 4.46E~12 1.53E-25 5.57E-48
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Table

PWR Canister Inventory,

7-5 (Continued)

Ci/MTHM

A total HM content of 461.4 kg is assumed.

Years After Receipt at Repository

Isotope 1 5 10 20 50 100
Sn=12lm ©.84E-01 6.48E-01 6.04E-01 5.26E-0l 3.47E-01 1.73E-01
Sn=-123 1.98E-06 7.73E-10 4.25E-14 1.28E-22 3.53E-48 8.88E-01
Sn-126 5.63E~-01 5.63E-Q1 5.63E-0l 5.63E-01 5.63E-0Ql 5.63E-01
Sb-125 5.93E+02 2.15E+02 6.04E+01 4.76E+00 2.34E-03 7.1BE-09
Sb-126 7.88E-02 7.88E-02 7.88E-02 7.88BE-02 7.88E-02 7.88E-02
Sb-l12ém 5.63E-01 5.63E~01 5.63E-01 5.63E~-0lL 5.63E-01 5.63E-01
Te-123 1.03E-13 1.03E-13 1.03E-13 1.03E-13 1.03E-13 1.03E-13
Te-125m 1.45E+02 5.25E+01 1.47E+01 1.16E+00 5.72E-04 1.7SE-09
Te~127 1.13E-07 1.05E-ll 9.47E-17 7.76E=27 4.26E-57 0
Te-127m 1.16E-07 1.07E-11 9.67E-17 7.92E=27 4.35E-57 0
I-129 3.27E-02 3.27E-02 3.27E-02 3.27E-02 3.27E-02 3.27E-02
Ce=134 6.70E+03 1.7SE+03 3.24E+02 1.12E+01 4.64E-04 2.29E-l1
Cs~135 3.43E-01 3.43E-01 3.43E-01 3.43E-01 3.43E-01 3.43E-01
Cs-137 8.65E+04 7.89E+04 7.03E+04 5.59E+04 2.80E+04 B8.85E+03
Ba-137m 8.19E+04 7.47E+04 6.65E+04 5.29E+04 2.65E+04 8.38E+03
Ce-142 2.86E-05 2.86E-05 2.86E-05 2.86E-05 2.86E-05 2.86E-05
Ce-144 €.86E+01 1.95E+00 2.27E-02 3.09E-06 7.78E-18 3.62E-37
Pr-144 6.86E+01 1.95E+00 2.27E-02 3.09E-06 7.78E-18 3.62E-37
Pr-144m 8.24E-01 2.34E-02 2.73E-04 3.71E-08 9.34E-20 4.35E-39
Nd-144 1.63E-09 1.65E-09 1.65E-09 1.65E-09 1.6SE-09 1.65E-09
Pm=147 6.14E+03 2.13E+03 5.69E+02 4.05E+01 1.46E-02 2.67E-08
Sm-147 3.71E-06 3.8lE-06 3.85E-06 3.86E-06 3.86E-06 3.86E-06
Sm=-148 ©.28E-12 6.28E-12 6.28E-12 6.28E-12 6.28E-12 6.28E~12
Sm=-149 9.53E-13 9.53E~13 9.53E-13 9.53E-13 9.53E-13 2.53E-13
Sm=151 8.04E+02 7.8BlE+02 7.52E+02 6.98E+02 5.58E+02 3.84E+02
Eu-152 4.36E+00 3.52E+00 2.70E+00 1.58E+00 3.19E-01 2.22E-02
Eu-154 4.94E+03 3.S58BE+03 2.39E+03 1.07E+03 9.48E+0l 1.68E+Q0
Eu-155 5.18E+02 2.91E+02 1.41E+02 3.33E+0l 4.36E-01 3.18E-04
Gd-152 2.65E-12 2.67E-12 2.70E-12 2.74E-12 2.78E-12 2.79E-12
Gd-153 2.93E-U4 4.40E-06 2.29E-08 6.21E-13 1.24E-26 1.81E-49
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Table

PWR Canister Inventory,

7-5 (Continued)

Ci/MTHM

A total HM content of 40l1.4 kg is assumed.

Years After Receipt at Repository

Isotope - 5 10 20 50 100

Ho-166n ¢ .9BE-04 6.96E-04 6.94E-04 ©.90E-04 ©.7BE-04 ©.359E-04
TL-207 3.67E-06 1.12E-05 1.42E-05 1.96E-05 3.34E-05 5.27E-05
TL-208 6.37E-03 6.70E-03 6.65E-03 6.14E-03 4.61E-03 2.85E-03
TL-209 2.02E-09 2.58E-09 3.3S5E-09 5.14E-09 1.23E-08 3.20E-08
Pb-209 9.20E-08 1.17E-07 1.52E-07 2.34E-07 5.89E-07 1.46E-06
Pb-210 3.84E-08 7.97E-08 1.62E-07 4.60E-07 2.86E-06 1.40E-05
Ppb-211 B.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 35.29E-05
Pb-212 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28BE-02 7.91E-03
Po-214 2.79E-07 4.70E-07 7.83E-07 1.67E-06 €.66E-06 2.39E-05
Bi-210  3.83E-08 7.95E-08 1.62E-07 4.60E-07 2.85E-06 1.40E-05
Bi-211 8.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 5.29E-05
Bi-212 1.772-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
Bi-213 9.20E-08 1.17E-07 1.52E-07 2.34E-07 5.69E-07 1.46E-06
Bi-214 2.79E-07 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05
Po-210  3.46E-08 7.29E-08 1.51E-07 4.38E-07 2.79E-06 1.3BE-05
Po-211 2.615-08 3.37E-08 4.27E-08 5.91E-08 1.0l1E-07 1.59E-07
Po-212 1.13E-02 1.198-02 1.18E-02 1.09E-02 8.20E-03 5.07E-03
Po-213  9.00E-08 1.15E-07 1.49E-07 2.28E-07 5.56E-07 1.42E-06
Po-214 2.79E-07 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05
Po-215 8.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 5.29E-05
Po-216 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
Po-218 2.79E-07 4.70E-07 7.83E-07 1l.e7E-06 6.66E-06 2.39E-05
At-217 9.20E-08 1.17E=07 1.52E-07 2.34E-07 5.69E-07 1.46E-06
Rn-219 8.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 S5.29E-05
Rn-220 1.77€-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
Rn=-222  2.79c-07 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05
Fr-221 9.20E-08 1.17E-07 1.52E-Q7 2.34E-07 5.69E-07 1.46E-06
Fr-223 1.23E-07 1.58E-07 2.00E-07 2.77E-07 4.70E-07 7.41E-07
Ra-223 8.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 5.29E-05
Ra-224 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
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Table 7-5 (Continued)

PWR Canister Inventory, Ci/MTHM

A total HM content of 461.4 kg is assumed.

Years After Receipt at Repository

Isotope 1 5 10 20 50 100
Ra-225 9.23E-08 1.18E-07 1.53E-07 2.34E-07 5.69E-07 1.46E-06
Ra=-226 2.80E-07 4.71E-07 7.84E-07 1.67E-06 6.67E-N6 2.39E-0S5
Ra=-228 1.72E-11 B8.34E-11 1.62E-10 3.12E-10 7.44E-10 1.46E-09
Ac=225 9.20E-08 1.17E-07 1.52E-07 2.34E-07 5.69E-07 1l.46E-06
Ac=227 8.77E-06 1.13E-05 1.43E-05 1.98E-05 3.36E-05 3.29E-05
Ac-228 1.72E-11 8.34E~11 1.62E-10 3.12E-10 7.44E-10 1.46E-09
Th=227 8.60E-06 1.11E-05 1.41E-05 1.94E-05 3.31E-05 5.21E-05
Th-228 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
Th-229 9.26E-08 1.18E-Q07 1.53E-07 2.35E-07 5.70E-07 1.46E-06
Th-230 9.52E-05 1.26E-Q4 1.65E-04 2.49E-04 5.35E-04 1.l10E-03
Th-231 l1.67E-02 1.67E-02 1.67E-02 1.68E=-02 1.6BE-02 1.68E-02
Th=232 1.82E-10 2.39E-10 3.11E-10 4.54E-10 8.83E-10 1.60E-09
Th-234 3.14E-01 3.14E-01 3.14E-01 3.14E-01 3.14E-01 3.14E-01
Pa-231 2.91E-05 3.0S5E-05 3.23E-05 3.59E-05 4.66E-05 6.44E-05
Pa-233 3.58E-01 3.60E-01 3.63E-01 3.72E-01 4.02E-0Q1 4.56E=-01
Pa-234 3.14E-04 3.14E-04 3.14E-04 3.14E-04 3.14E-04 3.14E-04
Pa=-234m 3.14E-01 3.14E-01 3.14E-01 3.14E-0! 3.14E-01 3.14E-01
U=-232 1.89E-02 1.88E-02 1.82E-02 1.66E-02 1.25E-02 7.70E=03
U=-233 6.41E-05 7.02E-05 7.80E-05 9.37E-05 1.43E-04 2.35E-04
U=-234 8.62E-01 8.94E-01 9.32E-01 1.00E+00 1.19E+00 1.42E+00
U=235 1.67E-02 1.67E-02 1.67E-02 1.68E-02 1.68E-02 1.68E-02
U=-236 2.91E-01 2.91E-01 2.91E-01 2.91E-01 2.91E-01 2.92E-01
U=-237 1.56E+00 1.29E+00 1.02E+00 6.35E-01 1.S53E-Ul 1.42E-02
U-238 3.14E-01 3.14E-01 3.14E-01 3.14E-01 3.14E-01 3.14E-01
U=-240 8.80E-14 1.19E-13 1.58E-13 2.37E-13 4.72E-13 8.63E-13
Np=-237 3.58E-01 3.60E-01 3.63E-0l 3.72E-01 4.02E-01 4.56E-0l1
Np=-239 1.98E+01 1.98E+01 1.97E+01 1.97E+0l1 1.97E+01 1.96E+01l
Np-240m 8.80E-14 1.19E-13 1.58E-13 2.37E-13 4.72E-13 8.63E-13
Pu-236 2.66E-02 1.01E-02 2.98E-03 2.62E-04 1.78E-07 9.30E-123
Pu-238 2.86E+03 2.78E+03 2.67E+03 2.47E+03 1.96E+03 1.33E+03




Table 7-5 (Continued)

Ci/MTHM

A total HM content of 461.4 kg is assumed.

PWR Canister Inventory,

Years After Recelpt at Repository

Isotope 1 5 10 20 50 100
Pu=-239 3.312+02 3.31E+02 3.31E+02 3.31E+02 3.31E+02 3.30E+02
Pu=-240 4.86E+02 4.87E+02 4.87E+02 4.88BE+02 4.88E+02 4.86E+02
Pu=-241 6.51E+04 5.39E+04 4.25E+04 2.64E+04 6.36E+03 5.93E+02
Pu=242 1.45E+00 1.45E+00 1.45E+00 1.45E+00 1.45E+00 1.45E+00
Pu=-243 3.14E-07 3.14E-07 3.14E-07 3.14E-07 3.14E-07 3.14E-07
Pu=-244 8.81E-14 1.19E-13 1.59E-13 2.37E-13 4.72E~13 B8.64E~-13
Am=-241 1.57E+03 1.94E+03 2.31E+03 2.8lE+03 3.33E+03 3.26E+03
Am=242 8.66E+00 B.50E+00 8.31E+00 7.94E+00 6.93E+00 5.51E+00
Am=-242m 8.66E+00 8.50E+00 8.31E+00 7.94E+00 6.93E+00 S.51E+00
Am=-243 1.98E+01 1.98E+01 1.97E+01 1.97E+Cl 1.97E+0l1 1.96E+0l
Am=245 1.04E-11 4.13E-13 7.33E-15, 2.31E-18 7.22E-29 2.24E-46
Cm=242 7.12E+00 6.99E+00 6.84E+00 6.53E+00 5.70E+00 4.53E+00
Cm=243 3.15E+00 2.89E+00 2.59E+00 2.09E+00 1.09E+00 3.69E-0l
Cm=244 1.82E+03 1.56E+03 1.29E+03 8.79E+02 2.79E+02 4.11E+01l
Cm=-245 4.01E-01 4.01E-01 4.0lE-Q1 4.00E-01 3.99E-01 3.98E-0l
Cm=-246 8.16E-02 B8.16E-02 8.15E-02 8.14E-02 8.11E-02 8.05E-02
Cm=247 3.14E-07 3.14E-07 3.14E-07 3.14E-07 3.14E-07 3.14E-07
Cm=-248 1.02E-C¢ 1.02E-06 1.02E-06 1.02E-06 1.02E-Q6 1.02E-06
Cm=250 1.59E-13 1.59E-13 1.59E-13 1.59E-13 1.59E-13 1.58E-13
Bk=-249 6.92E-07 2.75E-08 4.88E-10 1.54E-13 4.8lE-24 1.49E-41
Bk-250 1.43E-13 1.43E-13 1.43E-13 1.43E-13 1.43E-13 1.43E-13
C£-249 1.30E-05 1.29E-05 1.28E-05 1.25E-05 1.18BE-05 1.07E-05
C£-250 2.87E-05 2.32E-Q05 1.78E-05 1.05E-05 2.l14E-06 1.51E=07
Cf£-251 3.76E-07 3.75E-07 3.73E-07 3.70E-07 3.62E-07 3.48E-0Q7
C£-252 4.00E-06 1.40E-06 3.79E-07 2.76E-08 1.07E-11] 2.1BE-17
Total 3.96E+05 3.45E+05 2.97E+05 2.27E+05 1.07E+05 3.52E+04
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BWR Canister Inventory,

Table

I )

Ci/MTHM

A total HM content cf 366.6 kg is assumed.

Years After Receipt at Repository
Isotope 1 5 10 20 50 100
H=3 1.55E+02 1.24E+02 9.34E+01 S5.31E+0l 9.80E+00 5.85E-01
C=-1 2.05E+04 2.0S5E+04 2.05E+04 2.05E+04 2.04E+04 2.03E+04
Mn-54 7.64E-02 2.70E-03 4.14E-05 9.74E-09 1.27E-19 9.10E-38
Fe-55 3.97E+02 1.37E+02 3.60£+01 2.50E+00 8.41E-04 1.37E-09
Co=-60 1.34E+01 7.93E+00 4.11E+00 1.10E+00 2.11E-02 2.91E-05
Ni-59 8.79E-01 8.79E-01 8.79E-01 8.79E-01 8.79E-01 8.78E-0l
Ni-63 1.26E+02 1.23E+02 1.18E+02 1.10E+02 8.74E+0l1 6.00E+0l
Se-79 2.10E-01 2.10E-01 2.10E-01 2.10E-01 2.10E-01 2.10E-Ol
Kr-81 1.13E-06 1.13E-06 1.12E-06 1.13E-06 1.13E-06 1.13E-0Oe
Kr-85 2.64E+03 2.04E+03 1.48BE+03 7.73E+02 1.11E+02 4.41E+00
Rb-87 1.23E-05 1.23E-05 1.23E-05 1.23E-05 1.23E-05 1.23E-05
Sr-90 3.22E+04 2.91E+04 2.582+404 2.0lE+04 9.60E+03 2.80E+03
Y-90 3.22E+04 2.91E+04 2.5BE+04 2.0lE+04 9.61E+03 2.BOE+03
2r-93 1.69E+00 1.69E+00 1.69E+400 1.69E+00 1.69E+00 1.69E+00
Nb=93m 8.59E-01 1.01E+00 1.16E+00 1.36E+00 1.56E+00 1.60E+Q0
Np-94 4.16E-10 4.16E-10 4.16E-10 4.16E-10 4.15E-10 4.14E-10
c=-99 7.56E+00 7.56E+00 7.56E+00 7.S6E+Q0 7.S5S6E+00 7.56E+00
Ru-106 9.60E+01 6.17E+400 2.00E-01 2.09E-04 2.41E-13 3.03E-28
Rh-106 9.60E+01 6.17E+00 2.00E-01 2.09E-0C4 2.41E-13 3.03E-28
Pd-107 5.58E-02 5.58E-02 5.58E~-02 5.58E-02 65.58E-02 5.58E-02
Ag-108 1.11E-06 1.08E-06 1.06E-06 1.00E-06 8.52E-07 6.53E-07
Ag-108m 1.44E-05 1.41E-05 1.37E-05 1.30E-05 1.11E-05 B8.48E-06
Ag-109m 1.56E-08 1.68E-09 1.03E-10 3.89E-13 2.09E-20 1.60E-32
Ag-110 2.75E-04 4.94E-06 3.25E-08 1.41E-12 1.14E-25 1.73E-47
Ag-11l0m 1.96E-02 3.53E-04 2.32E-06 1.00E-10 8.14E-24 1.24E-45
Cd-109 1.56E-08 1.68E-09 1.03E-10 3.89E-13 2.09E-20" 1.60E-32
Cd-113m 9.72E+00 B8.04E+00 6.34E+00 3.94E+00 9.48BE-01 8.8lE-02
In=-115 4.80E-12 4.80E-12 4.80E-12 4.80E-12 4.80E-12 4.80E-12
Sn-119m 4.89E-04 7.83E-06 4.47E-08 1.45F-12 4.99E-26 1.8lE-48
Sn-121lm 3.95E-01 3.74E-01 3.49E-01 3.04E-01 2.00E-01 1.00E-01
Sn-123 5.28E-07 2.06E-10 1.13E-14 3.43E-23 9.44E-49 2.37E-91
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Table 7-6

BWR Canister Inventory,

(Continued)

Ci/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt at Repository

Isotope 1 ) 10 20 S0 100
Sn-126 2.98E-01 2.98E-01 2.98E-01 2.98BE-01 2.98E-01 2.97E-01l
Sb-125 2.65E+02 9.61E+01 2.70E+01 2.13E+00 1.05E-03 3.21E-09
Sb=-126 4.17E-02 4.17E-02 4.17E-02 4.17E-02 4.17E-02 4.1l6E-02
Sb-126ém 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.97E-0l
Te-123 4.13E-14 4.13E-14 4.13E~-14 4.13E-14 4.13E-14 4.13E-14
Te-125m 6.48E+01 2.35E+01 6.59E+00 5.21E-01 2.56E-04 7.85E~-1l0
Te=-127 2.95E-08 2.72E-12 2.46E-17 2.02E-27 1.11lE=-57 0
Te-127m 3.0lE-08 2.78E-12 2.51E-17 2.06E-27 1.13E-57 0

I-129 1.72E-02 1.72E-02 1.72E-02 1.72E-02 1.72E-02 1.72E-02
Cs=-134 2.58E+03 6.71E+02 1.25E+02 4.31E+00 1.78E-04 8.80E-12
Cs-135 2.21E-01 2.21E-01 2.21E-01 2.21E-01 2.21E-01 2.21E-0Ql
Cs-137 4.41E+04 4.03E+04 3.59E+04 2.85E+04 1.43E+04 4.52E+03
Ba-137m 4.18E+04 3.8l1E+04 3.39E+04 2.70E+04 1.35E+04 4.27E+03
Ce-142 1.48E-05 1.4BE-05 1.48E-05 1.48E-05 1.48E-05 1.48E-05
Ce-144 2.19E+01 6.22E-01 7.26E-03 9.87E-07 2.48BE-18 1.l6E-37
Pr-144 2.19E+01 6.22E-01 7.26E-03 9.87E-07 2.48E-18 1.16E-37
Pr-144m 2.63E-01 7.47E-03 8.71E-05 1.18E-08 2.98E-20 1.39E-39
Nd-144 8.25E-1C 8.25E-10 8.25E-10 8.25E-10 8.25E-10 8.255—10
Pm=-147 3.08E+03 1.07E+03 2.85E+02 2.03E+01 7.33E-03 1.34E-08
Sm=147 2.23E-06 2.28E-06 2.30E-06 2.31E-06 2.31E-06 2.31E-06
Sm-1438 3.63E~-12 3.63E-12 3.63E-12 3.63E-12 3.63E-12 3.63E-1l2
Sm-149 4.99E-13 4.99E-13 4.99E-13 4.99E-13 4.99E-13 4.99E-13
Sm=-151 4.64E+02 4.50E+02 4.34E+02 4.02E+02 3.22E+02 2.22E+02°
Eu-152 5.33E+00 4.30E+00 3.30E+00 1.93E+00 3.90E-01 2.71E-02
Eu-154 2.27E+03 1.65E+03 1.10E+03 4.91E+02 4.37E+01 7.75E-01
Eu-~155 2.45E+02 1.38E+02 6.68E+01 1.57E+01 2.06E-01 1.50E=-04
Gd=-152 2.08E-12 2.11E-12 2.15E-12 2.19E-12 2.24E-12 2.26E-12
Gd=-153 1.15E-04 1.71E-06 8.89E-09 2.41E-13 4.79E-27 7.01E=-50
Ho-l6ém 2.75E-04 2.75E-04 2.74E-~04 2.72E-04 2.68E-04 2.60E-04
T1-207 7.55E-06 9.58E-06 1.19E-05 1.61E-05 2.62E-05 3.92E-05
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Table

BWR Canister Inventory,

-6 (Continued)

Ci/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt at Repository

Isotope 1 S 10 20 50 100

Tl-208 5.64E-03 5.88E-03 5.8l1E-03 5.36E-03 4.02E-03 2.49E-03
T1-209 1.72E-09 2.16E-09 2.77E-09 4.21E-09 1.03E-08 2.66E=-08
Pb=-209 7.82E-08 9.81E-08 1.26E-07 1.91E-07 4.67E-07 1.21E-06
Pb=-210 4.00E-08 7.93E-08 1.56E-Q07 4.26E-07 2.54E-06 1.22E-05
Pb=-211 7.57E-06 9.61E-06 1.20E-05 1.62E-05 2.62E-05 3.93E-05
Pb=-212 1.57E-02 1.63E-02 1.61E-02 1.49E-02 1.12E=02 6.90E-03
Pb=-214 2.73E-Q07 4.46E-07 7.26E-07 1.51E-06 5.89E-06 2.09E-05
Bi=-210 3.98E-08 7.90E-08 1.56E-07 4.25E-07 2.54E-06 1.22E-05
Bi-211 7.57E-06 9.61E-06 1.20E-05 1.62E-05 2.62E-05 3.93E-05
Bi-212 1.57E-02 1.63E-02 1.61E-02 1.49E-02 1.12E-02 6.90E-03
Bi-213 7.82E-08 9.8lE-08 1.26E-07 1.91E-07 4.67E-07 1.21E-06
Bi-214 2.73E-07 4.46E-07 7.26E-07 1.51E-06 5.89E-06 2.09E-05
Po~210 3.63E-08 7.28E-08 1.46E-07 4.06E-07 2.48E-06 1.21E-05
Po=-211 2.27E-08 2.88E-08 3.59E-08 4.86E-08 7.87E-08 1.l18E=07
Po-212 1.00E-02 1.04E-02 1.03E-02 9.53E-03 7.15E-03 4.42E-03
Po-213 7.65E-08 9.60E-08 1.23E-07 1.87E-07 4.57E-07 1.18E-06
Po~214 2.73E-07 4.46E-07 7.26E-07 1.51E-06 5.89E-06 2.09E-05
Po=-215 7.57E-06 9.61E-06 1.20E-05 1.62E-05 2.62E-05 3.93E-05
Po-216 1.57E-02 1.63E-02 1.61E-02 1.49E-02 1.12E-02 &6.90E-03
Po-218 2.73E-07 4.46E-07 7.26E-07 1.51E-06 5.89E-06 2.09E-05
At-217 7.82E-08 9.81E-08 1.26E-07 1.91E-07 4.67E-07 1.21E-06
Rn=-219 7.57E-06 9.61E-06 1.20E-05 1.62E-05 2.62E-05 3.93E-0S
Rn-220 1.57E-02 1.63E-02 1.61E-02 1.49E-02 1.12E-02 6.90E-03
Rn-222 2.73E-07 4.46E-07 7.26E-07 1.51E-06 5.89E-06 2.09E-05
Fr-221 7.82E-08 9.8lE-08 1.26E-07 1.91E-07 4.67E-07 1.21E-06
Fr-223 1.07E-07 1.35E-07 1.68E-0Q07 2.27E-07 3.68E-07 5.51E=Q7
Ra-223 7.57E-06 9.61E-06 1.20E-05 1.62E-05 2.62E-05 3.93E-05
Ra-224 1.57E-02 1.63E-02 1.61E-02 1.49E-02 1.12E-02 6.90E-03
Ra=-225 7.84E-08 9.83E-08 1.26E-07 1.92E-07 4.68E-07 1.21E-06
Ra-226 2.74E-07 4.47E-07 7.27E-07 1.52E-06 5.89E-06 2.09E-05
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Table

BWR Canister Inventory,

7-6 (Continued)

Ci/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt at Repository

Isctope 1 S 10 20 50 100

Ra-228 l1.65E-11 7.87E-11] 1.50E-10 2.83E~10 o.57E-10 1.27E-09
Ac=-225 7.82E-08 9.81E-08 1.26E-07 1.91E-07 4.67E-07 1.21E~06
Ac=227 7.63E-06 9.67E-06 1.20E-05 1.62E-05 2.63E-05 3.94E-05
Ac-228 l1.65E-11 7.87E-11 1.50E-10 2.83E-10 6.57E-10 1.27E-09
Th-227 7.49E-06 9.50E-06 1.18E-05 1.60E-0S 2.59E-0f 3.8BE-0S5
Th-228 1.57e-02 1.63E-02 1.61E-02 1.49E-02 1.12E-02 6.90E-03
Th=-229 7.87E-08 9.86E-08 1.26E-07 1.92E-07 4.68E-07 1.21E-06
Th=-230 8.71E-05 1.13E-04 1.47E-04 2.20E-04 4.67E-04 9.61E-04
Th=-231 1.09€-02 1.09E-02 1.09E-02 1.09E-02 1.09E-02 1.09E-02
Th=-232 1.74E-10 2.23E-10 2.84E-10 4.07E-10 7.76E-10 1.39E-09
Th-234 2.01E-01 2.01E-01 2.01E-01 2.01E-01 2.01E-Cl 2.01E-Ol
Pa=-231 2.41E-05 2.50E-05 2.61E-05 2.85E-05 3.54E-05 4.69E-05
Pa-233 3.18E-01 3.19E-01 3.21E-01 3.26E-0O1 3.43E-01 3.73E-0l
Pa-234 2.01E-04 2.01E-04 2.01E-04 2.0l1E-04 2.01E-04 2.01E-04
Pa-234m 2.0l1E-01 2.01E-0O1 2.01E-01 2.0l1E-01 2.0lE-01 2.01E-0Ql
u-232 1.66E-02 1.64E-02 1.59E-02 1.45E-02 1.09E-02 6.72E-03
U=-233 4.99E-05 5.54E-05 6.22E-05 7.61E-05 1.19E-0U4 1.96E-04
u=-234 7.412-01 7.69E-01 8.C3E-01 8.67E-01 1.03E+00 1.24E+00
U=-235 1.09E-02 1.09E-02 1.09E-02 1.09E-02 1.09E-02 1.09E-02
U-236 2.50E-01 2.50E-01 2.50E-01 2.50E-01 2.50E-0l1 2.51E-Q)
U=237 8.54E-01 7.06E-01 5.57E-01 3.47E-01 8.34E-02 7.77E-03
U=-238 2.01E-01 2.012-01 2.01E-01 2.0l1E-01 2.01E-01 2.01E-O1
U=-240 2.12E-14 2.86E-14 3.79E-14 5.64E-14 1.12E-13 2.04E-13
Np=237 3.18E-01 3.19E-01 3.21E-01 3.26E-01 3.43E-01 3.73E-0l
Np=-239 8.43E+00 8.43E+00 8.43E+00 8.42E+00 8.40E+00 8.36E+00
Np-240m 2.12E-14 2.86E-14 3.79E-14 5.64E-14 1.12E-13 2.04E-13
Pu-236 2.09E-02 7.91E-03 2.35E-03 2.06E-04 1.40E-07 7.31E-13
Pu=-238 2.56E+03 2.48E+03 2.39E+03 2.21E+03 1.75E+03 1.19E+03
Pu=-239 2.10E+02 2.10E+02 2.10E+02 2.10E+02 2.10E+02 2.09E+02
Pu=-240 2.89E+02 2.89E+02 2.89E+02 2.89E+02 2.89E+02 2.8BE+02
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Table

BWR Canister

-6 (Continued)

Inventory,

C/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt of Repository

Isotope 1 5 10 20 50 100
Pu=-241 3.55E+04 2.94E+04 2.32E+04 1.44E+04 3.47E+03 3.23E+02
Pu-242 ©.98E~-0l 6.98E-0! 6.98E-01 ©6.98E-01 6.9BE-QCl 6.99E-01
Pu=243 8.33E-08 8.33E-08 B8.33E-08 8.33E-08 B8.33E~08 8.33E-08
Pu-244 2.13E-14 2.87E-14 3.79E-14 5.64E-14 1.12E-13 2.04E-13
Am=-241 9.04E+02 1.11E+03 1.31E+03 1.58E+03 1.86E+03 1.82E+03
Am=-242 8.41E+00 8.25E+4+00 B8.07E+00 7.71E+00 6.72E+00 5.35E+0Q0
Am-242m B8.41E+00 8.25E+00 8.07E+00 7.71E+00 6.72E+00 5.35E+00
Am=-243 8.43E+00 B8.43E+00 B8.43E+00 8.42E+00 8.40E+00 8.36E+00
Am=-245 1.98E-12 7.88E-14 1.40E-15 4.41E-19 1.3BE-29 4.28E-47
Cm=242 6.91E+00 6.79E+C0 6.64E+00 6.34E+00 5.53E+00 4.40E+00
Cm=243 1.40E+00 1.2BE+00 1.1S5E+00 9.27E~C1 4.84E-01 1.64E-01
Cm=-244 6.64E+02 5.70E+02 4.70E+02 3.21E+02 1.02E+02 1.50E+0l
Cm=245 1.35E-01 1.35e-01 1.35E-0Q1 1.35E-01 1.55E-01 1.34E-01
Cm=-2406 2.41E-02 2.41E-02 2.41E-02 2.40E-02 2.39F-22 2.38E-02
Cm=-247 8.33E-08 8.33E-08 B8.33E-08 8.33E-08 8.33E-08 8.33E-08
Cm=-248 2.41lE-07 2.41E-07 2.41E-07 2.41E-07 2.41E-07 2.41E-07
Bk-249 1.32E-07 5.25E-09 9.32E-11 2.94E-14 9.19E-25 2.85E-42
Cf-249 2.78E-06 2.76E-06 2.73E-06 2.68BE-06 2.53E-06 2.29E-06
C£-250 5.35E-06 4.33E-06 3.32E-06 1.95E-06 3.99E-07 2.82E-08
C£-251 6.83E-08 6.8lE-08 6.78E-08 6.73E-08 6.58E-08 6.33E-08
Cf-252 6.42E-07 2.25E-07 ©6.08E-08 4.42E-09 1.71E-12 3.50E-18
Total 2.03E+05 1.77E+05 1.53E+05 1.17E+05 5.53E+04 1.86E+04
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TABLE 7-7a(Cont inued)

Ci/MTHM for Various Decay Periods'®’
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P, 1exw0! 18x10? 23x10' 35k
15, 28x100  22x100 13x100 60x1w0? 22x10° 2o0xm?®
2w, 42x10°  e2x10? 4o 38x 10 3cx07’
2h,  s2x100 4 xw0? 39 37x10? 3s5x107
129, 335107 332102 332107 33202 3:x0% 332102 3.3x10?7 33x10? 33x1072
Wes 12 x10® 1220 sox10' 22x00' sk
Wee 22210 222w 22:w" 22:00" 2722w 27k 225w 272x0" 2.6 07!
Wee  gax10'  92x1w0' 88x1w0' 82x10' 75x10' 94x10® 88xi0®
Bimg, gex10' 86x10' 82x1w0' 78x10" 70x10' 88x10° 8.2x10°
Wee  2axw0t 97 1.6 x 108 1.1 x107'®
MWee 612100 2530 42x0' 29x100 8.2 10
W, 61 x10° 24x10° €2xw0' 29x100 8.2x10
“Woa 9.0x10" 69x10" «1x10* 19x10" 6axw0  2.9x10
Wome, 17510 4 2.4x10° 3axwh
M8 e x10? 33<10' 19x1w0® 2710
Wl 122100 10x100 1axw vixw? a0 522100 e0x0”!
¥,  1axn'  1zxw k0 90 7.1 3.9 x 1072
e, sax10® ssx10 s50x10 eax10’ 37x10  7.6x10
5, s7x100 39x10° 18x10’ Ss7x10®  1.2x10°
e  19x10' 6.6 8.8x10"' 35x107
160, 18x10° 5.2 e6x10? 12x0’
Wy, sesw® sex1w0? 52510 525900 sex0' saxw0t 30xwt 12200
Total  3.3x10%  1axi0® 59x10° 35x10° 27.10° 30x10° 19x10" 18x10'  1.4x10
Total
:::::.' 1sx10®  63x10? 25x10® 12x100 89x10  92x10 20x10? 19x1w0?% 12x107

a. Pertods are measnred from reactor discharge.
h. Multiply by 0.005 for 1-129 (see text).

10 yr

e7x0"
0.7 x 107"

3.3 x 1070

2.1 210"

2.9

7.8 x 107






=i

243,

2‘9..
249‘: "

2504

25?(:'

Total

Total
W/MTHM

o

I

- W B W e e W W e e L SO N e e e e SR e e e
T P S R R S T ol i TR A S Syl o Sl e A it sl

84 x 10°

a. Years after chemical seécration; 1.5 yr elapse between

§.

- o N e ) e e B e e e

N B = B O W e e e -

10!

oy
1.60 x 1073
1.08 x 1077
1.58 x 107°
a.67 x 10°"
1.35 x 10'

5.35 x 1079
3.22 x 10"

1.46

2.6

4.55 x 10°

7.93 x 1073
3.66 x 10°

1.04 x 10"

1.08 x 10'

L3« 0!

1.00 x 10"

3.43

1.00 x 10}

1.7 x 107!
3.27 x 1077
8.23 x 10°°
4.25 x 08
114 x 1070
3.77 » 1078
1.88 x 107

4.9 x 10’

TABLE 7-7b(Cont inued)

_Ci/MIHM for Various Decay Periods'®)

L0 yr ,Vw?xtw, _EEIL“
160 x 107 1erxw? s x0?
g.22x10° 12610 3.95x10°®
158 x 100 1sax0? 1580
ae8x10' amxr0' 529410
135 x 10" 1.3 x 10 1.24 x 10'
1.58 x 1074

3.13 x 10" 189« 10 2.26 x 107"
1.46 .50 1.79

3.29 5.39 a.98

3.28 x 10°  5.02 1.58 x 107"
795 x 100 B2x10 87«0}
366 x 10° 127 x 100 277 x 00
102 x 100 6.76 112 x 107!
1oz x w0 6.7 112 x 107"
asate' 13ax10" 124 x 10
837 5 55 9.16 x 1072
3.0 a.38 x 107 150 x 1070
8.28 x 10° 268 x 10" 3.2 x 10"
tnew! o« 158 x 10"
227207 323x107  2.83x107°
1.46 x 1077

023 x10% 3s58.10% 6.00 4107
8.73«0°% 14:0?% 3s5x0M™
102 « 1078

1.62 x 100 4,32 x 10° RIER 4
a.34 x 10 134 x 10 3.3

remove 99.5% of U and Py, but no other activities,

e Al . B T PR ) G N e o Py

~ N

Y-

-

107 yr

.60
.86
.58
.43
.48

.35
26
.98

47

.83
.43
.69
.69
.48
39

.47
.4

.52

23
a5

76

.95

reactor discharge and chemical separation,

X 10.3
x 1078
X IO'3
x 107!

x 10

x |0~|

3

9.80 » Y0
1.58 x 10
5.28 x 10
1.58 x 10

46 x 10
95 x 10
.92 x 10
57 » 10
.92 x 10

N T

8 x 10°
91 x 107"
34« 10

- W -

6.79 x 0

3.v

7.25 x 107°

)EEFJT ]
3.07 x 107}
1.58 x 1077
3.94 x 107"
NI
RITE
1.17 x 10'9
1.46 x 10°°
1.« 1077
1.52 x 1072
.62

i
.10 x 107

chemical separation assumed to

—



TABLE 7-8
RELEASE FRACTIONS DERIVED (FROM WALKER, 1978)

Release Fraction

I

Safety Analysis Range of Current Recommended
Release Mecnanism Parameter Observations(a) Practice | values(€)
A. Failed fuel - gap release 1. Noble gas 0.015 - 0.34 0.018 - 0.10 0.10
Kr-85 - 0.30 0.30
2. Halogens 0.025 - 0.49 0.0032 - 0,10 0.10
1-129 = 0.30 0.30
3. Volatiles (Cs,Rb,Ru) <4.0x10_6 - 0.80_‘ ™ 0.01
4. Non-Volatiles <2.0x10 * - 8x10 <10 ¥ - 0,05 0.01
B. Heated fuel releaae 1. Noble gas 0.12 - 0.86 0.90 0.90
T = 1,000-1,400°C 2. Halogens 0.]2 - 0.95 0.90 0.25
3. Volatiles 2)(195 - 0.99 - 0.01
4. Non-Volatiles <10 ¥ - 7x10 — 0.01
C. Fire release 1. Noble gas — 0.90 - 1.00 1.00
(Release fraction except 2. Halogens 0.65 :60.84 1.00 1.00
as noted) 3. Volatiles ~3x10_, - 0.01 0.01 - 0.90 0.01
4. Non-Volatiles ‘leo_‘ - 0.20 0.01 - 0.05 0.01
5. Fly ash “5x10 * - 0.20 0.01 - 0.05 0.01
6. Airborne Particle <0.1 - 10 <5 <5
size (M)

(a)prom actual data.
(b)yvalues used in various studies reviewed in (Walker 1978).
(C)values recommended by Walker.
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TABLE 7-8 (Continued)

Release Mechaniam

Safety Analysis
Parameter

Release Fraction

Range of
Observations (@)

Current Recommended
Practice (D) values (€)

D. Explosions
(Fraction released
except as noted)

E. Impact stress - airborne
fraction

1. Noble gas

2. Halogens

3. Volatiles

4. Non-Volatiles

5. Airborne material
(time >100 sec)

6. Airborne particle
size (u)

Vitrified material
(solid):

1. Impact velocity
“40 n/'s

2. Impact velocity
~20 ny/s

- 0.14
1.0 - 71 mg/m

4x1074 - 3x1073
2x107° - 3x1074

1.00 1
1.00 1
0.001 0.
0.01 0

10 - 100 mg/m> 100 mg/m°> (@)
a0 - <30 10

5x1073 - 2x1072 e (€)
5x10™° - 3x1073 NR

(a)From actual data.

(b)values used in various studies reviewed in (Walker 1978).

(€)values recommended by Walker .

(d) ppplicable to particulate material only, not to gas or volatile material release.

(e)yp = No recommendation.
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TABLE 7-9
FILTER EFFICIENCY AND RESUSPENSION FACTOR

Parameter

Particulate Filters (% Efficiency)
HEPA - 1st Stage
- 2nd Stage
- 3rd Stage
- 4th Stage

Noble Gas Traps (% EBfficiercy)

1. Refrigerant
2, Cryogenic (C02)

Recommended

Halogen Filters (% Bfficiency for bed depths 2 2.0 inches)

Or Activated charcoal:

L, @ M < 708 (€)
I, 874 > 70%
R," € R < 70%

;I € R > 70%

(@)prom actual data.

Range of Current

Observations(a) practice(b) values (€)
96.0 - 99.999 99.0 - 99.99 99.9
99,976 - 99.992 99.0 - 99.9 99.0
99.49 - 99,99+ 99.8 - 94.0 99.0

- 83.0 83.0

75.0 - 99.99+ -= NR (d)
90.0 - 99.993 -— Ni
81.9 - 99.999 95.0 - 99.99 99.0

> 90.0 - 99.9997 90.0 90.0
50.25 - 99.999+ 85.0 - 99.0 99.0
8.77 - 99.99 30.0 - 98.0 30.0

(b)yalues used in various studies reviewed in (Walker 1978).

(Clyalues reconmended by Walker.
(d)Np - No reconmendation.
(e)pRH - Relative humidity.
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TABLE 7-9 (Continued)

- - ——e -

e e . e . 2 . . . e < el

Range of : Current nded

Parameter Observations (2} Practice (b) values (€)
Resuspension Factor ( m 1) -2 -10 -3 - -
Indoors Ix10_3 - 3x10_,, 1x10_¢ - 1x10 1x10_g¢
Outdoors 1x10 © - 2x10 1x10 1x10
Plateout
Iodine (time <2 hr) oF = 10-100'% DF = 2 - 10 (@
Particulate diameter > 10 DF = 1 - 4x10° DF = 1.0-5.5 NR

(@)pram actual data.

(blyalues used in various studies reviewed in (Walker 1978).

(Clyalues recommended by Walker.

(A)NR - No recommendation.

(£)pF - Decontamination factor = initial airborne activity/average airborne activity.
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TABLE 7-10
RELEASE FRACTIONS FOR SPENT FUEL RELEASE MECHANISMS

(WILMOT, 1981)

T Inpact leaching  Burst Diffusion  Oxidation
Radionucl ide Rupture Waterlogged Other Crud Rupture (3) (Steam) (Air)
Noble gases 0.2 - - - 0.2 0.02 0.02
Cs-134 2.0-6(b) 3.0-3 2.0-4 " 4.0-3 5.0-4 0.03
Cs-137 2.0-6 3.6-3 2.0-4 - 4.0-3 5.0-4 0.03
1-129 2,0-6 3.0-3 2.0-4 - 7.0-3 4.0-3 0.08
Sr-90 2.0-6 2.0-4 3.0-5 - 2.0-5 - -
Ru-106 2.0-6 - - - 2.0-5 - 8.0-4
Actinides 2.0-6 2.0-4 2.0-5 - 2.0-5 - -
Co-60 e - - 0.25 - - -

(@)piffusion or oxidation releases must be added to burst releases when the burst rupture

(b)2,0-6 = 2.0 x 10°°

mechanism occurs.
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lable

EXTERNAL DOSE FACTORS FOR STANDING ON CONTAMINATED GROUND

(mrem/hr per DCi/nz)
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Ba-141
Ba-142
La-140
La-142
Ce-14)
Ce-143
Ce-144
Pr-143
Pr-144
Nd-147
w-187

Np-239

lfable 7

1

(Continued)

Total Body

.20€-08
. S0E-08
.20€E-09
. 10E-08
.40E-09
. 10€-09
. 30€-09
.90E-09
.50E-08
.S0E-08
.50E-10
. 20E-09
.20E-10
.0

.DOE-10
. 00E-~09
. 10E-09
.50E-10
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.40€-08
.70E-08
.90E-09
.40E-08
. J0E-09
.40E-09
.90E-09
.00E-09
.70€-08
.BOE-08
.20E-10
.S0E-09
.J0E-10

.30E-10
.20E-09
.60E-09
. 10E-09
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UCLILE anNE
3 NO DATA
14 2.27E=06

A 24 1.28E~-06

32 1.65E=-06

UATA
NATA

DATA

€ 55 3.27E~-C6

OAaTA

P

LR S1 NO

“N 54 NO

“N S6 NU

3

FE 79 1L.47€-06
L0 58 e

<0 &u NC

i

UarTa

1 &3 5.400-05

- - - - - - —

Table

7-12

Page 1 OF 3

INMALATION COSE FACTORS FNR APULTS

KIDNEY

NC

2.R85E~09
1.23t-06

1.63:~10

NC
NO

NC
NC
NO

NC

9. T8E=10
H, oZL 06

Se
NC
NC

DavTa

DaTA
DATA

Cava
VUaTA
DATA

DATA

7l =12

DATA
DATA

LUNG GI=-LLl

- —— -

L.58E~07
4.26L-07
L.28E~06

1.586~-CT7 1.58F-N7
4.26E~CT 4.26E-07
1.28€~-C6 1. 2!‘-06

N DATA 1. ORG-OS
1.80€6~C6 4.15F-07
1. 75€E-064 9.6TE-06

1.18E-N06 2.53E-06
9.CLE-06 T.54E~07
1.27TE~04 2.35E~-05

-~

l.16E~04 1.33E~05
T.40(~04 131.56E-05
2.23E~05 1.6TE~D6

T.00E~07 1l.54£-C6
B.4BE-DT &,.12E8-06
1.08E-04 6,.6RE-NG

1.156-07 2.04E-C9
NO DATA 2.90F=-08
NO OATA 2.05€E~-1)

- "~ -

‘'
7
q

~NC
NC
NO

OATA
DATA
DATA

- - - ———

NO DATA LY E-24

NO CATA 2.086~06
&0 CATA 4.18%~19
NO DATA 1.16F-21

1.75E-04 4,37€-05
9.02€-05

B e e e T S ———

J 64 NO CATA
N &> 4.05€E-06
N 69 f,23t-12
R 33 NO DATA
R 8% NO DaTa
“P 8> 5D DaTa
¢ 8o NU OaTa
N 88 NO UATA
8 89 NU DATA
® 87 3.80E-0S
% 90 1.24€E-02
R 71 T.74€E-09
Kk 92 8.643C-10
90 2.61€£-07
91 3.26i-11
91 5. T8E-CH

32 1.29€-09

(veem PEx LT INHALED)

LIVER T.ROCY THYROID
1.58L-07 1.58F~07 1.58€-27
4.26E=-07 &,2GE-DT 4,26k-07
1.280-786 1.28E~06 1.,28F-C6
F.04E=-06 o.260-06 NO DATA
NO UATA 1.256-08 T.44E-~09
4.920=0b T.8715-07 NO DATA
1.55F~10 2.27%E-11 N0 DATa
2.120-06 4&.723E-07 NOU DATA
3.470~09 1.32E-06 NO DATA
1.987-07 2.5%9€6-27 NO CATA
1,+4F~086 1.3%E-30 NU DATA
3.,M3E~C6 1.81€~-06 O DATA
2.020=11 1.14F=11 NO DATA
1.83e~10 1.6)5-![ NO DATA
1 . 29F=05 «B2C-006 NO CATA
B.164.-12 5,.6%5E-13 NO DATA
W CATA J.OLE~D8 NO DATA
‘U CATaA 3.71L-CA NU 0ATaA
NO DATA 1.606-09 NO DATA
1.69~05 7.37C-06 NO DATA
4.F4f=N8 2.41E-78 NO DATA
3.2Cc=N8 2Z,.126-08 NG DATA
NU CATA 1.0%6E~96 N0 DATA
NU CATa T.62E-C4 N CATA
NO DATA 3.13E-10 NO DATA
NO CATA J.64E-11 MNOU DATA
NC CATA T.0lE-09 NO DATA
%0 OATA 1.27E-12 NO DATA
NUJ DATA 1.5%E-06 NO DATA
NO UATA 3.77C-11 NO DATA

7-49

NO
NO
NO

Data
CATA
DATA

4.56F-06 2.39F-05
2.06€-06 5.38E-06
2. l?F 1% 6.32F-0%

2.405 =07 1.66€-10
2.13€E~04 4,.81E-05
1.96€-06 9.19€~06



Table 7-12
PASFE 2 OF 3

INHALAT IUN LOSE FACTOARS FOR ADULTS
(VREM PE] PO INMALED)

WLt 8ONE LIVER T.Au2Y THYROID KIDNFY LUNG Gl-1il

Y 93 L.lEc~-08 NC CATA 3.26E-10 NO DATA NC CATA 0.06E-26 5.27E-05
n 95 1.340~05% 4.3C7=06 2.91E-06 NO DATS 6.77€-06 2.21E~(4 1.,3BE-CS
IR 97 1.21F=08 2.450-07 1.13E-09% NO CATA 3.T1E~N9 9,.84F-05 B6.54F-05
NR 95 1eT76E-06 9.717L-97 5.26€-07 NN DATA 2.67E~-CT? &.31€-C5 1.30F=05
=G 99 40 CATA 1.51t=N08 2.87:~09 NC (ATA 3.04E-08 1.14E-CS 3.10E-05
TC 99" 1.29€-13 3.864r~13 4&,6356~-12 NO DaTA 9.52€6-12 9.55c-C8 5.20€-07
fci1o1 5.22€8~15 T7.%2e-15 T.3vE~146 NO CATA 135¢=13 4,.99€-08 1.36F-2]
W103 1.21E-07 HNOU CaTa B,236~-08 ~0 DATA T.29E-07 6.31E-9% 1.38E-05
twics 9.R8F-11 NC (ATA 3.R9C~11 ™G DATa 1.27k~1C 1.37€-06 6.02€-06
1l06 B.04E~C6 NO CATA 1.0)C-06 NN para Le6T7E-0% 1.17E-03 1.16E-04
AGLLIN»  1.35E-C6 1.25%-06 7.432-07 NOU DATA 2.46E-T6 5.79T-04 I,.TRE-0%
TCI25% &K 27E-07 1.99C=-NT 5.84E-08 1.31E£-07 1.55c~N86 3.92C~C% BR.A3E-06
TEL2T» 1.58F<C6 T7.21°«07 1.90E~-07 & I1E-CT7 S5.T72E-0C6 1.20F-04 1.27€-05
TEL27 LoT75C~10 R.C3°=11 3.B7€E~11 1.32€E~10 6.37E~10 B.14E-OT7 7.17(-06
TEL29% 1.22€-C6 S5.54°-07 1.9%E-07 &.30E=0T7 4.57t=-C6 1.4% =06 4.79:-95
TEL27 6.220=12 2.790~12 1+390~12 4.37c=-12 2.34k~=11 2.62€-C7 1,96F-08
TELSIM R.74E=-09 5.45%-07 3.63F-09 6.48F-09 3.96E-C8 1.82E-2% 6,95€-N5
1131 1.39E~-12 7.46640=1) 4,67 ~-13 1 175=12 S.46c-12 1.7643-07 2.30F-09

TC132 3.25L-08 24,07 -08 2,02:-78 2.,37C=08 |.B2E-27 3.608-05 6.37F=C%
I 132 5.726-07 1.0A5~06 6.610~07 1.642c~-C4 2.61E-06 KO CaTA .61F=-07
i1 3. 15€6-06 4.4T7%=20 2.500-N6 1.47C-C3 T.66E-C6 NC CATA T.RSF-C?

I 132 1o45E~C7 &.070=0T7 1.45% =01 1.436-C5 o0.48(-07 NO CAYA 5.08F-"8
I 13 1.08€<C6 1.852-C6 5.65FE~-07 2.6%=-"4 1.,23E-06 NO NATA L. l1F=08
1 13« R.05F~08 2.160-07 1.69tE-0 3. T3E=086 3.44E~CT NO DATA 1.26E~-10
I 135 3.35E=-CT B.73e-07 3.,21E-C7 5.0C6-C% 1.39t-06 NO DATA 6.566-07
<5136 4.66E~CS 1.06E-04 9,13F-05 NI CATA 3.97€-CH 1.22€-05 1.30E-06
<Slile 6.8BE-C6 1.EFZ=-C5 1.33E-05 "N CATA LeCTE=LS  1.5NE-C6 1.46E-06
-SL37 5.98E~05 T7.765-0% H.3,I-0% NDO OATA 2.78E-"5 9,408-06 1.05F-0C6
LS13n S.16E~-Q8 7.767-08 4.C»5-28 NO nATA 6.7°0E~-C® ¢.076=-N9 2,3)3E-1)
balL3d9 Lel7€~10 A,.327-14 3.,627-12 NO CATA T.70E~-164 4&,TNE=T7 1.12€-07

- - - -




Table 7-12

PAGE 3 OF 3

IWHALATION O(SE FACTORS FOR ADULTS
(MREM PrT (1 [NHALED)

WUCLICE SONE LIVIR T.oucY THYRQOID KIDNEY LUNG Gl=tLLt

nAl140 4.58:~C6 6.135=09 3,21E-07 NO CATA 2.09E-99 1,59€-04 2.73F-05
~Alsl 1.25€=11 1.415-15 4,2Cz-13 NO CATA 8.75E~15 2.42t~07 1.6%€E-17
HALe2 3,29€-12 3.38%~1% 2.07c-13% NO DATA 2.%E~15 1.49E~07 1.96€~26
LAL4C 4.30E-C8 2,17:-08 5.730-07 NU DATA NO DaTA 1.706-0% 5.7)E-05
LAale2 B.5E~11 4.BBE-11 9.65-12 NO DATA NC DaTA T.91E=-CT 2.64E-07
Cllal 2.49E-06 1.69:~06 1.91L-07 NO CATA T.93c~07 4.528~05 1.50E-05
«Flel 2.33E-CR  1,.72t-09 1.91t-09 NO DATA 7.60E-09 92.97E-086 2.83E-~05
ot 3 L L ©.29C~04& 1.79E~06 2,308-05 NO DAY 1.06E~04 I.72E~04 1.02€E~04
¥R143 1.1T7E=C6 +,09C=9T7 S.9%:-08 N DAYA 2.706-07 3.31E-CS5 2.50E-05
R4 3.T76E-17 1.56%=12 1.91€-13 ~NO CATA B.RIE~13 1.27F=~0T7 2.69E-18
Cle? 6+59E-0T7 7.027-07 &.5E~-08 NO DATA 4.45E~0T7 2.T76E-0D5 2.16€-05
~ 187 L.06E-09 3.45.-12 3.10E~-10 NO DATA NC DATA 3,63E-06 1.94€-05

- - -

NP239 2.BRTIE~CH 2,R2:=09 1.55€-09 NO CATA R.75€-09 4.70F-06 1.49E~05

7=5)



TABLE 7-13 - ACCIDENT ANALYSIS SUMMARY

Expected Injuries(1l)

CLASSIFICATION EATAL _NFDL _NDL
Fall of rib 0 1.17 0.26
Fall of roof 0.094 3.58 2.63
Drilling 0 0.059 0.036
Tramming 0.016 0.165 0.032
Rail haulage 0.049 0.927 0.510
Electrical 0.010 0.048 0.019
Fire/Ignition 0 0.179 0.36

TOTALS 0.169 6.128 3.856

(1) Injuries in nine years based on 200,000 work-hours per year
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TABLE 7-14
NUMBER OF OPERATOR INJURIES, INJURY-INCIDENCE RATES PER 200,000
EMPLOYEE-HOURS, AND EMPLOYEE-HOURS, BY MINERAL INDUSTRY AND WORK
LOCATION, JANUARY - SEPTEMBER, 1983. FROM MSHA (1983)

Mineral Industry Fatal NDL NDL ALL
And Incidence Incidence Incidence Incidence
Work Location Fatal Rate NFDL Rate NFDL, Rate Rate

Empl oyee—
Hours
Repor ted

Underground Mines

Metal 5 0.06 514 6.34 378 4.66 11.06
Nonmetal 3 0.09 180 5.20 88 2.54 7.84
Stone- - - 55 4.47 12 0.98 5.45

Total, Underground Mines 8 0.06 749 5.85 478 3.73 9.65

16,225,255
6,917,053
2,459,887

25,602,195
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TABLE 7-16 -~ IGNITION SOURCES OF UNDERGROUND METAL. AND NONMETAL

FIRES (a)

SOURCE 2 OF TOTAL
Electrical u2.1%
Welding Sparks/Hot Slag 15.8
Miscellaneous 13.0
Spontaneous Combustion 11.4
Engine Heat 7.0
Friction 6.1
Explosives 3.5

(a) From Mine Safety and Health, Vol. 6, n, 2, 1981,
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TABLE 7-17 - ACCIDENT AVERAGE SEVERITY, 1981(1)

ACCIDENT CLASSIFICATION

Electrical

Explosives and breaking agents
Fall of face, rib

Fall of roof

Fire

Powered Hauwl age

Hoisting

All accidents

PARTIAL PERMANENT
- RISABILITY

2,027

872

214

283

TEMPORARY
- NEDL

14
35
45
26
374
37
36
26

(1)pata shown in terms of number of days lost for a given

accident classification




8.0 CONCLUSIONS

The first phase of the HLW-PSSA project was primarily devoted to the
gathering, sorting and assembling information as appropriate for a safety
assessment of a nuclear waste repository. This section highlights the
results obtained from the development of the logic models, the evaluation
of consequences, and the data base required for quantitative evaluation of
the accident scenarios. The application of these results in support of the
tasks to be performed in the second project phase is also discussed.

8.1 ACCIDENT SCENARIOS

The accident scenarios developed for the basalt repository concept
were identified using material flow diagrams for each specific waste
handling process. This is similar to other conceptual studies of
repository concepts (Bechtel, 1981, SRENCD 1978). Scenarios addressing
emplacement and retrieval operations were kept separate to treat retrieval
as an additional incremental risk contributor that could be examined
separately.

During scenario development, initiating events identified from the
material flow diagrams were screened (Pepping, 1981) to remove events of
low frequency and consequence. Screening was performed separately for each
consequence type initially considered, allowing the eventual development of
accident scenario families for each consequence type (see Tables 2-18
through 2-22). Although the accident scenarios contributing to personnel
radiological risk and repository availability were not used in the selected
sample problem, the logic model development is complete and available for
future use. In particular, personnel radiological and nonradiological
risks may require further examination in the future as repository
construction and operation are initiated.

The concept of compranise of long-term repository viability was
treated in this study only to identify potential contributing events.
Further evaluation is beyond the scope of a preclosure analysis. Table
2-22 lists the initiating events/accident scenarios capable of compromising
the long-term viability of the repository concept. These events are
pPredominanciy related to the movement of the canister after final
inspection. A transfer cask is used for transport to underground placement
and a hydraulic ram is used to eject the canister from the cask into the
borehole. These operations have the potential to crease or puncture the
canister and no concurrent visual observation/inspection mechanisms are
identified in the conceptual design information. After the canister is
loaded intc the transfer cask at the hot cell outlet port, visual contact
is lost. Transportation accidents such as crane drop, transporter
collision, and waste cage restraint failure and emplacement accidents
related to the cask positicning or hydraulic ram activities can all cause
undetected canister damage. These activities may require additional
administrative controls and/or design additions for inspection following
borehole insertions.
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Accident scenarios grouped into the remaining consequence categories
will have different uses in future project phases. Scenarics contributing
to both public and personnel radiological exposure are immediate concerns
related to the licensing and operation of a nuclear fucl waste repository.
These two consequence types will therefore receive the majority of
attention in future tasks in order to support the repository development
and licensing effort in a timeframe responsive to current repository goals.

8.2 CONSEQUENCE EVALUATION

Radiological and nonradiological consequences were evaluated from the
standpoint of selecting the most appropriate approach for quantitative
evaluation of each consequence type and recommending the specific
consequence types for further analysis in future project tasks. The
following consequence types were evaluated initially: (1) radiological
consequence to the public, (2) radiological consequence to the worker, (3)
nonradiological consequence to the worker, (4) impact on repository
availability, (5) compromise of a repository's ability for long-term
geclogic isolation of high-level waste, and (6) financial impact. The
compromise of long-term repository viability is not a risk contributor in
the preclosure phase and, as mentioned earlier, has been included in the
evaluation to identify event sequences and/or operations that are
potentially capable of generating this type of consequence in order to
facilitate consideration of preventive procedures and operations at an
early stage in the repository design/licensing process. The other
consequence types have been developed to the point where a representative
body of accident scenarios exists for each, including the models necessary
for quantitative evaluation of the consequerce.

Of the different consequence types considered, the radiological
(public and worker) and nonradiological occupational consequences were
recomended for further evaluation., However, in the interest of providing
useful information to the NRC for licensing purposes in a time frame
consistent with the DOE repository design schedule, emphasis should be on
radiological public and worker conseguences.

In the quantitative evaluation of radiclogical risk to the public and
worker, the transport and behavior of radionuclides play a key role and
sophisticated transport models have been developed in previous studies,
Reliable estimates of release fractions are difficult to obtain largely
because of the accident-specific nature of the release and the lack of
adequate experimental data to support postilated release assumptions. This
large uncertainty in the release fraction has to be recognized and
accounted for in future work.

For the next phase of the project which will involve quantitative
analysis of a sample problem, release fraction for gases and volatiles
given in previous studies will be used. BEmpirical models have been
proposed in Section 3.1.5 to determine release fractions of particulates.
For transport of these particulates in confined areas, the Indoor Air
Quality model will be used, while the Gaussian plume dispersion model
(CRAC2) will be used to determine aerosol release to the environment.




Accident scenarios capable of creating occupational injury hazards
have been identified in previous sections; however, no scenario
quantification effort is required. Occupational injury data for analogous
activities already exist and can be used directly to estimate occupational
hazards to repository workers. Some of these data have already been
gathered and are given in Section 7 of this report. The second phase of
this project will contain a subtask for the acguisition of further
occupational hazard data in related activities, particularly, mining
operations. These data will then be used to estimate expected occupational
injury rates from repository development and operation. This is not a
major task, however, The emphasis of future phases will be in estimating
radiological incident frequencies and consequences.

The two other consequences mentioned in this report are repository
availability and financial impact. Financial impact represents a monetary
composite of the expense of all other consequences (see Section 3, Figure
3-1). At this time no effort is planned to combine the different types of
risk contributors into a single financial risk curve. The information will
be available to perform this summation, if interest is expressed in the
future.

Accident scenarios leading to loss of repository availability have
been identified in Section 2. Both radiological and nonradiological
scenarios contribute to this consequence in addition to many unique
scenarios. The need for emphasis on issues directly relevant to the
repository licensing process dictates the exclusion of this consequence
from further development at this time. Again, the information is still
available should further definition of risk to repository availability be
required in the future.

8.3 FAULT TREE DEVELOPMENT

Fault trees were developed for systems identified as intermediate
events during event tree development and covered in sufficient detail in
the basalt repository conceptual decign description. The majority of the
systems meeting these criteria are air circulaticn/ventilation systems for
both surface and subsurface facilities., The fault trees have been
constructed for the first phase of this project, and will be reduced and
quantified in the second project phase. Preliminary conclusions can now be
drawn concerning the sys*ems described and the performance criteria
specified. Due to the passive nature of the spent fuel/stcrage canister
assemblies, the primary barriers to environmental radionuclide release are
the cladding, the canister, and the closed confinement of the repository
enclosure. Should a handling accident lead to the break of the canister
(and presumably the cladding of the contained fuel) the only barrier left
is the integrity of the repository atmosphere contairment. There are two
separate air tight containments in the waste handling building and another
system for the subterranean environment., These systems have redundant
backup fans/filter assemblies to ensure the continuation of air filtration
at @ net pressure slightly less than atmospheric, Fault tree models
developed for these systems in Section 4 took credit for backup assemblies
wherever possible,
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Based on the conceptual design description, several specific system
function modifications should be considered as system design matures to
ensure that the desired redundancy and independence are obtained. They are
discussed below.

The waste handling building has both a primary and a secondary
conf irement exhaust ventilation/filtration system. These systems serve
different areas of the building. The intent of the design is to operate
the primary system (the one serving the most contaminated areas) at a
elightly lower pressure than the secondary to force any leakage to flow in
the direction of higher contamination. There are several accident
scenarios where either primary or secondary cperation can provide
sufficient ventilation to prevent radionuclide release to the environment.
The two systems are not completely independent and neither are their
respective backup units. All primary and secondary fan units exhaust to a
common plenum with a single tornado damper/bird screen and a single stack.
These commcnalities could cause all confinement exhaust systems to fail in
the event of damage to the plenum or stack (e.g. earthquake). The
subterranean confinement exhaust system has a similar commonality. The
exhaust of five fan/filter assemblies is routed to a common plenum, tornado
damper/bird screen assembly, and exhaust stack.

Both the waste handling building and the subterranean confinement
ventilation/filtration systems require intake supply fans to provide
sufficient circulation. The power distribution system for the facility is
not detailed enough to provide specific 'fan to load bus' dJdescription.
However, the standby exhaust fans for all systems (primary, secondary, and
subterranean) appear to be supplied from a standby power load center. In
the event of a loss of normal power, the 13.8KV diesel generators would
start and vital standby power loads would be powered directly from a
standby load center.

Power to the intake supply fans appears to be supplied entirely from
normal power load centers. Standby power can only be supplied to these
loads by closing a bus cross-tie breaker between standby and normal power
buses. This is not only an additional necessary equipment operation
(probably manually initiated) but it also adds other loads to the standby
bus, possibly exceeding generator capacity. This condition is not certain
from the design information available; however, to preserve the redundancy
and independence of backup systems, both the exhaust and the supply intake
fans nust be powered by redundant bus arrangements. This detail should be
followed closely as repository design matures due to the importance of
confinement ventilation/filtration systems to the prevention of
radiological releases from reaching the open environment.,

The waste transport shaft exhaust system is an additional confinement
exhaust system that can play an important role in mitigating certain
accident scenarios involving the loading and transportation from surface to
subterranean locations. Two fan/filtration units are used continuously (no
installed backup) to draw air up the waste transport shaft and through the
filter assemblies. The power distribution description indicates these fans
are supplied from a normal power bus, requiring the same cross-tie
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operation described earlier to restore fan operation given a loss of off-
site power. Final design should consider 1) a backup unit for this
function and 2) the use of a standby power bus to supply fan loads.

The waste handling building confinement exhaust ventilation/filtration
Systems (both primary and secondary) can be cross-tied between the filter
train outlets and the blower fan inlets. The schematic provided for these
systems does not show a check valve on the inlet to the fan. In the case
of the primary confinement system, a loss of the normal fan followed by the
Startup of the standby fan could allow bypass of the entire airflow path
through the repository in favor of the lower resistance of pulling air back
through the disabled fan and the cross-tie line. A check valve in the
inlet to each fan (both primary and secondary systems) would eliminate this
possibility.

Other systems identified in the accident scenarios did not have
sufficient description from the conceptual design to adequately permit
development of fault tree models. Instead, a data base (see Section 7)
that contains industry-wide failure rate statistics for these types of
Systems in similar applications was assembled. For example, a subterranean
racdiation monitoring system is used to monitor the tunnels and airflow
passageways. In the event that detectable levels of airborne contamination
are present, this system sends a signal to the confinement exhaust system.
The signal closes the dampers on the filter bypass ducts, opens the damper s
on the inlet and outlet of the filter train, and starts the second stage of
the exhaust fans. This monitoring system with associated alarm/trip
functions is not described explicitly in the conceptual design description.
However, data are available on the performance of radiation monitering
systems with alarm/trip functions in operating reactors and fuel handling
facilities. The only assumption inherent in using these data is that the
system installed in the repository will be at least as reliable as those in
present day use. This is not considered to be a limiting assumption,

Other systems will also be quantified directly without breaking them
into component contributions using fault tree logic, Surface radiation
monitoring systems, air lock seal doors and compressed air systems are
assigned industry failure rates., As the repository system design matures,
many of the systems should be explicitly modeled using fault tree logic to
obtain more facility specific failure estimates.

8.4 SAMPLE PROBLEM SELECTION

A sample problem was selected to demonstrate the overall methodology
and to verify analytical methods at the event tree level. The problem was
chosen as a subset of the accident scenarics leading to public radiological
exposure risk during emplacement operations (see Table 2-18). Contributing
scenarios were selected from all major facility processing areas identified
in Table 2-1. Intermediate events required for the sample problem
scenarios include all the systems fault trees.



Simplification at the event tree rather than at the fault tree level
was chosen because of available computer programs. At the fault tree
level, the SETS computer program provides fault tree reduction capability
and the VALUE computer program quantifies the SETS outpuc expression,
including the generation of the modified Fussell-Vesely component
importance measure. As both these programs were extensively used
previously and verified for other applications, it is cost-effective to
only solve the fault tree expressions once.

Computer programs required to quantify event tree expressions,
including dependency and importance measure, are not currently available.
The sample problem was chosen to be small enougn to allow a check
calculation to be performed by hand. It should be emphasized that the
simplicity of this family of scenarios (due to amission of some 90
scenarios) reguires that the final estimates of risk and importance
rankings be used only for demonstration purposes, The results do not
represent a preliminary evaluation or order of magnitude estimate of the
final results, Inclusion of all the identified accident sequences,
completion of the human error analysis, and estimation of common cause
contribution must be performed in order to draw final conclusions.

8.5 IMPORTANCE RANKING

The Fussell-Vesely importance measure (normalized) was chosen as the
best measure for the purposes of this project (see Section 6 and the
appendix). The other importance measures either did not adequately meet
project objectives, did not consider every occurence of the component, or
were not readily usable in already existing computer programs,

8.6 DATA BASE DEVELOPMENT

A list of relevant data was derived from the literature and
government,/industry data banks with emphasis on events identified for the
sample problem. The data gathering task will continue in the next study
phase with emphasis on human error and accidents related to mining
activities.

Initiating event frequencies, intermediate event probabilities, and
component failure rates and repair times were derived from various sources
such as the Government-industry Data Exchange Program (GIDEP), Nuclear
Plant Reliability Data System (NPRDS), System Reliability Service Data
Bank, IEEE Standards, Federal Aviation Administration Statistical Handbook,
Department of Transportation publications, EPRI studies, and
oovernment-sponsored studies on nuclear reactors and waste management.,

Data for radiological consequence evaluation were derived primarily
from government-sponsored studies and consisted of data on radionuclide
inventories, release fractions, ard dose factors. While metecorological
information on the Hanford site is known to be available and can be
obtained from the National Climatic Center in North Carolina, no specific
information was compiled at this time. The more detailed conseguence




evaluation in the next study phase will help define the specific
meteorclogical information required to calculate popu’ation dose.

The data on personnel injuries in mine-related activities resulted
from the work performed by Engineers International (See Section 7). This
data base will be augmented in future work. The data collected, so far,
have provided useful insights into areas of likely concern when evaluating
the impact of repository operations to the workers.
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APPENDIX

AN EVALUATION OF IMPORTANCE MEASURES
FOR PROBABILISTIC RISK ANALYSIS
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ABSTRACT

Several importance ranking measures that have been used in the nuclear
industry to study systems performance were evaluated for the purpose of
identifying one or two measures that would be used in risk evaluations of
preclosure activities at proposed high-level-waste repositories. They are:
the Birnbaum measure, structural measure, criticality measure of basic
event importance, upgrading function, Fussell-Vesely measure of basic event
and minimal cut set importance, Barlow-Proschan measure of basic event and
minimal cut set importance, and the sequential contributory measure of
basic event importance.

Using a set of criteria, a preliminary screening of these measures was
performed to identify those that are applicable to the safety and risk
evaluation of a nuclear waste repository. The importance measures selected
from the preliminary screening were then applied to a specially selected
fault-tree problem to test each measure's performance under various
conditions.

On the basis of the results ¢, this study, the Fussell-Vesely
importance measure is recommended for future work. Thic measure provides
the most appropriate means of ranking component importance both as a
function of system unavailability and unreliability. Furthermore, the
inherent straightforwardness of the Fussell-Vesely equation allows for ease
in the calculation of probability distributions,
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1.0 INTRODUCTION

Safety and reliability analyses have become increasingly important in
the conceptual design, developmental and operational phases of complex
facilities and systems. However, it is not always sufficient to know just
how safe or reliable a system is (or can be)., We often need to identify
the components or events that contribute most significantly to system
failure in order that changes or modifications to improve safety or
reliability can be implemented in a logical and cost-effective manner.
Prioritization or importance ranking of components is very useful to a
decision maker with limited resources who is faced with the problem of
implementing many modifications.

In the nuclear industry, where safety has been of high concern,
several ways of prioritizing components, subsystems or systems with regard
to their contribution to overall plant risk have been proposed. The
increased activity in recent years towards the closing of the back-end of
the nuclear fuel cycle have focused attention to the risks involved in the
permanent storage of spent fuel and of high-level waste in geologic
repositories, At this important time where conceptual repository designs
are being developed and potential sites selected, it is necessary to have
available a suitable methodology to rank components and basic events
according to their contributions to the safety of operating a nuclear waste
repository facility. The selected importance measure(s) need to be appli-
cable to fault tree analysis which is a basic analytic tool for the quanti-
tative safety assessment of preclosure activities in a repository. These
importance measures could be used to help streamline the regulatory and
licensing process and, at the same time, to provide useful information to
ease public concern regarding the safety of this operation.

In this report, we present the results of an evaluation of several
importance ranking measures that have been used in the nuclear industry for
fault tree analysis applications., Using a set of criteria that are dis-
Cussed in Section 3, a preliminary screening of measures for applicability
to the preclosure phase of the repository is performed. The selected
importance measures are then applied to a specially selected fault-tree
problem to determine how each measure performs under various conditions,
On the basis of the results generated, an importance measure is recommended
for use in future risk evaluations of preclosure operations at proposed
hich-level waste repositories,
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2. IMPORTANCE MEASURES

This section reviews the basic attributes of several importance
measures that have been proposed or used in nuclear safety or in risk-
related studies for importance ranking of components or system and the
available computer programs for calculating these measures.

2.1 IMPORTANCE MEASURES FOR FAULT TREE APPLICATIONS

A number of importance measures have been proposed or used in
connection with fault tiee analysis. A fault tree is a deductive method of
analyzing a system's degree of safety or reliability by postulating a
failure state of the overall system and by identifying the components or
events that are necessary and sufficient to contribute to the occurrence of
that failure state.

Some importance measures are applicable only to non-repairable
components and are dependent on the system unavailability. Others work
only for repairable components and are dependent on the expected number of
system failures for a given time interval. However, under the assumptions
that failures are completely independent and have low probabilities (i.e.,
the component failure probability does not exceed 1%) it can be shown that
these measures are closely related to each other. Thus, the choice of
which measure to use depends essentially on the kind of information that
one seeks regarding the system.

A comprehensive assessment of importance measures as applied to fault-
tree analysis was performed by H. Lambert (Fef. 1). Engelbrecht-Wiggans
and Strip have also evaluated variocus importance measures and have shown
them to be closely related to the concept of probabilistic values in game
theory (Ref. 2).

2.1.1 Birnbaum Measure

The Birnbaum measure of importance is defined as the probability that
the system is in a critical state for component i, i.e., the difference
between the probability that the system fails with component i failed and
the probability the system fails with component i functioning, or:

L = g (1, Q) - g0, Qt) (1)

where:  Q(t) is the failure probability of the components other than i
which contribute to system failure,
g (1j, Q(t)) is a probability function of the state vector having
1 in the ith position and Q(t) in all other positions;

and g(0j, Q(t)) is a probability function of the state vector having
0 in the ith position and Q(t) in all other positions.




The Birnbaum measure is a conditional probability since the state of
component i is fixed. As such, it is not a function of the failure
probability of component i. Regardless of the failure probability of the
top event, a component present as a single order minimal cut set will
always be ranked higher in importance than a component in a higher order
minimal cut set provided the failure probability of any component in the
System under consideration is less than 1. Therefore, the measure has
limited applications. However, many of the importance measures which will
be discussed below can be defined in terms of Birnbaum's measure.

2.1.2 Structural Measure of Importance

The structural measure of importance is a deterministic measure which
evaluates the importance of a basic event or component to system
performance based on the structural position of a given component in a
fault tree without regard for the actual failure probability of this
component. It only considers two states for that component, either failed
or not failed. Generally, a component present in a single order cut set
will always have the highest structural importance ranking.

The structural measure of importance for component i is defined as the
number of critical states for component i divided by the total number of
states for the n-1 remaining components (2n=1), It is, therefore, the
fractional number of system states (for the n-1 remaining components) which
are critical for component i.

Lambert (Ref. 1) defines structural importance as:

T = gy, 12) - g0y 1A2) (2)

where: ¢(lj, 1/2) is the function of the state vector having 1 in the
ith position and 1/2 in all other positions; and

9(0i, 1/2) is the function of the state vector having O in the
ith position and 1/2 in all other positicns.

For the series-parallel system shown in Fig. 1, the three critical cut
sets for component i are {1}, {1,2} and {1,3}. This is verified by the
following equation:

Ci = 2n-1 {g (14, 1/2) - g(0j, 1/2)} (3)

where Cj is the number of critical cut sets for component i.
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2.1.3 (Criticality Measure

The criticality measure of basic event importance is the Birnbaum
measure weighted by the contribution of component i to the system
unavailability and can be expressed mathematically as:

I e i (4)

-
o)

where

I.; = Birnbaum measure or criticality
P1 = failure probability of component i in time interval t

Fp = System failure (or unavailability) in time interval t.

The system failure probability is calculated using the minimal cut set
upper-bound eguation:l

k
Pro= 1- ) (1-P(MS);) (5)

where: P(MCS) | is the failure of minimal cut set i,

Unlike Birnbaum's measure which is neither a function of component nor
of system failure probability, the criticality measure provides a more
meaningful importance ranking. For example, a component with high failure
probability but present in a high order cut set may be ranked higher in
importance if system failure probability is high.

2.1.4 Upgrading Function of Basic Event Importance

The upgrading function measures the fractional reduction in the
probability of the top event of a fault tree when the failure rate of
component i is reduced fractionally. The upgrading function is applicable

e ——

1A minimal cut set is a smallest combination of component failure which, if
they all occur, will cause the top event to occur. See attachment for more
detailed discussion of the minimal cut set upper bound equation and how it
compares to the rare event approximation for top event failure probability.
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only to non-repairable systems and only when relative failure rates
(propertional hazards) are known. The proportional hazard, a , is defined

FRR) = 1~

where F(t) is the probability that a non-repairable component faile in time
interval t and R(t) is the common hazard assumed to be shared by all
components; @ can be recarded simply as a failure rate.

This measure is useful during the design stages of a system where data
on repair times may not be available and only the relative failure rates
are known.

2.1.5 Fussell-Vesely Measure of Importance

The Fussell-Vesely (F-V) measures include the basic event importance
and the minimal cut set importance measures. The importance measure for
basic event i, IjFV, is defined as the probability that basic event (or
component) i contributes to system failure, given that the system has
failed within time interval t. Mathematically, this is the probability of
the union of all minimal cut sets containing basic event i given that the
system has failed (i.e., the Top Event has occurred):2

J
b ( U (ncs)k)
N, k=1 7

i —

Py

where J = number of minimal cut set terms containing
basic event i,

J
where P ( U(KS)k)= probability of the union of minimal cut set k
k=l containing basic event i,

Pp = probability of the top event

The F-V basic event importance measure provides a numerical algorithm
for ranking a basic event not only according to how many minimal cut set
terme the basic event ies part of but also according to how important these
terms are to the occurrence of the top event,

——— —— ]

25ee Attachment for presentation of a mathematical expression that is an
approximation of Equation 7.
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The F-V measure of cut set importance ranks cut set: according to
their fractional contribution to the top event and is given hy

A 1. )
Ieg Py (8)

where P(MCS) = minimal cut set failure probability
Pp = top event failure probability.

2.1.6 Barlow-Proschan Measure of Importance

The Barlow-Proschan (B-P) measures are based on the concept of
interval reliability which assess the contribution of a basic event or a
minimal cut set over an interval of time and is useful for the analysis of
Catastrophic failures.

The B-P basic event importance is the probability that an initiating
event causes the top event to occur. It is computed from the Birnbaum
measure, weighted by the ratio of the failure frequency of the basic event
to the expected number of system failures (the integral of the top event
rate over mission time) for a given time interval, i.e.:

) j:[q (A + Q) = g0; , QM) | We ; (£ ae
1= —e- - - (9)

E[Ng(t)]
where ',(li'Q(t')) = g(0;, Q(t')) = Birnbaum measure for basic event i
We, i = failure frequency of basic event i

4

E[Ng(t)] = expected number of system failures for a given
mission time
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The B-P measure is used to rank only initiating events identified in
the fault tree. The sum of all initiating event importances in the B-P
measure of importance eguais unity. Essentially, this measure is useful
when information on the way in which system failure has occurred and on the
most probable cause of failure are required.

The B-P measure of cut set importance is the probability that a
minimal cut set causes system failure. For a given minimal cut set to
cause system failure an initiating event must have occurred and all other
basic events in that cut set must have failed at the time the initiating
event occured. If each minimal cut set contains an ini*iating event, the
B-P measure of cut set importance is the same as Fussel Vessely's cut set
importance measure.

Lambert has pointed out that the Fussell-Vesely definition of cut set
importance always assions more importance to a cut set of a lower order
than a cut set of a higrer order when basic event probabilities are equal
(Ref. 1). This is true for the B-P measure only when no replication (i.e.,
event is present in many cut sets) of events occurs. A case where the B-P
measure ranks a higher order cut as more important than a lower crder cut
set is discussed in Referenve 1. The system contains ten compconents and
the top event is representec by 21 minimal cut sets. One cut set contains
four components which do not appear in other cut sets, The other 20 cut
sets were obtained by taking all combinations of three components from the
remaining six components. It was shown that for a top event probability of
approxinately 0.64, the four-component cut set has a greater probability of
causing the system to fail than a three-component cut set. If the events
contained in the lower order cut set were not replicated in other cut sets,
this lower order cut would be ranked more important, Thus, for the B-P
measure, when no replication of events occur, lower order cut sets will
generally be more important than a higher order cut set when basic event
probabilities are equal.

The B-P measures of importance are limited in that only initiating
events and cut sets containing initiating events are ranked.

2.1.7 Sequential Contributory Measure of Importance

The sequential contributory (SC) measure like the B~P measure of
importance is based on the concept of interval reliability. The SC measure
of importance is the probability that component i (enabling event) is
contributing to system failure when another component j (initiating event)
causes the system to fail. In some cases, an event can be either an
initiating event or an enabling event, For a redundant system of two
components whose failure will cause system failure, the component that
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fails first is an enabling event and the component that fails last is the
initiating event, Thus, the SC importance measure is expressed as:

t
B
Z [ Ii,j Qi (t") wf,j (t') dat
J

ETRTET (10)

i=j

where  I° . = criticality function for (Birnbaum) enabling event i
and initiating event j = 93 (140 lj. Qit')) -
9; (140 oj. Q(t"))
Q. = failure probability of enabling event i
wf.j = failure frequency function for initiating event j
3 [Ns(t)] = expected number of systen failures.

2.1.8 Significance Indices

A. Bhattacharya and S. Ahmed have defined a set of three significant
indices which quantify the importance of each component, with respect to
the mean and variance of the top event probability (Ref. 3). These indices
are described as follows:

P §F
a. sts‘l)= S N — (11)
P 8%

where P js the mean failure probability of component m and B is the mean
top event probability, and § symbolizes the change in a particular
parameter. Shl) measures the percentage change in the mean top event
probability with respect to unit percentage change in component mean. This
significance index is essentially the same as the upgrading function
defined by Lambert (Ref. 1).

3 2
(2 . _m 807
b. Sm -;1 z (12)
m
where 0 is the variance of the top event probability distribution,
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is the percent change in the top event variance with

- respect to unit percentage change in component mean.
2 8§02
3 . It 00%
[ ¢ S ~ B-omz (13)
where 0: is the corresponding variance of the mth component
5;3) is the percent change in the top event variance with

respect to unit percentage change in component variance.
Significance Indices S‘:‘Z) and sl:la) provide information on the scatter

of component failure data, i.e., they identify the components which
significantly contribute to the uncertainty of the top event.

2.1.9 Risk Importance Measures

W. Vesely, et al (Ref. 4) have introduced two measures of risk
importance, risk reduction worth and risk achievement worth.

The risk reduction worth is the reduction in risk if a system feature
were assumed to be optimized or if it were assumed to be made perfectly
reliable., Depending on how the decrease in risk is measured, it can be
defined as a ratio or an interval.

On a ratio scale, the risk reduction worth Dj of feature i is defined
as:

where Ro = present risk level

Rj = decreased risk level with the feature optimized or
assumed to be perfectly reliable.

On an interval basis, the risk reduction worth ¢ is given by:
di = Ro -~ R‘i (15)

The risk achievement worth is the increase in risk if a system feature
were assumed not to be present or to be failed. Again, depending on how
the increase in risk is measured, the risk achievement worth can either be
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defined as a ratio or an interval. On a ratio basis, the risk achievement
worth Aj of feature is:

+ Iz
Ai = Ri/Ro (16)

where R; = increased risk level without feature i or with feature i
assumed failed,

On an interval basis, the risk achievement worth ai is:

a; = R -R, (17)
Vesely has shown that these risk measures can be equated in terms of
Birnbaum's measure of importance or the F-V measure of importance.

The Birnbaum measure is shown to be the sum of the risk achievent

worth ( @j) and the risk reduction worth ( 0j) of component i._ The F-V
measure is expressed in terms of the decrease in risk lLevel, Rj, and is
related to the risk reduction worth on a ratio scale, Dj. The bases for
the derivation of the expressions relating the risk achievement worth and
risk reduction worth to the Birnbaum and F-V importance measures are not
presented explicitly in Reference 4. In view of the abjectives of the HLW-
PSSA project, we do not believe there is any advantage in using these risk
measures instead of the more basic importance measures that have been
discussed in previous sections.

2.2 COMPUTER PROGRANS

Of the computer programs that are currently available for ranking
basic events and cut sets in their order of importance to system failure
(i.e., top event occurs) we have considered the following ones because of
their ability to accept as input the minimal cut sets nerated from the
SETS (Ref. 5) fault-tree reduction code:

For systems modeled with fault trees, IMPORTANCE (Ref. 6) allows
calculation of various importance measures such as the structural measure,
the Birnbaum measure, the criticality measure, the Fussell-Vesely (F-V)
measure, the Barlow-Proschan (B-P) measure, and the sequential contributory
(S-C) measure.

In addition to minimal cut sets (obtained from SETS), this code
requires as input the failure rates and repair times of all basic events
contained in the minimal cut sets. The failure and repair distributions
are assumed to be exponential. All measures are computed assuming
statistical independence of basic events,
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The B-P and S-C measures are time integrated guantities which depend
upon the sequences of events leading to system failure and are dependent on
assuming a pseudo repair time for all initiating events, which is the sum
of the repair time of all initiating events. The current versior of the
code cannot handle differing repair times for initiating events,

The SEP (Set Evaluation Program) computer code (Ref. 7) provides a
means of measuring the contribution of each basic event to system failure
by taking the product of the Birnbaum measure and the event probability.
when normalized by the system failure (top event) jrobability, this
expression essentially becomes the Fussell-Vesely measure (Ref. 7). SEP
calculates these measures separately for the noncomplemented and
complemented occurrerce of each event. These measures are calculated
assuming that the event and its complement are independent events. The sum
of these two measures yields the true importance measure for the event.

VALUE (Ref. 8) ranks the basic event and minimal cut set contribution
to top event probability using the F-V equation, modified to yield
importance rankingc which sum to unity.

The computer code STADIC-2 (Ref. 9), which is a general purpose Monte
Carlo simulation code, can also be used to calculate importance measures
such as the F-V measure and to propagate data uncertainties, thus,
providing importance ranking factors in the form of distributions.
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3. EVALUATION

A major objective of the High-Level Waste Preclosure Systems Safety
Mnalysis (HLW-PSSA) project, of which this evaluation is a part, is the
development of a systematic methodology to identify and quantitatively
prioritize the structures, components, systems, and operations which are
important to safety during the preclosure phase of the HLW repository.
Although the repository is still at the conceptual stage, risk assessment
at this time is directed mainly at identifying the components cr systems
that are dominant risk-contributors in order that design modifications can
be made (if needed) before construction and operation.

The selection of importance measure(s) for use in this project has to
consider several factors relevant to the repository such as the extent of
the availability of repository-specific data, compatibility with analytical
tools that will be used in the preclosure risk assessment, the ease of
applicability to repository situations, etc,

The importance measures discussed in Section 2 require information on
basic event (component) failure rate, repair time, mission time, initiating
and enabling event identification, etc., For a geologic repository, failure
rate and repair data of relevant equipment and operations can be obtained
(although no geclogic repository is yet in operation) since many are
standard industry equipment,

A set of criteria has been established to screen out the importance
measures which are inadequate in meeting our task objective and to select
one or two importance measures that can best prioritize systems and
compunents of importance to preclosure operations in a geologic
respository. These criteria are:

1. The importance measure should use readily available repository
data (i.e., component failure rates and repair times) and not
require a prohibitive level of data detail.

2. Useful insights on a repository system performance should be
provided by the importance reasure.

3. The measure should be easily applicable to repository situations
and it should yield scrutable results,

4. Numerical importance ranking should be provided by the measure.

5. Uniform ranking of all components (or events) represented in the
fault tree model should be possible.

6. The measure should be applicable to repairable and non-repairable
components,

7. A computer program should be available to calculate the rankings.
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TABLE 4
MINIMAL CUT SETS FOR HYPOTHETICAL FAULT TREE MODEL

E17

E18

El & E2

5 *E

El1 #E3 * E4

Et ®E3 ®*E5

E1 # E3 ® E6

E1 # E6 ® E7 ® EB
E1 # E8 ®# E9 ®* EN1
E1C ®# E8 ® E9 ® ENN
E12 ® E13 ® E14 ® E15 ® E16
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TABLE 6

IMPORTANCE MEASURE RESULTS

FUSSELL-VESELY SEQUENTIAL
EVENT  VALUE copg(a) IMPORTANCE CODE(b) CRITICALITY CONTRIBUTORY
EI? .m -99‘ -9‘” -99‘
E18 .§90-02 .991-02 .892-02 .991-02
I35 .107-04 .107-C4 .962-05 .102-04
E7 .107-04 .107-04 .962-05 .102-04
£1 .238-05 .238-05 .214-05 .226-05
E2 .238-05 .238-05 .214-05 .226-05
E8 .213-07 .213-07 .192-07 .203-07
EN .213-07 .213-07 .192-07 ,203-07
E9 .213-07 .213-07 .192-07 .203-07
E10 .212-07 .212-07 .191-07 .201-07
E3 .177-08 .178-08 .160-08 .169-08
E4 .990-09 .991-09 .891-09 .942-09
£6 .715-10 .715-10 64310 .681-10
E12 .137-10 .137-10 .123-10 .136-10
E13 .137-10 .137-10 .123-10 .130-10
E14 .137-10 .137-10 .123-10 .130-10
E15 .137-10 .137-10 .123-10 .130-10
E16 .137-10 .137-10 .123-10 .130-10
la) Normalized to one.
(8) Unnormalized.



TABLE 7
COMPARISON OF THE FUSSELL-VESELY
AND CRITICALITY MEASURES FOR VARYING TOP EVENT PROBABILITY

TOP EVENT
PROBABILITY BASIC EVENT FUSSELL~VESELY CRITICALITY
.0505
E17 991 990
E18 .991-02 94102
101
E17 .991 990
E18 .991-02 .892-02
0503
E17 995 990
E18 .995-02 .498-02
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ATTACHMENT

This appendix discusses the basis for using the minimum upper bound
approximation for calculating top event failure probability as used in the
IMPORTANCE and VALUE computer codes. The mathemctical expressions
presented here were derived primarily from Reference A-1.

If basic events are not replicated in cut sets and all basic events
are statistically independent, then

N

P (top event) = m 1T a4y (1)
J= i€ K,
J
where i Kj means "for all basic events contained in minimal cut set Kj"
Ng = total number of minimal cut sets representing the rault tree
structure
I = the logical operator for an "OR" gate;
2
for a pair of events:- 1=.ll1 93 = Gy + 9 - qy9,
N = the logical operator for an "AND" gate;
2
for a pair of events: 1T Qi = G9,
i=1
9j = failure probability of basic event i.

In general, basic events are replicated and Eguation 1 is not valid.
Esary and Proschan (Ref. A-2) proved that the following bounds always hold
when the basic events are statistically independent:




rare-

two—-out-

d

o

OX

vent appr

=S

arc ¢




"o .
an, coneren

JeCnnometrlcs, 2,










T
w
7
<
-
q

BIBLIOGRAPHIC







