
_ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ ___ ____

.

~
'

NUREG/CR-4303
SAND 85-7192 '

GA-A17670
RW
Printed July 1985
CONTRACTOR REPORT

l

High-Level Waste Preclosure
Systems Safety Analysis
Phase 1, Final Report

P. A. Harris, D. M. Ligon, M. G. Stamatelatos
GA Technologies, Inc.
San Diego, CA 92138

3r d da anal Laboratores

ff=0:Aia" '*c *|2*i "2;"""" "''"" "
u@r Cortratt DE-AC04-76DP00789

|

Prepared for
.

U. S. NUCLEAR REGULATORY COMMISSION
8509300521 850930
PDR NUREG
CR-4305 R PDR

-



.
*

o,

NOTICE
This report was prepared as an account of work sponsored by an
agency of the United S'ates Government. Neither the United
States Government nor any agency thereof, or any of their em-
ployees, makes any warranty, expressed or implied, or assumes
any legal lisbility or responsibility for any third party's use, or the
results of such use, of any information, apparatus product or
process disckwed in this report, or represents that its uw by such
third party would not infnnge privately owned rights.

Available from
GPO Sales Program
Division of Technical Information and Document Control
U.S. Nuclear Regulatory Commission
Washington, D C. 2055$
and
National Technical Information Service
Springfield, Virginia 22161

i

l

!



__.

I

,

NCREG/CR-4303
SAh785-7192
GA-A17670

RW

HIGH-LEVEL WASTE PRECLOSURE SYSTEMS SAFETY ANALYSIS

Phase-1, Final Report

j

P. A. Harris, D. M. Ligon, and M. G. Stamatelat.os
GA Technologies, Inc.

P.O.- Box 81608
San Diego, CA 92138

July 1985

Sandia Principal Investigator: M. S.'Chu'

|

|

Work Performed Under Sandia Contract No. 47-2037
for

Sandia National Laboratories
Albuquerque, NM 87185

operated by
Sandia Corporation

for the
U.S. Department of Energy

i
Prepared for

.
Division of Radiation Programs and Earth Sciences

| Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

Washington, DC 20555
Under Memorandum of Understanding DOE-40-550-75.

t

NRC FIN No. A1380

,

- - - _ - _ _ - _ _ -_ _ _ - - _ _ - _ _ - _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



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. 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;

2. Evaluation of radiological and nonradiological consequences relevant4

to a nuclear repository and recommendation of an approach for
quantitative evaluation of these consequences;

3 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);

4. 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);

5. Compilation of specific data such as initiating event frequencies,
component / system failure rates and repair times, personnel injury, and
basic information necessary for more detailed radiological consequence
evaluations at a.later time; and

6. Selection of a set of accident scenarios to be quant.ified in the next
study phase to demonstrate the applicability of the proposed methodo-
logy that will identify and quantitatively prioritize structures,
components, systems, and operations which are important to safety
during the preclosure phase of a HLW repository.
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1.0 INrROWCPION AND SUMMARY

%is report documents the results of the evaluations performed under
the Prcgram Planning Task '- Ihase I of the High-Level Waste Preclosure
Systems Safety Analysis (IM-PSSA) project being performed by GA
Technologies, Inc. for the U.S. Nuclear Regulatory Comission under
contract to the Sandia National Laboratories.

We overall cbjectives of the IU-PSSA project are (1) to develop and
demcastrate the applicability of a systematic methcdology that will '
identify and quantitatively prioritize structures, components, systems and
operations which are important to safety during the preclosure Fhase of the
HLW repository; and (2) to evaluate and rank the relative importance of
repository components and systems in order to assist the NRC staff to make
related regulatory planning and decisions. To meet these objectives, a
methodology as illustrated in Fig.1-1 has been proposed. The project
tasks involve the integration of the various components of this methodology
to provide the necessary information for the NRC decision-making process.
We schedule for completion of these tasks is shown in Fig.1-2. This
schedule is intended to te responsive to the comitment dates proposed by
the Department of Energy (DOE) for various reviews of the repository design
concept.

W e work performed in FY-84 consisted of the following tasks:

1. Task 1 - a literature review of the safety assecsnent nothodology
and supporting data as applied to the preclosure phase of nuclear
waste repositories.

2. Task 2A - phase I of the program planning task which consists of
evaluations required to develop the basic information necessary to
demonstrate a cceprehensive nethodology for identifying components
and systems important to safety and to rank them according to
their degree of importance.

- We results of Task 1 are documented in a separate report (Ligon, 1984).
This task provided the background of available technical information needed
to determine the direction taken in the prformance of Task 2A. A more
detailed description of the scope of work for Task 2A is given.in Section
1.1.

Because only spcific subtasks under Task 2 are addressed at this
time, the results reported herein should not te considered as encompassing
all the information required to perform a comprehensive safety evaluation
of a nuclear waste repository. A nunter of alually important issues such
as human reliability analysis, comon-cause failure analysis, risk
quantification, and component / system importance rankings will be addressed
in the next study phase. Only when these studies will have been completed
and integrated into other Fortions of the entire study can reasonable

1-1
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Scheduled C m pletion
Task Description W-84 W-85 W-86 W-87

TASK 1 Literature Review Q

TASK 2A Program Planning, Phase I Q

Includes accident scenario identificaticn and screening, consequence
type identification, importance measures evaluation, fault tree and
event tree developnent, sample problem definitius, and compilation
of initial data base for event tree / fault tree quantification._.

Os
TASK 2B Program Planning, Phase II Q.

Involves quantitative analysis of sample problem including htsnan
reliability analysis, connon-cause failure analysis, sensitivity
and uncertainty analysis, data base develepnent, i@ortance ranking
calculations, consequence quantification, and devronstration of a
emprehensive methodology.

TASK 3 Cmplete Analysis of the Basalt Repository Q

TASK 4 Scoping and Cmplete Analysis of Repositories in Other Geologic Media Q

Fig. 1-2 H W-PSSA Project Schedule
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conclusions be made regarding the overall risk to the public of reFository
preclosure operations. Cm.plete demonstration of the proposed methcdology
must await the results frcm the second phase of this project.

1.1 TASK 2A-HIASE I KCRK SCOPE

We Task 2 work scope for FY-84 included the following subtasks:

Subtask 2.1 - Scenario Enumeration and Selection. This subtask
involved a 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.
Relevant initiating events, i.e. those that may be high-risk
contributors were selected by initially applying a qualitative
screening process. In order to assure cm.pleteness, the entire
process flow, including both surface, subsurface, and support
activities, was considered.

Subtask 2.2 - fpnsecuence Identification. %e major objectives of
this subtask were to: (1) evaluate the various radiological and
nonradiological consequences relevant to a nuclear repository; (2)
recomend an approach for quantitative evaluation of each consequence
type; and (3) reconirend the specific consequence types for
quantitative evaluation.

Subtask 2.3 - Importance Measures Evaluation. his subtask involved a

cmparative evaluation of several importance ranking measures used in
the nuclear industry for the purpose of selecting a measure to best
reet 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.

Subtask 2.4A - Event Tree / Fault Tree DevelorEent. Initiating events

that rassed the preliminary screening process prformed in Subtask 2.1
were developed into accident scenarios (corresponding to a prticular
consequence) using the event tree modeling approach. Each system
represented in the event trees was analyzed further to the subsystem
or cmponent level (depending on data availability) by using fault
trees. We quantification of these event trees and fault trees will
be performed in the next study phase.

Subtask 2.7A - Data Base. Wis subtask involved the cm.pilation of
specific data such as initiating event frequencies, component / system
failure rates and repair time, personnel injury, and basic information
necessary for more detailed radiological consequence evaluations at a
later time. The data base developed at this time fccused mainly on
events relevant to the accident scenarios selected for the reduced I
proble analysis (Subtask 2.11A) . Human reliability and common-cause
failures were not addressed because these topics will be the subject
of a trore detailed study in the next phase.

1-4
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Subtask 2.11A - Sample Problem DefinitioB. The noin 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 proposed methodology (See Fig. 1-1) and to
identify any refinenents that may be required or prob 1ms that must be
addressed before a complete analysis of the basalt repository is
performed.

1.1.2 Pecort Orcanization

his report is organized into sections dealing with each of the nojor
subtasks outlined previously plus a final section discussing tne results of
each subtask. Included in the appendly is the complete report addressing
the selection of an importance reasure for this project.

1.2 SUWARY

The majcr effort for this phase of the project was placed in
gathering, organizing, and assembling of all information pertinent to the
safety assess:ent of a nuclear waste repository during prec1ccure
cperations. Some additicm1 effort was expended to assemble the event and
fault tree logic models rcquired to quantitatively evaluate the safety cf
the repository concept.

We accident scenarios developed in this study were limited to the
basalt repository concept. Material ficw diagrams were develogd for each
waste handling process and used to examine each process step for
identification of potential initiating events in the form of exterm1
events (e.g. , earthquake, tornado, etc.), equipnent failures, or human
actions capable of process disruption, local personnel
exposure /occupaticml injury, or challenge of plant barriers to
radionuclide 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 Icw consequence).
Screening was performed separately for each consequence type initially
considered, allcwing the subaquent development of accident scenario
families for each consequence type. Initiating events surviving this
screening process were developed into a group of event tree models. 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 failures leading either to a consequence of interest or to accident
mitigation.

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

| 1-5
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Although not all of the scenarios developd in this study will be used
in the sample problan evaluation (Phase II), the logic model development is

; complete and suitable for future safety analysis of a basalt repositcry.

%e consequence types initially evaluated in this study were: 1)
radiological consequence to the public, 2) radiological consequence to the
werker, 3) nonradiological consequence to the worker, 4) . impact on
repository availability, 5) compromise of a repository's ability for;

; long-term geologic isolation of high-level waste, and 6) financial impact.
i he compromise of long-tern repository viability is not a risk contributor
; in the preclosure phate and has teen 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. We other consequence types were developed to

j the extent where a representative tody of accident scenarios exists for
each, including the nodels necessary for quantitative evaluation of thei

| consequences.

Of the different consequence types considered, the radiological
(public and worker) and nonradiological occupational consequences were

i recomended for further evaluation. However, in the interest of providing
; ~ useful infornation to the NEC for licensing purposes in a time franc

|.
consistent with the DOE repository design schedule, emphasis should be

.

placed cn radiological consequences to the public and worker.

In the quantitative evaluation of radiological risk to the public and
worker, the transport and behavior of radionuclides play a key role and
soFhisticated transport nodels have teen developed in previous studies.,

j Reliable estimates of release fractions, however, were difficult to obtain
: largely because of the accident - specific nature of the release and the

lack of adequate experinental data to support the postulated releases. We;

large uncertainty in the release fraction should be recognized at this time;

and accounted for in future work.
,

Fault tree developent 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 repesitory safety analyses were used to cvoid duplicatico of
,' Systems not explicitly described in the " Conceptual System Designeffort.

Description, Nuclear Waste Repository in Basalt" (SD-BWI-SD-005) were not
modeled due to 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 as design
informatico becomes available.

! 2e systems modeled were prinarily the various building and
; subterranean confinenent exhaust ventilation / filtration systems. In order
: for a radiological incident to occur, the barriers to local and

environmental radionuclide release nost te defeated. For the repository
concept, these barriers consist nostly of the air circulatf orVcleanup
systems.

i

'
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%ere appears to be several specific functions of these systems (based
on the design description) that could be modified as system design retures
to ensure the desired levels of redundancy and independence. They are
discussed telow.

We primary and secondary confinement exhaust ventilation / filtration
systems are not completely independent and neither are their respective
backup units. All prinary and secondary fan units exhaust to a comon
plenum with a single tornado / bird screen and a single stack. Wese
comonalities 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 commorality. The exhaust of five
fan / filter assemblies is routed to a comon plenum, tornado dampr/ bird
screen assembly, and exhaust stack.

Both the waste handling toilding and the subterranean confinement
ventilation / filtration systems require intake supply fans to provide
sufficient circulation. Power to the intake supply fans appears to be
supplied f rom normal power load centers. Standby power can (nly be
supplied to these loads by closing a bus cross-tie breaker tetween standby
and normal tower buses. This is not only an additional cquip ent operation
(protably manually initiated) that nust occur but also adds other loads to
the standby bus, possibly exceeding generator capacity. %is condition is
not certain from the design inforration available; however, to preserve the
redundancy and independence of backup systems, both the exhaust mK1 the
supply intake fans should te directly puered by redundant bus
arrangements.

Two fan / filtration units of the waste transport shaf t exhaust system
are used continuously (no installed backup) to draw air up the waste
transport shaft and through the filter assenblies. The pcwer distribution
description indicates these fans are supplied from a normal power tun,
requiring the same cross-tie operation descrited 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 tus to
supply fan loads.

We waste handling building confinement exhaust ventilation / filtration
systems (both primary and recondary) can to cross-tied tetween the filter
train outlets and the blower fan inlets. The schematic provided for there
systems dces not show a check valve cn the inlet to the fan. In the case
of the primary ccnfinement system, a loss of the normal fan follcwed by the
startup of the standb/ fan could allcw bypass of the entire airficw path
through the repsitory in favor of the icwcr resistance of p1 ling 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.

A sample problun has teen selected for quantification in the next
study phase to demonstrate the (nerall r ..odology. The selected prob 1cm
is a troll subset of the complete family of repsitory accident scenarios
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leading to public radiological exposure. Wese scenarios involve the
follcwing initiating events:

1. TrairV' truck collision or derailnent.

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

3. Windstorm danages 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. Liquid radwaste leak- frcm process tank to secondary area.

7. Loss of seal tetween hot cell floor and transfer cask lip.

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

9. Transporter collision during translort to placenent.

10. Canister breach during borehole insertion.

11. Earthquake causes loss of seal between hot cell floor and shipping
cask lip.

%e sample problem was chosen to te troll enough to permit
verification by hand. It should be emphasized that the simplicity of this
family of scenarios (due to cmission of approximately 90 scenarios)
requires that the firal estinates of risk and importance rankings be used
only for demonstration purposes. We results of this analysis do not
represent a preliminary evaluation or order of negnitude estimate of
repsitory safety. Final results will also depend on the human error
analysis results, and the estimation of conmon cause contribution.

Se Fussel-Vesely importance reasure was celected to rank the relative
importance of repository components and systems and its use will be
initially demonstrated in the analysis of the cample prob 1cm 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 ccepiled from varicus
goverrrrent and industry data sources. We data gathering task will
continue in the next ctudy phase with unphasis on human error and mine-
related accidents.

1-8

______ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ - _ _ - _ _ _ _ __ _ __-__ - - - -_ _ _ _ _. -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __________ __

2.0 ACCIDENT SCEMRIO ENUEPATIOh AND SELECTION

Accurate estinction of the risks associated with nuclear waste repository

operatim depends on identification of all potentially significant contributors
to all types of risk concerns. These contritutors consist cf an abnorraal
occurrence (the initiating event) coupled to system and eperatcr actions
(intermediate events) capable of influencing event consequences, together
referred to as an accident scenario. The methodical identification and prelim-
irary screening of all ptential accident scenarios capable of generatir.g risk -
to the public, repository peruccnel, repository investment, and long-term
repository viability are addrested here.

The specific objectives of the scenario enumeratim and evaluation task
are to:

o develop a detailed set of diagrams depicting all important steps in
the prccess of receiving, preparation, errplacement, ar'd retrieval of
spent fuel and high-level waste from the reference basalt repository
system design description;

o use these process f1w diagrams to identify Fotential initiating
events / accident sequences celeble of causing the consequences of
interest;

o compare these events / sequences with those developed for other risk
assessrent studies and utilize models wherevcr Fossible; and

o develop additional mcdels where tcquired fer ccerplete representation
of all contributors to the typs of risk under consideration.

This analysis is currently limited to the basalt retositcry concept; other
geologic media tray be considered in later thcEes, subject to-direction from the
IRC. Subsequent sections discuss the tesalt repository design and material
ficw process, initiating event identification and screening, including
natural / external events, and scenario c'evelopaent and screening.

Individual operations / processes required for the placement of waste (and
Fossibly its retrieval) have been cbtained from the System Design Description
(SDD) of the Nuclear Uaste Reicsitory in Basalt (tWFB) report (Davis, 1983).
Paterial process f1cw diagrams have been develogd from this SED for use in
identifying all potential initiating events (see Sectica 2.1) . These diagrams
depict (to the level of detail currently available) all significant activities
with particular attention focused on human actions.

Potential accident sequence initiating events were identified from the
activities associated with each processing step. Paterial flow diagrams from
Section 2.1 were used to examine each process step for identification of equip-
ment failures or hurran actionc capable of process disruption, local personnel
exposure / occupational injury, or challenge of plant barriers to radioisotope
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release. All Ertential initiating events were then subjected to a preliminary
screening criteria (Pepping, 1981) to eliminate ctviously insignificant risk
contributors.

he initiating events surviving this screening process were then compared
with initiating events already developed into accident cccnarios in logic
models available from the literature review. Particular emphasis was placed on
(1) the mitigative equitment/ systems identified in existing logic mcdels and
their similarity with equipent systems descrited in the IMFS study; and (2)
additional human errors not included in existing logic models but identified
from the material flow diagram developent. Accident scenarios were assembled
from these ccuperisons. '

'Ite material flow diagrams were furtter reviewcd 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 scenaries developed for
the specific process step, and modifying them to reflect the increased occur-
rence probability of the initiating event anc increased failure probabilities
cf associated equipent/ systems given the external event.

All accident scenarios capable of generating any of the consequences of L

concern are listed in the results section. Each scenario has teen assigned to I

cne or more conscquence categories identified in the consequence analysis task.
These categories are diccussed further in Section 3 of this report.

2.1 BASALT PEIOSTIORY DESIGN AND MATERIAL PLCW PPOCESS
,

1

Movement of spent fuel and coorercial 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.1 Figures 2-2 and 2-3 are detailed design
drawings of the various areas comprising the surface facilities. The overall
flow process for the reFository is separated into activities occurring in the
areas given in Table 2-1. Figure 2-4 provides a functional flow path of these
activities in sequential order. Each area and -its associated processing
activities are addressed in the following sections.

2.1.1 Arrival Arm

Radicactive waste shipents frcm coimercial nuclear power plants will
arrive at the repository prhrarily by rail car but truck shigents are also '

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

Rail cars containing radioactive waste shipping casks will be shipped to
the Burlington Northern railroad yard in Pasco, Washington where a special
train will be assembled for the basalt repository located on the llanford site.
'Ihe Burlington Northern railroad will bring a daily train to the site boundary

---------------

1 able'2-1 and Figs. 2-1 to 2-21 are located at the end of Section 2.1.T
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where relository personnel will neve the train cver the thrce-mile access road
~

(see Fig. 2-2) to the repository receiving area. Shipping cask cross-country
transportation risk is beyond the score of this project; hcwevcr, local han-
dling and transfer functions are incitded. It is asstured that the definition
of "preclosure cperations" encm. passes the transfer of the train at the site
boundary from Burlington Northern to site Fersonnel and the subsequent movceent
to the repository enclosure. Transportation risk studies separate from this
project will address movement of the train from shigent origin to the Hanford
site boundary railiced intersection. Truck shipents are not cubject to these
transfers at various boundaries and are assumed to become part of repository
preclosure operat2K{s when the truck enters the repositcry access read.

Re arrival area is shcwn on the Lottce of Fig. 2-2. % e function of this
area is to provide an initial screening of inccming shitments for possible
external radiation. Arriving truck and rail cars are routed past radiation
monitoring systems located on the road and track, resIectively. Units irdicat-
ing external radiation are moved to the susrect rail and truck area, a location
(see Fig. 2-3, C/D -9/10) surrounded by an elevated earth term for chielding
purposes.

Re other function of the arrival area is to break arriving trains into

individual rail cars for subsequent unloading. Uncoupling is performed with
the witchyard locomotive used to bring the train from the interrection.
Isain, no similar transfer oFeraticn is required for truck shipents.

Figure 2-5 provides a noterial ficw diagram for all steps / operations
associated with the arrival area.

2.1.2 YanLSieggge Area

%e yard storace area, trcwn 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 rositioned over the recrective inspec-
tien pit for exterior examination. Wis positioning traneuver is cnly one of
several required to continually feed waste into the repositcry process. As
more cars are moved into the wacte handling building, those rctraining in the
yard are noved forward to generate rcom at the entrance for further chlFents.
Tractor trailer ccabinations are assured to be reconnected for each movement.,

| Pall cars are assumed to Le lositiened with the witchyard 1ccomotive. Both
the rail and truck inspection pits are located in the process path of noving
the waste towards the wacte handling building f rcxn the yard. No material flow
figure is required for this area as the only process involved involved is a
succession of attaching and pushing rail cars a short distance forward follcwed
by uncoupling, or alternatively, a tractor hcokup to a cask trailer follcwed by
a chcrt distance rovarent and uncoupling. During the courre of there tcreated
maneuvers, every unit is eventually positioned over an increction pit and
subjected to exterior examination.

1

I
i
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2.1.3 Washdown and Receivina Amp;
4

Rail cars and trucks containing waste shipping casks are chuttled one at a
,

tine into the waste handling building (see Fig. 2-6) from the yard storagei

1 area. Truck trailers are noved to the covered wachdown area adjacent to the
! tuilding entrance using truck tractors; rail cars are noved using a special
| type of Icw-speed tractor called a trackmcbile. A nornal switchyard leccrotive
; is not used in the proximity of the waste handling building to minimize the
) possibility of hish energy /manentum impact / crush accidents.
f

j The .wachdown area is not isolated from the environment. Only external
! vehicle cleaning is perforned to rcccve accumulated road dirt. Then the car or
j trailer and undisturbed cask asserrbly are moved inside airlock doors to the
i receiving area, again using a tracknobile or truck tractor to move rail arc
I truck casks, rectectively.
1

| 'Ihe primary function of the receiving area is to provide a controlled,
j sealed environnent for the initial opening of the rail car or truck trailer.
| 'Ihe vehicle is opened, the shock absorbing impact limiter around the rhipping

cask is removed, the externals of the cask cmear tested for contamination, and;

| a flexible pipe is connected to the cask for sampling the internal gases. A
1 high activity level would indicate a ccebination of fuel pin and canitter
i failure for a spent fuel chipent and would forewarn the operations personnel
{ to expect high radiation / airborne activity levels in the hot cell when emptying

this cask.

j Ec110 wing interior and exterior cask coat. ling, vehicles are acved through
i a recond set of airlock doors to the cask unloading area, again by truck
j tractor or the special trackmobile for truck and rail chipents, restectively.

Figure 2-7 cut 11res the najcr processing steps that occur in the wachdown and<

j receiving area.

2.1.4 Unloading Amp

j 'Ihe unloading area provides a doubic barrier to the environtrent (twc oetc
.| cf airlock doors) for opening of the shitping cask cnd treoval of SUFF/OlIR
j canisters. The hot cell for canister handling is located directly above the
j unloading area.
I

; Following movctront of the vehicle /cack into the unloading area, it lu
i autcaratically positicred by hydraulic arms under the hatch to the hot cell and
j the airlock doors are closed. 'Ihen, the vehicle is automatically leveled and

clamps attached to prevcnt movacnt or micalignnent. A power supply is con-;

{ nected to the catk rotation hydraulic drive assenbly, and the urper and lwer
j vehicle hatches rceoved to facilitate cack rotaticn (oce Fig. 2-8). 1he cask
j is rotated to an upright tosition, a chleiding collar 18 lowered from the
| prinary hot cell and the peunatic reals are inflated to insure an alttight
. seal. The hot cell shielding cover and the cask chielding cover are removed ty
| the hot cell crane, exposing the canicters to the hot ce]] cnvirennent (oce
j Fig. 2-8, D-9) . Each canitter is then raised into the primary het cell,
I

I
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checked at the automated smcar test station for cbmage and surface contamina-
tion, and stored tenterarily in the lag storage pit.

We interior of the empty shipping cask is snear tested for contamiration
using the primary bet cell crane, follcwed by replacement of the cask and hot
cell shielding covers. The shielding cover is raisce into the ' recess in the
primary het cell floor, the cask is rotated back to the horizontal (traveling)
position, the vehicle UITer and Icwer hatches closed, and the vehicle moved
through the exit set of airlock doors into the cask preparation and chi [ ping
area (see Fig. 2-6, B/G - 4) .

Labordtory analyres of the cask interior and canister exterior m: ear tests
are performed locally (see Fig. 2-6, C-7) to determire cask decontamination and
canister processirs procedures. The traterial flow diagram for all functions
associated with the unloading area is given in Fig. 2-9.

2.1.5 Ee.cnnduy_1V.ca

%e recondary area is an extentien cf the glitary hot cell although the
two can te sealed f ran each other. Canisters are either passed directly from
the pritrary het cell to the secondary area or through the interr.ediate step of
the lag storage area (rce Fig. 2-10) . %e secondary area providcs direct
access to either the transfer cask loading statien or the process tank area.
Se transfer cask loading statier is used to incert a single canister intc the
trarsfer cask for moverrent to enCerground storage. The process tank area is
used to test canisters, place faulty ones in overmck containers, and scal / weld
and test the ove_rFcks. A succession of overhead crore movecents in the
prirrary hot cell and secondary areas are used to trontfer the canisters as
rquired.

'Ito labcratory results obtained from canister scar and inspection tests
are used to determire which process will te used for a epcific canister. From
the lag storage pit a canister will te trantferred to one of twc prccess tanks
for any of the follcwing operations:

o Welding the cover on a carbon-steel overpack for a OIIH canister.

o Rowelding a faulty weld, whether GU; overpck or spent tuel canister.

o Overpcking; in cace of an unlikely rupture of a OIIM overpck's 55.9
m (2.2 in.) thick wall, the GIIM canir,ter [324-m (12.75 in.) 0 D.]
would te renwed from the defective overpck and enclored in a new
overpck; a defective spnt fuel canister (417 m (16.4 in.) 0.D.)
could te overpacked in a container where 0.D. would te no more than
the O!IM's O.D. of 457 rm (18 in.) .;

I o Decontarniratit g if necessary.

o Transferring waste canister /overpacks frun the possibly contaminated
prinary hot cell, through a decontamination station, to the cecondary
(and cicaner) het cell where the clean canisters are loaded into the
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transfer cask. Se secondary hot cell is maintained clean to assure
that the transfer cask remains clean and that clean canicters are
erplaced.

%e noterial flow diagram for the activities in the secondary area is
sh w n in Fig. 2-11.

2.1.6 ILolsliDSLAIS

We ccepleted, clean canister or overpack is lowered from the secondary
hot cell into a transfer cask, which reduces radiation levels to 1 mreWhr at
1 m (3 ft) from the cask surface. %is transfer cask (see Fig. 2-12) shields
the waste package during its journey from the hot cell to the waste transport
shaf t cage, down the shaf t, and on to final placement. The cask assembly'
includes a telescopic, double-acting hydraulic cylinder with an electromagnet
attached to the mcving 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.

Se 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 smear test is taken. We transfer
cask then proceeds to the waste cage area through the hot cell airlock only if
the rear test measurcinent is less than the allwed count rate.

2.1.7 Waste Cace Area and Waste Transport Shaft

he 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. We waste cage is the largest area in- the waste transport chaf t
which transports the transfer cask to the underground repository (see Pig.
2-14).

The shaft headframe is 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.
We tower and the emergency 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.

We hoisting system is designed to handle an expected receipt rate of
1,395 waste canisters and 1,600 G WU drums per year. W e hoisting system is
capable of raising or lowering a waste cage and payload weight of 37,682 kg
(83,075 lb). It is designed to operate in a balanced mode and is equl wed with
a counterweight. We hoisting cage is locked in at the surface and at the
underground shaft station before loading and unloading to prevent cabic stretch
or rebound.
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%e hoisting system consists of a friction hoist mounted in the headframe
41 m (134.5 f t) above the ground level. The hoist cperates at a maximum spe
of 2.5 Wgec (500 f/ min) and a maximun acceleration / retardation of 0.6 Wse
(2 ft/sec') to provide a cycle time of about 16 min., not including loading and
unloading time.

W e hoist is equipped with safety and cvertravel devices. Normal safety
devices included with a friction hoist are:

o A motion switch connected to the deflection sheave or rcpe riding
pulley that is activated when the " idle" drum moves faster than creep
speed,

o A tread wear witch that will open in the event of tread wear due to
-rope slippage.

o A balance rope switch that opens if any of the loops rise.

Safety devices are also used on the cage to prevent cage movement while
loading or unloading, or without closing the cage gate.

%e shaft station for. transferring canisters is 1,122 m (3,680 ft) below
the surface. A eas for transporter maintenance and decontamination are adja-
cent to the station. An emergency shock absorber in the sump is designed to
inhibit breaching of the transfer cask should there be a free-fall of the cage
and its contents.

We transporter (see Fig. 2-15) receives the waste transfer cask at the
subsurface level, moves it to the placement hole, ejects the waste canister /
overpack from the cask to the borehole, and returns the empty cask to the cask
receiving area. During travel in the placement rooms and entries, the
transporter will normally be manned by two persons.

%e material ficw diagram associated with waste transport from the hot
cell to the subsurface level is shown in Fig. 2-16.

2.1.8 Placement Area

2.1.8.1 Emplacement. %e underground placement rooms for HIM are low, wide
roccs, 3 m high by 6.1 m wide, with arched roofs. We waste canisters /over-
packs are placed in horizontal, 762 m (30.0 in.) diameter holes extending from
the roan sidewalls. Placement holes are 61 m (200 f t) long. Wo placement
rooms, flanked by two reaming rooms forming three rows of . placement holes,
constitute a one-year waste panel.

Prior to splacing a canister /overpack in a particular borehole, a crew
attaches a shielding door assembly to the sleeve of that borehole, and inserts
a dolly into the borehole between the skid rails and onto the V-rails adjacent
to the sleeve.
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ne operators locate the placement position- and align the transporter
within about 7.6 cm (3 in.) of the ideal positim. The cask cradle is then
unlocked from -alignment with the transporter vehicle frame ty removal of the
two safety shear pins. From inside the transporter, 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. Wey
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 lif ts
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 borehole and the
shielding door assembly moved to the next empty borehole. At this stage, the
emplaced canisters /overpacks rey be retrieved readily by merely reversing the
emplacement operation and using the same (quipment. It is assumed the
canisters /overpacks are intact.

We dolly has independent drive and lif t motors (one for each drive axle
and two redundant drives for the scissors litt mechanism). %ese 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 electromagnet could be inserted into the borehole.

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

Figure' 2-17 shows the specific material flow steps in the placement area.
Equipent illustrations for the placement steps are shown in Figs. 2-18 through
2-20.

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

Inmediate retrieval of the waste following emplacement is the simplest
task, as mentioned previously. %e same equipent as that used for emplacement
can be used for removal and transport to surface facilities. The only comp 11-
cation is in the nultiple canister storage in a single borehole. Several or
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~ all canisters in an individual borehole my have to te removed to obtain the [
desired canister.

Long-term retrieval poses a much more . difficult prob 1 m. Potential
j complications such as backfilled boreholes, bulkhead rooms, canister degrada-
. tion from corrosion, and possible borehole collapse mke the analysis of later ;

! retrieval considerably more complex than a reversal of the emplacement process. |

De roterial ficw diagram for retrieval (see Fig. 2-21) considers several
! options for (1) tine follcwing emplacement, (2) backfilling and sealing

(bulkheading) of full rooms, and (3) possible degradation of the canister /
storage environment. The most emplicated series of steps associated with a
degraded canister in a collapsed borehole is described, along with references
to steps that can be del ted for intact canisters, retrieval prior to
backfilling, etc.

.

. Se most restrictive conditions for canister retrieval would occur if a

| significant Eeriod of tine (e.g., 20-30 years) had elapsed since emplacement,
i and the desired canister (s) resided in boreholes located in a set of rooms that

had been full for a significant pericd of tine. For these conditions, back-
!filling of the boreholes with a mixture of crushed bentonite and basalt would

j probably have teen performed, followed by sealing of the room with a bulkhead
i panel.

I he first step in the retrieval process is to gain access to the borehole E

of interest. 21s 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 movcment thenomena have occurred, some remining

; of the emplacement rcms may be required. In addition, when the room is
,

! reopened t6ee remainder of the repository subterranean environment, an active i

! ventilation system nust te reestablished to rcmove possible airborne contamina-
| tion, dust, harmi.ul vapors, etc., and possibly to cool the. area to a tempera-

ture acceptable for transporter activity. This temperature limit is currently
estinated 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
i retainer ring must be removed and the status of the borehole determined.

~

; Preliminary radiation / contamination neasurenents must be made to dete'rmine
working background level for transporter crews. If the borehole has been back-

| filled, an cnercore or hole following debris removal machine will be- required
to tunnel a passage to and around each canister in the borehole. We 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, n'e
debris removal machire must be capable, therefore, of coring out to 61 m
(200 ft) frcrn the machine bed (drive source) to reach all emplaced canisters in *

a basalt borehole. Further,~the coring operati'on has 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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tured canister. Such an overcore machine of the required capacity, remotely
cperated with shielded mined material storage does not currently exist and will
require developnent' for repository operation. Influence of this activity on
the scenario selection is significant; failure to free a leaking canister with
subsequent blockage of the borehole by broken coring parts creates a direct |

source of radioactivity that would require permanent sealing of the room with
no rossibility of retrieval of other canisters in the area.

Given that the coring operation is either successful or not required (no
backfill or collapse of borehole), the shield collar is then installed on the
mouth of the borehole, a transfer cask containing a grapple is noted with and
sealed to the shield collar, and the grapple extended into the borehole to
electrocagnetically connect to the canister. The free canister is withdrawn
into the transfer cask, the cask and borehole shield covers closed, and the
cask rotated to the travel position and manually secured with the safety shear
pins. At this point, the question of canister integrity is dcminant in
estimating occupaticnal exposure risk. Manual activities such as shear pin
installation performed by transporter crews outside the shielded cab areas may
have to be curtailed in the event of a leaking canister due to high background
radiation levels.

We transporter is driven from the borehole location to the waste cage
shaft where the cask is rotated to the upright position, removed from the
tran rter by the underground crane, and placed in the waste cage / hoist
asse. ly. Transport to the surface requires approximately 16 minutes.

Upon arrival at the surface of the shaft, the surface crane unloads the
transfer cask from the waste cage and moves through the holding area to posi-
ticn the cask under the hot cell loading port. We hot cell and cask shielding
covers are removed and the hot cell crane rar. oves the canister for inspection,
decontaminatico, overpack, etc. We empty transfer cask is returned to the
underground level, loaded on the transporter and moved to the borehole site for
the next canister. The process is repeated until the borehole is empty (see
Fig. 2-21).

4
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TABLE 2-1
LIST OF KEY AREAS IN WASTE PROCESS

1) ARRIVAL AREA

PONI'IORIE STATION-

SUSPECT RAIL AND 'IMIG AREA-

2) YARO'SIORM E AREA

INSPECTION PIT-

3) WASHDore: ;uD RECEIVING AR11A

4) UNILADIE AREA

CASK PREPARATION AND SHIPPIE AREA-

SMEAR 'IEST STATION-

LABORA'IORY AREA-

5) SECONDARY AREA

LE STORM E AREA-

PROCESS TANK AREA-

6) NOLDIm AREA

7) WASTE CME AREA ~AND SHAPr

8) PIKEMENT AREA

.
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ARRIVIE SHIPPIE CASKS
(B0111 RAIL AND 'IRUG)

'IllRCUGH RADIATIO!&'OONTAMINATION
PONI'IORING STATION

'IRANSIORT 'IO SUSPECT
IVITY YES RAIL AND 'IRUG AREA

FO
v

RAILCARS/IRUCK 'IRAILERS IN SIORAGE YARD,
'IliRWGH EXTERIOR INSPECTION PIT AREA

4r

RAILCARS/ TRUCK TRAILERS WASHED 'IO RENOVE ROAD DIRT,
GAS IN CASK _IIRERIOR_AND_EXTERNAI,_ CASK _SJRFACE SAMPLED

. 1
1 CANISTERS UNIDADED FROM SHIPPING CASK AND SMEAR GEGED |

EMPTY CASKS OIECKED EOR
CANISTERS CASK . (I)NTAMINATION AND SENT 'IO,

' '
CASK PREPARATION AND

IVITY? NO SHIPPItU !REA

CANISTER PLACED IN OVERPACK _

LID VICUUM WELDED, AND SEAL &__

,,

I
GEGED, WELD ULTRASONICALLY LM SIORAGE AREA EOR SEODNDARY AREA EOR

__ EXAMINED EXCESS CANISTERS --+- IDADItG CANISTER 'IO
AWAITING 'IRANSFER 'IO 'IRANSFER CASK
UNDERGBWND

PIRANSFER CASKS IN ICLDIE AREA, SMEAR TESTEDH--

YES-
- /

h
CASK PLACED IN WASTE CME, IIMERED UNDERGROUND,

AND IDADED W TRANSLORTER
&

| 'IRR;SIORTER ALIGNED WI'III BORDOLE AN_D CANISTER PLACEDI

LE EULL YES - DOLLY EX'IRACTED WI'111
! ADAPTER LINK IN CASK.
| !O SIORME PLUG INSTALLED

IN BORDOLE AND 'IRANS-
; IORTER KNED 'IO NEW

BORD OLE. DOLLY
INSERTED.,r

SHIELD DOOR CLOSED, 'IRANSIORTER
RE'IURNED 'IO IDIST AREA, 'IPJWSFER

CASK RE'IURNED 'IO SURFACE

Fig. 2-4 Functional flow diagram of nejor. processing steps.
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|

RAIL TRUCK '

l. Train containing waste shipping 1. Truck containing waste
casks arrives from Pasco, WA shipping casks arrives
switchyard and Burlington at repository access
Northern Railroad loccznotive entrance road.
is uncoupled for return to
Pasco.

__.

,r v
'

2. Repository locomotive engages 2.- Truck moved to guard gate
train and moves to repository and checked into facility.
arrival area.

v,

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

I I
+

Questionable rail cars and truck
moved to suspect rail and truck area

,
. j
i + +

4. Individual rail cars moved 4. Truck moved to yard
to yard storage using storage.
switchyard locomotive.

Fig. 2-5 Material flow diagram for arrival area.

.
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VDlICLE CONTAINDG SHIPPING CASK POVED
'IO COVERED WASHDOM AREA AND GEANED

'IO RENOVE ACOMJLATED ROAD DIRT

,e

AIRIOG DOORS OPI3IED AND VDlICLE
POVED 'IO REDi1VDG AREA

1P

AIRLOCK DOORS ODSED AND SEAL iinw

sr

VDlICLE OPENED At@ CASK EXTERNALS
SPEAR 'IESTED. IMPACT ABSORBER RD0VED

RJRGE ET4W/SAMPLkm LINE CONNECTED
'IO SHIPPIE CASK AND FIEW INITIATED.

CASK GAS SAMPLED EOR ACrlVITY

,,

PUIEE FIEW LINE RENOVED. UEOADIE
AREA AIRIDG DOORS OPENED

,-

VDlICLE/ CASK POVED INIO UNIDADIE AREA

Fig. 2-7 Material flow diagraia, washdown and receiving area.
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HYDRAULIC VDIICLE IOSITIONERS CENTER AND IM0BILIZE
VDiICLE DIRECILY UNDER HDr GLL HA'IQ1

v

UNLOADIE AREA AIRLOCK DOORS QDSED AND SEAL' TESTED

v

IOWER SUPPLY CONNELTED 'IO CASK ROTATION-HYDRAULIC DRIVE ASSDELY
VDIICLE UPPER AND IGER HATQlES RENOVED EOR CASK ROTATION

,-

CASK ROTATED TO VERTICAL IOSITION

v

IM CELL SHIELD 000LAR INERED OVER MXTH1 OF CASK.
PNEUMATIC SEAIE HTLATED AND RESULTING SEAL PRESaIRE Fwrw.

v

PERSCNNEL EVAQJATED FROM UNIDAD AREA, AND SHIEID COVERS RENOVED

FROM IM CELL AND FROM CASK USIE IM CELL CRANE

v

CANISTERS WI'IEDRAWN SIELY FROM CASK, SMEARED EOR ENTAMINATION,
AND PLACED IN LM SIORAGE PIT BY HOT GLL CRANE

,-

INSIDE OF CASK SMEARED BY Im LL CRANE ATTEHMENT EOR ENTAMINATION
CASK AND IM CELL SHIELD QNERS REPLACED

v
HOT GLL SHIELD QLLAR RAISED, CASK ROTATED 'IO HORIZONTAL AND

IOWER SUPPLY DISCONNECTED. VDIICLE UPPER AND IGER liATQIES COSED

,,

EXIT AIRLOCK DOORS FROM UNLOAD AREA OPENED,
VDIICLE KNED TO CASK PREPARATION AND SHIPPIE AREA

v

SMEAR SAMPLES OF CASK INTERIOR AND CANISTER EXTERIOR ANALYZED
IN IDCAL LABORATORY IN WASTE HANDLIE BUILDIE

Fig. 2-9 Material flow diagram for unloading area.
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PLACE LEAKDG CANISTER IN OVERPACK ASSDELY

ir

-
'IRANSFER UWEIDED OVERFACK FROM LE SIORAGE OR
PRIMARY IUr GLL '1D PROCESS TANK. CLOSE CDVER

,r

EVACUA'IE PROCESS TANK AND LASER WELD 'IES COVER

,e

HELIUM LEAK 'IEST, FILOD EMPAR'INENT WI'IE WATER, AND
UL'IRASCNICALLY TEST WEIDED ASSDELY IN IROCESS TANK

;

a

RDOVE WATER FRCE PROCESS TANK BY SUCTION AND VACIJUM

sr

'IRANSFER CANISTER /OVERPACK 'IO IK SICRME
OR SEQJNDARY m L,

,,

TLAD CANISTER /OVGPAG INIO 'IRANSFER CASK
'IEROUGH ICT CELL EXIT 10RT

4 Fig. 2-11 Material flow diagram, secondary area.
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12 f t (3.6 6 m) 1.D.

15 in. (3 81 mm)
EMERGENCY
AIR VENT DUCT

4 in. (102 mm)
. COUNTERWEIGHT WASTEWATER L:NES" "

T
-

De

h )
M =

VERTICAL GUIDE -

\

TYP. 2 PLACES
SH AFT INSPECTION C AGE

/

WASTE CAGE

Fig. 2-14 Uaste transport shaft.
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CRAhT KNES 'IRANSFER CASK 'IO HOLDIE AREA
FOR SPEAR 'ITST

,,

CRAhT KNES CLEAN 'IRANSFER CASK FROM
HOLDIE AREA 'IO WASTE CAGE AREA

,

u
__

WASTE CAGE GA'IT OPENS

:

] ,P

| CRANE IDADS 'IRANSFER CASK INIO CAGE

|

v

WASTE CAGE GA'IT CLOSES

,e

CASK RCTTATION 'IRUNNIONS DGAGE
A VERTICAL SLOT IN CAGE S'IRUCIURE

$
i HOIST IiWERS CAGE 'IO SUBSURFACE LEVEL'

(MAX. SPEED = 2.5 M/SEC)
!

S/

HOIST SIOPS MID; CAGE REACHES MIht WRFACE LEVEL,

1
'

CAGE GA'IT OPENS

3r

CRANE HOTRIES CASK FROM VERPICAL
'IO HORIZONTAL POSITION

-

,e

CRANE NNES CASK ONIO
DIESEIr-PCWEPED 'IRANSPOR'IER

se

'IRANSPORIER NNES CASK 'IO PLACDENT HOLE '
(MAX. SPEED = 10 MI/HR)

Fig. 2-16 Material flow diagran, hot cell area to placement area.
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_ _ _

:

SHIELDIE DOOR ASSEMBLY A'ITACHED 'IO BORDIOLE
AND DOLLY INSERTED INIO BORDIOLE

1
OPERA'IOR IDCATES PLACEMENT EOSITION AND ALIGNS
'IRANSIORTER (SIABILIZED WI'IH LEVELIE JACKS)

,,

OPERA'IOR MANUALLY RENOVES SAFETY SHEAR PIN IDCKS 'IO ALILW
BOTATION OF 'IRANSFER CASK 'IO PLACEMENT IOSITION

> ,,

NIIOMATIC ALIGNENT SYSTEM ACIUATED 'IO PRECISELY
ALIGN CASK WITI BORDIOLE SHIELDIE DOOR

,r

OPERA'IOR MANUALLY IDCKS CASK 'IO 'IEE BORDIOLE SLELVE
'

AND ILUGS IN IOWER/00NTROL CABLE

,,

OPERA'IOR OPENS BORDIOLE SHIELDIE DOOR

1
HYDRAULIC RAM IUSHES CANISTER /OVERPACK OUT OF CASK

'InPaxIH BORD! OLE SLEEVE AND ONIO SKID RAILS

DOLLY LIETS CANISTER /OVERhACK AND CARRIES IT EUR'IEER
INIO BORDiOLE 'IO ITS DESIGNATED PLACEMENT IDCATION

DOLLY IDWERS CANISTER /OVERPACK ONIO SUPIORTS AND
REIURNS 'IO RECEIVIE FOSITION

a
BORD 3 OLE SHIELDIE DOOR CIOSES; IDCKS MANUALLY RELEASED;

AND CASK BOTATED 'IO 'IRAVEL IOSITION
sie

j WHEN BOREHOLE FILLED, DOLLY EX'IRACTED WI'IH ADAPIOR LINK
AND SDTI 'IO NEXT EMPTY BOREHOLE

+
SIORAGE PLUG IUSHED FROM CASK INIO BORDIOLE SLEEVE;

SHIELD DOOR ASSENBLY RENOVED; AND RETAD;ER hIm INSTALLED

bi

i

! 'IRANSPORTER RETIURNED 'IO WASTE CPGE WI'ni EMPTY CASK

v
I IDAD CASK IN CME; LIET 'IO SURFACE, 'IRANSFER AND SEAL 'IO

CUTLET IORT OF HCfr CELL

Ficj. 2-17 Material flow diagram for the placement area.
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|
|

RDOVE BULKHEAD ASSEMBLY
REMINING REQUIRED? ? REMIhT ROOM AREA 'IO ALID1 'IRANSIORTER

| YES ACCESS AND CASK ALIGNMENT 'IO BORDIOLE
10 -

t

| REESTABLISH VENTILATION
k

[IDCATE BOREHOLE OF INITREST|
4

RENOVE RLTAIhTR RING,
ASCERTidN C0NDITION OF BORDIOLE

BACKFILL: YES-+
/

;

ALIGN OVERODRE PACHIhT, REAM BORDIOLE
10 --y 'IO D2D OF CANISTER, EX'IRACP MINED

MATERIAL, RE!0VE CVERCDRE MACIIIhT

CDLLAPSED iTS%

tD C

| ALIGN ' IPR IORTER, INSTALL SilIELD COLLAR ON BORDIOLE |
4

INSERT GRAPPLE, DCME CANISTER ELECTROMENE7FICAILY, POVE
CANISTER INIO 'IRANSFER CASK. OlEG RADIATION LEVELS.

&
CDSE CASK AND BORDOLE SilIELD CDVERS, ROPATE 'IRANSFER
CASK 'IO 'IRAVEL IOGITION, A?O PLME SAFLTY SIIEAR PINS.

;

|10VE 'IRANSIORTER 'IO WASTE E IIEAD ' AREA |
b

REMOVE SHEAR PINS, ROTATE CASK, ATTACII CRANE,
POVE CASK 'IO WASTE CAGE, DISDEME CRAhT

4
| TRANSFER CASK 'IO SURFACE FACILITY |

+
ATTACH CRANE, POVE 'IRANSFER CASK FFOM WASTE CAGE 'IO Im
CELL IORT, DISENGME CPRE, DCAGE IM CELL FORT SEAL

+
OPEN CASK, RENOVE CANISTER, QDSE CASK |

, L
| REPEAT FOR EAC11 CANISTER IN BORDIOLE OF INTEREST |

j Fig. 2-21 Canister retrieval operations.
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2.2 INITIATING EVEUr IDENTIFICATION AND PRELIMINARY SQtEENING

We raterial flow diagrams developed in the previous section for the
process areas listed in Table 2-1 are each examined in detail to identify all
plausible events, incidents, or occurrences capable of initiating an accident.
We identification is perforned by process area, first examining all internal
(process generated) events follmed by examining the vulnerwility of the
process and area to external and natural events.

%e completed list of potential initiating events is then subjected to a
preliminary screening process (Pepping,1981). The objective of this screening
is the early eliminatico of inconsequential risk contributors to keep the
subsequent analysis tractable. Simple screening criteria are employed by
assigning each event an occurrence probability ranking of Iw, medium, or high;
determining what consequence types could result from rhe event; and applying a
similar ranking for each consequence type. Consequences of interest are: (1)
public radiological exposure, (2) occupational radiological exposure, (3)
occupational nonradiological related injury, (4) repository availability, and
'(5) preservation of long-term repository viability.

Table 2-221ists the external events identified frm the literature search
as Fotential contributors to overall risk. This list is divided into natural
and human-induced events externa.1 to the processing of sFent fuel and
high-level waste. For the Hanford site, some can be dismissed imediately
(i.e., tidal waves); the others are used to reexamine the processes in each
area for vulnerability to that particular event.

2.2.1 Arrival Area and Storece Yard

Spent fuel and high-level waste shipnents are brought to the repository by
either rail or truck. Truck shirraents are driven directly to the arrival area.
Pail shipxnts are halted at the site boundary where rail crews are changed
frcra ccernercial railroad personnel (Burlington Northern) to repository site
personnel. It is assumed that locomotive witching will also occur, and
corrercial railroad crews will return to the Pasco, Washington witchyard with
their loc motive (s) and possibly an mpty train of shipping cask rail cars.
Repository personnel will shuttle the mpty/ full rail trains, and move full
incoming trains from the railroad intersection to the arrival area, a distance
of about three miles, using switchyard locomotives. Each car passes through a
portal radiation monitor in the process (see Section 2.1.1) . This switching
and shuttling operation has the Fotential for several accidents to occur.

Table 2-3 contains a listing of events, accidents, and occurrences that
could occur and the possible consequences that could result from each.

Wo types of collisions are considered: train / truck collisions with
moving objects and train / truck collisions with stationary objects. Both
reflect witchyard accidents in rail yards and truck depots that often occur.

_-------_. ---_

2 ables 2-2 to 2-10 are located at the end of Section 2.2.T
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Collisions involving both objects in motion are given a " medium" frequency4

f while collisions with stationary objects are note frequent and, thus, assigned
a "hich" frequency.

i Both accident types possess the capacity for energetic inpact/ crush of the
1 cask due to the nass and momentum inherent in witchyard loccxnotives and diesel

truck tractors and are, therefore, assigned a medium radiological consequence
; severity. Persennel injury potential is definitely high for these activities.

Repository availability remains unaffected as the arrival area will contain
j sufficient backlog to insure processing for several days prior to rcquiring
j further shipents. Long-term reFository viability is unaffected,
i

Shi ping cask separatico from the transport vehicle is considered a lowj t
! probability event due to the qualification criteria and reinspectico rcquire-

ments a cask vehicle is subjected to following every shipnent. Similarly,
,

radiological . consequences are considered lcw for shipping cask falls from the
height of a- rail car or a truck bed tecause all shirping casks must te designed
to withstand a drop from 9.2 meters (30 f t) onto an unyleiding surface landing

s

in an orientaticn that does the most damage (10CFR71.36) . Further stringent
I criteria are specified for resistance to puncture (1 m drop onto a 15.2 cm

plunger). A cask falling off a rail / truck vchicle at rest is therefore
extremely unlikely to be subject to a breach. Risk of tersonnel injury / death-

remains high, however.

I Derailment of a rail car is a nodium probability event for owitchyard
j activities. Radiological consequences are considered minimal for derailnents

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 Icog-term) is insignificant due

j to the backlog of other rail car / casks available to ensure continued
; throughput.

%e rossibility 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 probable and of medium probability at the site
j boundary. We rotential for affecting repository availability is high,

particularly if the transport car is crened in the receiving area, forcing-

| evacuatica and ten'porary 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,

i long-term effects are anticipated and overall repository availability should be
! minimally affected.

Natural events such as earthquake and wind storms would hampar 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

|

!
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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
mining 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 Receivino Area

te 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 movcsnent. Accidents in which both vehicles are in motion are therefore not
reasonable for this area. Collision momentum 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 radiolo-
gical consequence otential. 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 ficw. The
arrival area contains multiple flowpaths for material movctnent 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. Wie can affect
repository throughput. Long-term effects are considered insignificant.

Equipnent 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 equipnent failure could certainly influence
repository availability.

Shipping cask separation from the transport vehicle is again considered a
low-probability event, with similar low radiological consequence severity (see
Sectica 2.2.1) . Personnel injury hazard and impact on repository availability
for this event have somcwhat 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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borne activity in the receiving area (after opening the vehicle and trying to
sample the cask) would definitely create local radiological hazards, but this
is an intermediate event in a sequence starting with release of airborne
activity to the receiving area.

Once the vehicle is inside the closed receiving area,. cask internal and
external samples are taken to determine condition of the canisters and
radiaticn/ contamination levels. Rupture of the radwaste sampling line
connected to the cask or improper connection leading to rupture are significant
local radiological hazards and could, given additional air seal or HVAC
failures, be potential site release sources.

When sampling of the internal cask environment and smear testing of the
cask external area is complete, the inner airlock doors to the unloading area
are opened and the transport vehicle moved inside. Malfunction of these
airlock doors is treated similar to the receiving area airlock doors for both
occurrence and consequence probabilities.

Several external events are capable of disrupting process flow in the
receiving area. n ese are divided into natural and human-induced events.

Earthquakes and windstorms (tornados) are both low-probability natural
events; however, radiological consequences could occur if ground motion or
missile impact severes the rackaste line and opns the receiving area to the
envircnment.

Potential human-caused events include aircraf t crashes, fires, and
explosions. he probability of these events occurring is considered low.
Aircraft crash has the ptential for energetic cask impact / crush, contritoting
to high radiological consequences in addition to proonnel injury and loss of
repository availability. Fire has a high potential for radiological release
due to high internal cask pressures generated by heating. Explosion has a
somshat lower radiological release potential due to cask impact standards.
Both events pse hazards to workers and can affect repository availability.

2.2.3 Unloading Area

Specific functions and processes performed in the unloading area are
described in Section 2.1.4 and the relevant material flow diagram is provided
in Fig. 2-9. A list of potential initiating events in this area is given in
Table 2-5.

Cask vehicle movement accidents are again limited to lower energy
collisions with stationary objects due to unidirectional process flow and the
use of Icw-speed trackmobiles. Public and occupaticnal radiological exposure
is of nedium severity; occupational injury and availability impact are
considered high.

Fall car derailment consequences are similar to derailments in the
receiving area. All radiological consequences are low but personnel injury and
the ptential for loss of availability are high.
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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
| radiological release to the receiving area only if airborne activity were
}_ already present. Seal failure is not an initiating event for radiological

j release. It is a concern for repository availability and possibly personnel
3 injury if smeone were caught in the closing doors. A jammed airlock would

preclude any further waste processing until repairs were trade.

j Cask separation from the transport vehicle is a low-probability event due
to vehicle qualification and inspection requirements; subsequent radiological

i consequences are considered low given cask strength and limited drop height. t

) '

i he transport vehicle is automatically positioned under the hot cell
j access port, leveled, and clamped in place. %ere operations all use hydraulic
i systems. Hydraulic malfunction or operator error could tip the vehicle over;

however, radiological exposure is unlikely as the cask shield cover is still in,

place during these operations. Personnel injury and reduction in repository
| aval) ability are more serious concerns.

l We next step requires entering the transtort vehicle and rotating the
i cask to the upright position. We possibility of a leaking canister / cask
1 escaping detection was already treated in the arrival area initiating events,
j %e major concerns here are the potential for personnel injury and reduction in
i process availability if the cask is not rotated to the vertical position
j successfully.
i
'

%e 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 pnetrastic seal. If either the collar moves, the seal fails, or the ,

! transport vehicle rnoves, the airtight integrity of the connection will be lost
,

; and airborne activity rrcy escape to the unloading area. 21s assumes the hot 1

cell and canister shield covers have been removed and canister rmoval is in,

progress. Prior to shield cover removal, the unload area personnel would ;

; normally be evacuated to minimize exposure if this incident occurred. Failure '

j to evacuate personnel is an intermediate event associated with seal failure.

}|
If the hot cell crane is unable to rmove the hot cell and cask shielding *

covers, processing time is lost but no radiological hazards or tersonnel risks
) are created.
'

Hot cell crane operations required for canister rmoval from the chitping
cask, smear testing, and placement in either the lag storage pit or the second- .1

1 ary area are lumped together in two initiating events. During all these opera- '

tions, the hot cell status rernains the same (cask connected at unload station,
1 all other ports closed) and only one canister is in motion, implying that the ;

I same accident scenarios are required to generate the consequences of interest. '

Both mechanical crane failure and crane operator error are contributors and are<

thus treated separately. Radiological consequences are ranked medium severity,
j along with impact on repository availability. Personnel injury romains low as
j all operations are remotely controlled.

;

i

,
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Preparation of the mpty shi ping cask poses no direct radiological ort
personnel injury hazards. No personnel are sunosed to te in the unloading
area during this time and the high-level radiological sources are now in the
hot cell. Failure to restore the hot cell seal or failure to detect airborne
activity in the unload area prior to readnitting perscnnel could contribute to
radiological consequences, however. Were events are low-probability occur-
rences and their estimated consequences are cf nedium severity for both local
radiological release and repository availability. Other activities (shield
collar movment, cask rotation, etc.) are addressed in previous events as they
are merely a reversal of the initiating process. Exit airlock door failure and
transportation accidents during removal of the mpty cask vehicle can cause
personnel injury and reduce availability but no credible mechanim exists to
cause radioloolcal hazards.

Extern &1 events capable of disrupting the unloading area include
earthquake, windstorm, and lightning strike. Other rutural events are not of
sufficient probability to pose credible threats. An earthquake during a cask
unloading operatico is a particularly sensitive event as the cask seal with the
hot cell loading Fort would probably fail and the mechanim is also present for
opening pathways to the atmosphere. Windstorm and lightning are treated the
same as in the receiving area.

Human-induced external events such as fire, explosion, and aircraf t crash
are considered potential contributors to risk similar to previous areas.

2.2.4 secondarv Acca

'Ihe functicn of the occondary area is to provide access to either transfer
cask loading or canister cuerpacking in the process tank as determined from the
canister mear tests and radiaticn level readings in the hot cell. Decontami-

natico and mear test facilities are also available (see Section 2.1.5) . A
material flcw diagram for the secondary area is given in Fig. 2-11.

Several crane drop accidents are treated solarately in the secondary area
due to dif ferent conrAquences. If the crane droFe a canister in the lag
storage or secondary storage pits on top of another canister, the potential
exists for breaching two canisters simultaneously, producing up to twice the
radiaticn contamination levels expected for one breached canister.

Crane drop of a single canister or canister collision with a wall /
statiorury object during transfer to and from the process tank, secondary
storage, and the 109 storage pool would release part or all of the contents of
one canister. Wis is treated as a singic initiating event with nodium
probability of local and boundary radiological hazards. Felease would in turn
affect repository availability.

Dicruptions in the prococo tanks would definitely reduce waste processing
rate and, given additional system failures, could also create radiological
hazards. Specific steps rtquired for overlock and ocaling rcquire movment,
vacuum pressure, welding, and trear testing.
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'lhe process . tank cover must be closed folloaing 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 radiological

ihazards specific to seal failure are created.

If the laser welding equipnent breaks or operator error occurs, the
welding process could breach the canister, releasing radioactive 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 teen made. Both helium sensing and ultrasonic weld
examination are used. Helium sensing is prformed by induction heating the
pintle on the overpack, releasing helium inside the overpack frcen one of three
cartridges provided. Ultrasonic testing is conducted by filling the tank with
witer and examining the weld area. Either process can affect availability and
p>ssibly long-term repsitory viability if a bad weld rcsrains undetected.

Any release of gares, fuel fragments, or fission products to the hot cell
environment creates the potential for occupational and public radiological
exposure, and definitely decreases facility availability. Occurrences proba-
bility and consequence severity rankings are given for these events in Table
2-6.

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 ccarprire 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 aircraf t crashes.
Probability rankings for the occurrences of these events and their consequences
are also given in Table 2-6.

2.2.5 Hot cell Discharae 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 ficw diagram
is provided in Fig. 2-16.

Loading of a canister overpack assembly into a transfer cask involves
psitioning the transfer cask under the hot cell outlet port and obtaining a

,

seal (using the transfer cask crane), lif ting a canister /overpck from either '

lag storage or a proccan tank and transfer to the outlet port (using the hot
cell crane), and insertion of the assembly into the transfer cask. Transport

|

|
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of canister /overpacks inside the hot cell was addressed in the previous
section. Initiatir.g 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 autaratic cask shield door (spring-loaded) closes to seal the cask.
Failure of this door rechanian will provide the environment surrounding the
canister with a f1mpath to the holding area airspace. W e canister has been
decontaminated in the hot cell area but noy still possess residual activity or
contamination from the lag storage pit. Failure of the door was considered to
te of medium protability. Radiological consequence severity was estimated to
be high and medium for local and site boundary exposures, respectively.

Transfer cask drops and collisions with holding area equipnent are of
minimal radiological release potential due to cask structural strength.
Transfer casks 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 belghts in the holding area rcquired for transfer cask movement are
less than 7.3 m. Any cask breach is therefore considered unlikely.

We potential for undetected canister degradation by drop or collision is
significant, hwever. While no intnediate effects (other than unplanned reduc-
tion of repository availability) are observed by operations personnel from
these incidents, possible denting, creasing, or dictorting of the enclosed
canister and likely shatter of sane 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 roximum 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 ray be a potential nochanism, depending on crane path and area sur-
rounding the waste cage. Drop / collision accidents are of redium occurrence
frequency with lw radiological and medium availability / occupational injury
severities.

Cask separation from waste cage during lwering 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 Coriollis
forces) but will regatedly impct the concrete shaf t walls for the duration of
the fall. he 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 equipnent
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 canbine a pathway (cask breach) with an energetic
mechanism (impact) for the ejection of cask contents, particularly volatiles
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and particulates. All consequences are considered of redium to high severity
for these events. It is assumed that Icng-term repository viability will
remain unaffected following either event as an unbreached cask / canister
asserrbly would certainly be retrieved to the surface for inspection .as a
minimum safeguard.

Unloading of the waste cage at the underground transporter loading station
is accomplished using a transfer cask crane identical to the surface loading
crane. Lift heichts are again insufficient to cause a cask breach directly
from impact although puncture remains a possibility. Transporter movement
during the loading operation could also puncture the cask.

Potential transporter-related initiating events during cask movement from
the loading station to the placement area include collisions with stationary
cbjects or other transporters, fuel tank ruptures, transporter breakdowns, and
transfer cask fall f rom transporter. Cask breach due to impact is not physi-
cally reasonable and puncture is possible only in transporter / transporter
collision. Local fire caused by fuel tank rupture or collision with stationary
cbjects containing ficmmable material could cause cask rupture due to over-
pressure. Transporter breakdown would subject persennel to higher total
integrated doses due to increased duration of time spent in proximity to cask
but no radienuclide release mechanisms are plausible.;

Were are more external events capable of disrupting process stages for
the hot cell discharge to m. placement sequence because of additional events
that affect only subterranean activities. Natural events include earthquakes
(surface and underground effects), windstorm, lightning, rock deforration
(cave-in), and uplif ting / subsidence of underground passages. Human-induced
external events include uncontrolled subterranean flooding (seepage or
groundwater changes), fire, explosion (both surface and underground), and air-
craf t crash (surface only). The estimated frequency ranking of these events
and their expected consequence severity are given in Table 2-7.

Subterranean flooding is considered here due to the possibility of
underground conditions causing the flood, not the surface conditions. We
esti: rated flood plain for a 1000-yr flood near the Hanford site remains in the
Columbia river basin and does not threaten repository operations. Mining
experience, however, indicates that the presence of undetected groundwater,
abnormal seepage, and sump pump failures have caused subterranean flooding in
the past.

2.2.6 Eutcarplacement

Prior to arrival of the loaded transporter at the borehole site (placement
area), a shield door assembly with a mating surface identical to the hot cell
discharge port must be installed on the borehole opening and an autmated
canister transport dolly inserted into the borehole. This requisite step is
only necessary for initially empty boreholes; partially filled sites will
already have this equipnent installed. Detailed descriptions of all processing
steps required for splacement are included in Section 2.1.8.1 and the related
material flow diagram is given in Fig. 2-17.
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Shield assembly and dolly installation have no credible offsite radiolo-
gical release consequences but do present occupational injury hazards and could
degrade reFository availability if a borehole was blocked. Some occupational
exposure could also be accumulated if the dolly / shield assembly becomes
contaminated / activated.

Rotation of the cask and alignment with the borehole 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 autogatic alignment
systems could pncture the canister during ejection, releasing radioactivity
locally and possibly external to the repository. This accident will reduce
repository availability.

Operator error during manual locking of the cask to the chield assembly or
attachment of the power / control cable could lead to cask / borehole seal failure
(local exposure) but not canister prforation. Radiological consequences and
ogrational injury severities are low. Repository availability will be
seriously 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 trore unplanned downtime (loss of availability) .

Ri raulic ram ejection of the canister from the transfer cask has thed

potential for a canister breach and subsequent radioactivity release if control
of ejection speed is lost. Impact between two canisters and subsequent higher
release is also conceivable. 'Ihe potential for loss of reFository availability
is also present, but a greater concern is the potential for canister degrada-
tion (due to impact) without imediate breach. The borchole filling operation
might continue; the errplaced 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 is pssible, with the above referenced consequences.

When a torehole 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 accm.panying loss of repository availability.

Following completion of canister insertion, the cask / transporter must be
prepared for travel, mwed to the underground wast <* 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-
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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.

21s table also includes external events which could disrupt the placement
Operation. Natural events considered plausible are eartlquakes, rock deforma-
tions, flooding, and subsidence / uplifting. Human-induced evento external to
waste processing activities include loss of sump pumpo, fire, and explosions.
Most of these events have the potential for cm.ptcmising the long-term function
of the repository due to undetected degradation of the mplaced canisters or
inability to assure long-term retrievability (i.e., flooding).

2.2.7 Waste Retrieval

%e option to retrieve waste may take place under three posible
conditions: (1) inmediate retrieval of waste follcwing emplacement, with bore-
holes not yet backfilled; (2) retrieval without tackfill material but Lorchole
collapsed as a result of a mine cave-in; (3) retrieval after 20 to 30 years,
boreholes backfilled, and room sealed with a bulkheaded pnel. Detailed
description of all processing steps rcquired for retrieval of arplaced waste
are discussed in Section 2.1.8.2. We related material ficw diagram is given
in Fig. 2-21. %e potential initiating events identified for the retrieval
operaticos are listed in Table 2-9.

waste retrieval under normal conditions (borehole intact, no backfill)
should require the came cquitnent used for cask transfer and emplacement.
Perconnel exposure hazards from retrieved waste will be influenced primarily by
age of the waste, activity of surrounding borehole material, and whether or not
the canister is intact.

Initiating events for portions of the retrieval process are the came as
for emplaccecnt due to use of the came equilment. Listing of these events in
the retrieval tection is regated to allow treatment of the retrieval option
separate from the rest of the analysis. Initiating event frequencies will be
significantly different if inmediate retrieval (within one to three years) is
attempted. Since retrieval is an option and not a rcquired ctep in the
material flow process, separate quantification of retrieval risk is required.

Comon events include shield door assembly not proprly installed,
operator error in transporter parking and jack 1cveling/ locking, inadvertent
actuation of cask rotation mechanim during canister retrieval, borehole
shielding door malfunction, dolly /chield door ascembly rmoval failure, and
storage plug / retainer ring installation failure. Panked occurrence frequencies
and estinated consequence severities for thoce events are the came as given in
Table 2-8 and deccribed in Section 2.2.6.

%ece events address most of the handling operations needed for retrieval.
%ere are, however, a few handling activities unique to the retrieval process
(see Fig. 2-21). The grappling operation rcquired to electromagnetically grip
the steel canister with enough force for withdrawal la not a part of canicter
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placement. If the grapple is extended tco far or tco rapidly, the enplaced
canitter could te punctured. Miile this is considered a Icu-frequency cquip-
nent failure or oprator error, consequences of local and of feite radiological
relcace are Fossible in addition to loss of relository availability.

Loss of the electrmagnetic couple tetween the canicter and the grapple
would leave the canister in the torehole with resulting impact on availability
and possibly scoe increased perronnel exposure. Canicter jam during withdrawal
would result in the came concequences. Grapple retraction force is not
sufficient to cbmage the canister if a canister jam were to occur.

Once the canister is in the transfer cack, the activities associated with

preparir'g the transporter fer travel, trancport to the waste cage, hoitting to
the curface, and movccent into the hot cell area are all identical to activ-
itles needed for mplacement. The ptential initiating events (10) accociated
with thece activities are again releated in Table 2-9.

The events described atove are adcquate for entinating rick givcn
inmediate retricval. If retrieval is desired at longer intervals follcwing
emplacment, the lossitdlity of Loth borchole acccca and canicter degradation
nust to considered.

Accccc to the borchole nay te cm. plicated by both retural cauces and
nornc1 re[ository operations. Borehole collapso due to cubsurface movccent
will bury the canisters arvi subject them to cruch and puncture occhanitas.
Norral repository operaticos nay include tuckfilling of loaded boreholes with a
mixture of crushed bentonite and bacalt folicwed ty bulkheading of entire
panels (thrw rococ). Figure 2-21 prwides a ochmatic of noterial ficw for
the thrw possibilitico of open, tackfilled, or collapsed boreholes in addition
to tolkhead pneln and detericrated tunnel conditions. Imediate retrieval
accumet no degradatico of the relository subterranean envirorrent and uce of
mplacceent cquiteent (roitit A on Fig. 2-21) . Further taska anticipted for
delayed retrieval include (1) remining of any tunnel or roco arean that may
have collarced, (2) removal of bulkheodo to provido pnel acccca, (3) recctatr-
11ching active ventilation to rccove mining dust, airborne activity, and
exhaust gaces frce the area, (4) location of the decired torehole and acccca-
nent of its condition, and (5) overcoring of the tor (hole to rccove either
Lockfill noterial or collapced borehole material around the canister to
facilitate extraction.

Conalderatico of thece additicral cperations in the retrieval proceca
createn several new rotential initiating events annociated with equilment
failure and operator erroro. Annuming all oprations frxlicated in Fig. 2-21
are needed, there will to additional mining activitica rcquired to rccine
tunnel arcan and cicar accumulated rutble. Thic han no radiolcgical conce-
quences tut dcco affect lorconnel injury rick. Pemoval of pnel tulkheado and
ectabliching active ventilation procent additional totential for oprator
injury tut no radiological or availability concerno. Borehole retainer ring
removal is addrecced in the initiating evento for inrediate retrieval.

2-47

. _ .



%e unique activity required for delayed retrieval is removal of Luckfill
caterial or collapced borehole noterial using an overcoring nachine. This
nuchine rust cut an annulus around the canister and rccove the mired noterial
to the end of the borehole (61 m) without striking the canister with the cut-
ting head (ree Section 2.1.8.2) . Given the complexity of this task, breakdmn
of the overcore ruchine is an otnicus possibility. In addition to loss of
availability, sone additiorul occu;:ational exposure may result from extended
operation /nachire re[oir in the vicinity of activated mined naterial. Break-
dcwn of the mined caterial removal nachire is considered as part of the
ovetcoring machire failure.

Contact tetween the rotating overcore cutting head and an (nplaced
canister wculd protably puncture the canister, releasing radioactive gases and
lossibly 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 exlected fraluency of occurrence. Due to the difficulty
of this operation, nachire error lo given a nodium frequency and operator error
is given a high Irequency.

Rece a(kiitiorul events are included in Table 2-9 under a returate heading
of " delayed retrieval" to ocparate overcoring operations frcri normal retrieval.

Exterrul events capabic of influencing retrieval are the ranc as those
licted for hot ec11 discharge to placement (Table 2-7) and placement (Table
2-8). We justification for their colection is given in the later portions of
Sections 2.2.5 and 2.2.6. nece events are included in the retrieval events
Table 2-9 to keep retrieval as a cmplete, reparate option distinct frcm normal
eplacement operations.

2.2.8 Service arEL19ul00LLIlyncm3

%e initiatirxj events identified in previous rections occur either
directly frco nuclear wacte processing activities or as a result of exterrul
events that dicrupt thor;c activities. The cervice cystems of a repository
facility reprerent another more cubtle cource of accident initiators. Service
cyotem failures alco dicrupt waste processing activities (similar to external
events) but not only by catactrothic equigrent & mage. Instead, the uluitment
cerely stops functioning. For rcrvice cystems cuch as electrical tower, it is
ccroonplace to have one or rote redundant tackup syctems to avoid loss of func-
tion. On the other hand, ratkaste co11cetion and treatment cystems are usually
single cystens. Weir failure can cauce accumulation of wacto procecoing by-
products if operation is continued, eventually forcing chutdwn for re[uir and
creating occupatf orni and offsite radiological exlosure hazards. % e initiat-
irvj events identified for the rcrvice and support cystems are chwn in Table
2-10.

Service cystems are thone that cerve more than a alngle building or
facility, and thoce that occupy rrore than ore facility or area. Thece includes

i
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o Radwaste collection and treatment
o Bulk materials handling
o Personnel and material transport
c, Electric power and lighting
o Subsurface ventilation.

We radiation vaste collection and treatment system dieposes of solid,
liquid, and gaceous radicactive wastes generated on-site. The waste incinera-
tor is used for burning of internally generated solid wastes. Rupture of the
off-gas tank could lead to release of radioactive gases. The Icw-level of
radioactivity involved and other mitigative measures within the system should
rake a radiological release to the public very unlikely; however, operator
exposure is possible. Operator injury is also Fossible because of the
high-terperature environment. Unless the rupture is a major ore, overall
repository availability will not te affected.

Liquid radioactive wastes generated f rom such sources as reverse ocnosis
concentrate, ion exchange resin sluicing water, cask flushing and venting
water, radiation monitoring system drains, etc., are collected in a tank and
then purified by lon-exchange resin treatment. The liquid radwaste line to the
tank could rupture causing operator exposure to radioactive waste and impacting
repository availability because of clean-up operations.

Bulk materials handling includes the following:

o handling of excavated basalt

o preparation and handling of aggregate from the mined basalt

o handling of cement, additives, and bentonite

o mixing and transfer of backfill mix to the repository horizon for
placement holes and rooms.

All these activities pose occupational hazards and tossible stoppage of mining
operations, thus impacting the retository's availability to accept and emplace
waste.

Perscnnel arrive at the IWPB by autcrobile or by bus; then walk to surface
work stations. Vaterials and parts are hauled from the warehouse and the main-
tenance building to various dectinations by flatbed trucks based at the main-
tenance building. A service shaft is provided for raising and lowering person-
nel, equitrent, and raterials tetween the surface and the mine area.

Personnel and material transport activities can lead to sequence of events
that could cause occupational injury such as falls, entrarnent, asphyxiation,
etc., and could also impact repository availability.

%e electric power system for the rerository consists of three subsystems
that provide power cervices to retository facilities: normal power nupply,
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standby power supply, and uninterrupted power supply. Mechanical and electri-
cal failures of power supply cmponents and external events such as fire could
trigger loss of power supply to the repository which may lead to adverse
radiological and nonradiological consequences if the mitigative system measures
do not function.

%e subsurface ventilation is designed to provide life support air and
adequate cooling for subsurface personnel and equipnent. 'No independent
ventilation systems are provided in the W EB design: one to serve mine devel-
opnent, 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. We anticipated taperature rise is not sufficient
to affect either the casks or the splaced canisters. We only radiological
consequences that could be expected would be lower level occupational hazards.

We 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 reFository's primary
function of accepting and storing radioactive wastes, initiating events occur-
ring as a result of ongoing mine development during the active emplacement
period should also be considered. Wese events primarily impact repository
personnel safety and, to sme extent, repository availability. n ose 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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TABLE 2-2
EXTERNAL EVINES 'IO BE QJNSIDERED IN REIOSI'IORY RISK ASSESSMENIS

Natural Events Human-Induced Events

b

chemical effects air and spacecraft crashes

dissolution explosion

earthquakes dam failure
erosion loss of offsite power

faulting fire

forest fires

inundation
landslides
lightning strike

pemeability change
precipitation storms
rock deformation

,

rapid thaws

sea or lake level changes
sedimentation

subsidence

thermal change

tidal-waves (tsunamis, seiches)
uplifting

undetected features and processes
volcanism

windstorms (tornados, hurricanes, etc.)
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tnt 2 2-1
RmWf1AL D!TIATIM: fvt2O - N11VM. NIEA NO ifR5W% TMO

~l5E55Et Geetunaia
PTFU TNLY _ _ ._D ITIATIM; IVINT LIVII.'' TTiT * Ef%77!TT* *._

|

1. TratWtruck collidna with pawirug vehicles in the arrival asee M 1 M
2 M
3 N

2. TrairVtruck collides with statimary structurce in tia N 1 Marrival aree
2 M
3 N

3. Shiwing casa f alls of f truck or rail car to grourd L 1 Lj
2 L
3 H

{ 4 Itail car detailed M 1 L
2 Lj 3 M

. 5 Breaded caatster/enigg tra; casa u* tectal ty L 1 M }) radAatim svetitustrup systen
2 N q
4 N '

i

127tshN, tvv?c I

l
6. Earttquske devps arrival areas dage rail cars /truct trailers L 1 L '

2 L
3 M
4 M

7. wiralstorms (tornados) strike arrival area L 1 L
2 L
3 m
4 M

a

8. Aircraf t eroch leto arrival area (incla!!r,1 railway L 1 M '
interarctlon, partal natitorinJ area, sunsett rall

2 N
i car /tset rtatim, arrt vehicle triegntion pits) 1 M

i

4 M
,

1 9. Fire accurs in arrival area /atorew yard M 1 M
2 M
i M

! 4 M l

j 10. F41ceim occusa in arrival /storapt area L 1 L:.
i 2 M

3 N,

l 4 M I

*Iyle s: 1 = satlic radiololical evir>suces 2 = om4et!<sel radiolostral entswuret
3 = tretgaticrel traigadicltrJical cwrefres 4 e irge<t s rejositovy evallarsility 9 = leer;-term ef fects

"N * hits M - Pow 11eg L = ltarp 14 * very inw

I

I
,

i

i

?
,

! t
a
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Tsit.E 2-4
! nmNf!N, INtt!Aftm nurru = WN1hWN 40 RftTIV!M APFA
i
1

i quweto us .Una ti t%tU WY
.

| INIT!ATI:C INutt tJwt* * Wit' 6tM* ITV * *

I
j 11. TrairVttwt collidra math statievery stexturce in the M 1 M

wastu$wn aM teceivit 3 area (trrluftrm; transpwt into 2 M
and (Alt EA ates) 3 M

4 M

I 12. Malt car detailed M 1 L
g 2 L
4 3 M

4 M
t

j 13, wastunwn cleanter; area equiteent pe&ftart ton M 3 M
4 M

<

14 sitig tras rash falls of f tern / tail cat Attres area transgiet L 1 L
2 L
1 M

. 4 M
i
1 11. Mervivita; area at:1tth an* failure M 3 L
i 4 M

|

.

1

j 14. Liould taeaste aarg.11re; liv rutture/isgerget citvrttim M l I.
2 M
4 L,

i

17. tettundarna area sistak das failure to egen M 1 Li
4 M

OT11ML IWr!11
,

10 Eartispas demspe wantshwn/setelvirus area L 1 M |

*

;
2 M |'

1 3 M [
4 M

f 19. Wirmistore danspe waatshwn/teswivir:3 area tJ. I M
"

a M '

) M
,i4 M

20 Li ttning attate
L I g, ;

,

i
2 Lj l M

i
7

9 4 M :

21. Aircraf t crash reto weetshwn erwt reswivtr:3 atea L I M
L

2 H
I N<

4 M

22. Fire in tfm wantshwn arat toisivirv3 area L I y
3 M

| 3 Mj ,

- 4 M I
i 23. Ess.1<mim in tie toentvires area

<

L I p !i
2 M I

i ) M
4 M

i

~~6 ' ~T pt!!c radioin
i ues.uu=> r steel espeures 2 e es rigat sessel #5hliis'UniE'e'nUMes

eet ~~

. a a.iir,iusaat new c.r.j **lf = i;4tf M = pe=11tsas L = laws 1J. = wif Ivw 4 . in t. rep .tieay .vailari nty, s l< riera ettasa
' r
, :

i

I
I

&
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TELE 2 5
R7!?NTIM. BITIATIPC DUM5 = lt44* DIM) APrA

(KX14tkiHLt QeOtU1NL3
tittJuti ._

m!TIAT!W. EVINr IJVt2." TY1t * savta!TY**

24. TrairVtruct <t111&e with staticnsry structure in the M 1 M

unlanding area 2 M
) M

4 M

21. Mall car deralled M 1 L
2 L
3 M
4 M

24. AirlocM dista in tie urtirating area fall to close/ses! M 3 M
4 M

27 shagring cast f alla f eta trenes 4t vehicle in micoltruj ares L 1 L
2 L
3 M
4 M

28. Transp4t vehicle tigged wer & ring guettimiruplevellrup L 1 L
clagtng gesat te 2 L

I M
4 M

29. Cad rotatim hydraulic lawr sagg ly failure /tegeqer L 3 #
at tatteent 4 L

30. vselete igges/1cwe tettfee t4 eat /cgeratc4 essor M 1 M
4 L

31. leut all afstelding oc11ar/aral failure M 1 L
2 #
4 M

12. Vehicle clagtrevlevottng system fallute to esint.atn M 1 L
grottle for tat all seal 2 M

4 M

31. M cell or casa st.ield ccwee starts hot opit crane est,lo L 4 M

to ronw cet os the ute: Irsooral erst etIacssenti
34. Mr4 ca.11 crane failure abring cast mlredirw3, canister M i M

wear test, et tranater to leg storet/seasilary area 2 M

4 M

cae M l M
Oterator etrot - hot all crane fatture, Attre; lag11.
w1 ceding, cantater seat test, or transf er to a M

stotar/searrlary area 4 #

34. Mot tell reare seear attaateent jos in stillging L 4 M

una antertu

37. 164 ell ahteld cxwt aral/arat failure L l L
2 M

4 M

H. Oistatet errot - failure to test mirading ares L 3 #
ermitteeeet gelce to re-e>1ttirug gerersson 4 M

~~ ~

% eye 71 * gedelle tettelemattat ergeouIe7 3 e uu4st'IN170YeiklERIris~euiep~
) e tengstl(tal twesetnoltrascal exeue9 sass 4 e isgmets regeettegy asallabilityp $ = laewp tera ef fMte

**H * hi$f M = miles L = laws 14 * very Itu
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Tm!E 2-% ,

RMtNf1AL Ds!TIATitc W12MS, l't402tM APFA
'

(centirmmd)

LuiFhtiti awfut1MT,F

FPitfr2a7 '

IMITIAftM: IVtWF Ln12." _ Trit * Sou!TY"

39. Uh1 ceding area emit airlock ihre fall to ogen L 3 M
4 M

40 Trangostatte acci.irnte in ravveent of vehicle into M 3 M
and through cast pegaratim and shiittrup area 4 M

IT!DNAL IVIN:5

41. tartinguske depops eloadirup area /af fects cast /rott seal L 1 N
2 N
3 N
4 M

42. Wiritstoen damspe alraditw3 area ft 1 M
2 N
3 N
4 N

41. Lightning ettthe L 1 L
2 L
1 M
4 M

44 Fire in tie alredirup area L 1 M
2 N
3 N
4 M

41 taticetm in mimding area L 1 M
2 M
3 H
4 M

44. Aircraf t crash into mitedtru3 area L 1 N
2 N
3 N
4 N

g oes ! e pt.lle radiolnsical espwures 2 a cangetiteel f allo 1(sitcal espmures
3 e omgeticaal rucitadioluptcal cuewppermes 4 e agede tepettory evallabHity 9 e Iceveterm ef fects

**n * hitt M + Parlass L * Ims LL * wry Im

|
1
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TNtt 2-6
IU112TIAL INITIMIE EVt2ffS, SEXIMWlY NG

CL11W12A1 GN20LINLY
fMLVt2CY

INITIATIE IN12ff IAV12.* * TY1T* St%D 11T**
I

47 Canister drop ty crane mto anet.ber canistr in leg M 1 M

stceap pit er accorthry pit 2 M
4 M

48. Canister dro tpf crane during transfer to arsi tre grocess M 1 M
tank, accorsiary storage, at:1 transfer cask landing fort 2 M

4 Mj

49 Crane treades canister & ting autmated arcar testing M 1 M
2 M
4 M

50. Prmwse tank otver real falls / cover jam M 4 M

11. W1 ding pawaa genetrates canistet L 1 M
2 M
4 M

52. Hell si leak test /ultrasmic leak test failurce L 4 M
5 M

,

53. Cmtminated water leets mt of Mmess tank L 1 L
2 M
4 M

54. Ambaste piping rupure L 1 L
2 M
4 M

| 55. Esittspte drops secteriary ages L 1 M
2 n'

3 H
4 M

54 . Mindstora dareges secor:1ary area IL 1 M
2 H
3 9
4 R

57. Li@tnirs; strikes secor:1ery area L 1 t.
2 L/

3 M
4 M

58. Fire in tre seenratary aree L 1 M
2 M
3 M
4 M

59. Esplosim in the snor:1ery aree L 1 M
2 M
3 M
4 M

40. Aircraf t crash 1rito tre re<xniary area L 1 H
2 H
3 H
4 H

g es: 1 = pt lic radiological espeuter 2 = coculatirral radioltsjical erlosures
3 * occusatiermi narradiological corne psrsw; 4 = tagacts reysitory availabilitys 5 = long-term effects

**H = id@; M = retties L = 1 cati 14. a very low i

1

|

|

|

|
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TN1LE 2-7
IUitNf!E INITIATDC EVt2frS, Itff (221 b1R2tARGE M ILACIM2ff

OQlTJGRI GN200f2E2
FRFOUIRT

Di1TIATDC lyt 2ff IE1L** TYit' 6tVf3t!TY'*

61. Canister /overpact drcgged, distouted, or jawn! L 1 M
during transfer cask innertion 2 M

4 M

62. Transfer cask crane fails to maintain cask seal L 1 M
dLring canitter insertion 2 H

4 M

63. Transfer cask shield door falls to autmatically M 1 M
close/rensin closed & ring trans[ert 2 H

4 M

(4. Transfer cask drgged to holdirs; area floor M 1 L
2 L
4 M
5 M

65.. Transfer cask / crane hits waste cage & ring transfer M 1 L
2 L
4 M
5 M

66. Tranfer can falls off waste ca9e & ring waste L 1 M
cage taawl 2 H

3 H
4 H

67. Maste twpe hoist assetly failure L 1 M
2 H
3 H
4 H

68. Undergrour:1 transfer crane drops cask M 1 M
2 M
3 H
4 M

69. Trans[orter smes & ring cask loading geraticn M 1 L
2 M
3 M
4 M

70. losa ci mine ventilation & ring oterations M 2 L
3 - M
4 i M

71. Trans;mrter collision with stationary object (no fire) M 3 M
4 L

72. Transprter collisi(n with stationary object (fire L 1 M
fr e fuel tank rug ure and/or flam er21e seterial) 2 M

3 H
4 M

73, Translotter breakdown & ring cask ruwent M 2 M
3 M, ,

4 L

*?yhrs : 1 = pelic radiological exposures 2 = occupaticaul radiological exposures
3 = crcupitlual nonradioloalcal corwquenas 4 = igneta repsitory availability 5a long-term effects

"H - hight M - seditans L - Iw; IL - very lw
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RmNTIAL INITIATDC E'Dr!S, IDF CEIL DI9 MARGE 10 ILACD83ff

(continued)

00LURRDKZ QNiEQt13G
FRiotna.7

INITIRfDG B13ff ta1L** TUT * SnutITY**

EXID NAL B1NIS

74. Earthquake desages holding area, shaft. or L 1 H
transporter load area . 2 H

3 H
4 m

75. Itindstorm deueges holding area, hoist surface equissent 1L 1 L
2 L
3 M
4 M

76. Littning strikes holding area, shaft head frame L 1 L
2 L
3 M
4 M

77. . Dock deformation in transferter load area (cave-in) L 1 M
2 M
3 H
4 H

78. tylif ting /s@sidence in transporter load area L 1 M
2 M
3 H
4 H

79. thcetrciled afterranean flooding L 1 .L
2 L
3 M
4 H
$ H

80. Fire in holding area, shaf t head frame, abaf t, L 1 L
or transporter load area 2 M

3 H
4 M

81. Explosion in holding area, shaft head frame, shaf t, L 1 M
or transporter load area 2 H

3 H
4 H

82. Aircraf t carsh into holding area w mine shaf t L 1 H
bead frase 2 H

3 H
4 H

'Ty5es: 1 = pelle radiological exiesurer 2 = occupational radiological exposures
3 = occusational rumradiological consequences 4 = ingmets retository availability 5 = leg-term effects

**H - hi$3 M - pediLp3 Ir low; IL - very low

I
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KmNTIAL INITIMFDC WDr!5, MACDENT MEA

00[L'RRDE2 (DL90UEM2
ITtf00DCT

INITIAfDC EVDff LEVEL * * TYIt* SEVDtnY**

83. Shield &or assently/ transport dolly installaticn L 2 M
failures 3 M

4 L

84. Operator incorrectly locates transgorter/ locks M 2 M
leveling jadui; cask to bocehole seal lost 3 M

4 M

85. Cask rotaticrt/autcsetic alicpyent systems L 1 M
inadvertently actuated & ring canister ejectica 2 .M

4 M
5 M

86. Operator incorrectly locks cask to borehole sleeve M 2 L
or incorrectly attached gower/ control cable 1 L

4 M

87. Borehole shielding door jassed closed /ofen M 2 M
7 3 M

4 M
i

88. Hydraulic ras ejects canister too rapidly L 1 M
2 M
3 L
4 M
S H

89. Dolly ocotrol failure & ring canister placeeent M 1 L
2 L
4 M L

5 R

90. Dolly / shield door asasutly removal failure L 2 M
3 L
4 M

91. Storage plus/ retainer ring installation failure L 2 M
3 L
4 M

92. Transporter accident during return tempty) trip M 3 M
4 M

93. Transfer crane drors/ stalls & ring eupty task sovement L 3 M
4 M

94.. Waste cage hoist assently failure / cask drop & ring L 3 Rreturn to surface
4 M

95. Surface transfer crane drope/ stalls & ring aspty L 3 Mcask movement to hot cell transfer port 4 M
.

96. Diesel fuel drtse for transporter drcued fran L 3 Besterial hoist
4 M

[ * Types: 1 = pelic radiolcm31 cal exposures 2 = occupaticrai radiological exposures
; 3 = occusational nonradiological consequence; 4 = inrects repository availabilityr 5 = Icny-term effects
-

**H - hight M - meditan; L - Icar; IL - very low

|
l
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TMu2 2-8
IU:ETIAL INITIATI?G B12 TIS, fiKEMENT NtEA

(cetinued)

00rRIE2KI GENS 10L12KI
E7JUll2K3

INITIATI?G EVE 2?? 11 VEL ** 1YIT* SSDI1T* *

97 . Eartfquake damages placecent area L 1 M
2 H

3 H
4 H
5 H

98. Rock defermatim in placteent area (cave-in) L 1 M
2 H
3 H
4 H
5 H

99. IMiftingstbsidence in pla<went area L 1 M
2 H
3 H
4 5
5 H

100. Flording of mine area L 1 L
2 L
3 H
4 H
5 H

101. loss W arp prps in mine area L 1 L
2 L
3 M
4 H
5 H

102. Fire in placement area L 1 M
2 M

3 H
4 M

103. Explosim in placeert area ~ L 1 M
2 H
3 H
4 M
5 M

'rges: 1 = polic radiological exposures 2 = occuptimal radiological exposures
3 = cccupaticnal raradiological consequence 4 = inpacts repository availabilityr 5 = long-term efftos

**H - hight M - red 1LFJ L - ICWT LL - Very 10W
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TARI.E 2-9
R7NNTIAL INIT1XTDG LVENTS, RE' RIEVAL

!

001:RREN2 GNEQUENCE
11GQUENCY

INITIRTIPC EYDfr 12VIL* * TYIY* SEVERITT**

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

105. Shield &or assetly not gcgerly installed L 2 M
3 M
4 L

106. Oprator incorrectly locates trang otter / locks M 2 M
leveling Jackst cask to borehole seal lost 3 M

.4 M

107. Cask rotatierVautcsetic aligruent systems . L 1 M

] inadyrtently actuated during canister retrieval 2 M
4 M

I 108. Oprator incorrectly locks cask to borehole sleeve M 2 'L
j or incorrectly attaches ptver/ control cable 3 L
i 4 M

109. Borehole shielding door jamed closed /cgen M 2 M
3 M,

'

4 M'

110. Dolly / shield &or assetly removal failure L 1 L
2 M
3 -L
4 M.

111. Storage plug / retainer ring installaticn failure L 1 L*

2 M
3 L
4 M

4

; 112. Ieas of grasple extension control / operator error L 1 M
2 M
4 M

113. loss of electronegwtic couple between graspie M 2 M
an.$ canister 4 'M

114. Debris collection system failure M 3 M
4 M

115. - Transporter accident enroute to borehole area M 3 M
,

(empty cask) 4 L

| 116. Transporter with transfer cask / retrieved canister M 1 M
> collides with statimary object (no fire) 2 M

| 3 M
i 4 L
I

117. Transporter collision with stationary object (fire L 1 M
fram fuel tank rupture and/or flansable saterial)- 2 M

3 H;

4 M

118. Transporter breakdown & ring cask movement M 2 M

| 3 M
4 L

*Typest 1 = public radiological exposures 2 = occusaticnal radiological exposures
3 = occusaticnal nuiradiological consequences 4 = ingacts repository availability: 5 = lorn-term effects

**n - hight M - seditas L - laws IL - very las

i

!
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IUIDrr1E INITIRTING EVDFFS, Rt'IE!WE

(contitu d)

Octlu nE2 annatv3E2
fM00ENLY

INITIATDC EVDFT LIVE 2.* * 1 TIT * SFVERITY**

119. Transporter soves during cask unloading operaticn M 1 M
2 M
3 M
4 M

120. twdergramd transfer crane drcgs cask M 1 M
2 M
3 H
4 M

121. Haste cage hoist assently failure L 1 M
2 H
3 H
4 H

122. Tranafer ask ia!!s off weste cage & ring the age travel L 1 M
2 H
3 H ;
4 H

123. Transfer cask / crane hits waste cage & ring surface transfer M 1 L
2 L
4 M

124. Transfer caak drospd to holding area floor M 1 L j
2 L
4 M |

125. Transfer cask shleid door fails to close or M 1 M
automatically ressina closed during transgort 2 H i

4 M l

I
1 26. Transfer cask crane fails to maintain cask seal L 1 M '

during canister reumal 2 H
4 M

127. Canister /overpck droppd, distorted, or jassed L 1 M~
& ring tranfer cask reumal 2 M

4 M ;

,

DE2MED PETt1WE
,

128. Overcore sechine failure (including mined M 2 L t

seterial reewal) 3 M i
4 H I

129. Canister struck by overccse unchire - control .M 1 M
syst e error 2 H

4 M i

130. Canister struck by overccue sectine - H 1 M
optstor error 2 H

4 M

Wst 1 = pelic radiolcgical esposures 2 = occt@stionsi radiological ergesures
3 = occupational nonradiological consequences 4 = legacta regesitory svallabilitys 5 = leg-term effects

**H - hi$3 M - sedim; L - Icw; IL - very lw

i

|

2-62



TMnLE 2-9
IU1DfrIAL INITIATDC EVEMS, RimtIEVAL

y

(continued).
|

4

l 00WRREN3 (DEt0UENG
! f1tHOUINCY

INIT1XTDC EVDff LEVEL'* TYPE' SEVERITY **

Cf!DNAL EVDffS

131. Earthquake dunges plaosment aree, transporter L 1 M

],
load area, shaf t, or surface holding area 2 H

3 H
' .4 X

$ H

132. Rock defccnation in pleasent area (cave-in) or L 1 M
transporter load area 2 H

3 H
4 Hi

5 H

133. Upliftin gstesidence in placement ares L 1 M
2 H
3 H
4 H
5 H

,

134. riooding of mine area L 1 L
2 L
3 H
4 H

I 5 H

135. Windstorm dansges holding aree, hoist surface equigrent IL 1 L
2 L
3 M
4 M

4

136. Li@tning strikes holding area, shaft head frase L 1 L
2 L
3 M
4 M

i 137. Aircraft crash into hciding area or mine steft head frase L 1 N
2 H

'| 3 H
4 H

138. Ima of step ptsys in mine aree L 1 L'
2 L
3 M
4 H
5 H

139. Fire in holding area, shaft heed fraur, shaf t. L 1 L
2 Mtransporter load area, or placement area
3 H

I 4 M
.

!
! 140. Explosion in holding area, stait head frase, L 1 M

shaft, or transporter land area 2 -H
3 H
4 H.

* Types: 1 = ptelic radiological exposures 2 = occtentional radiological exposcre;
I 3 = ca:upaticnal nonradiological consequences 4 = ispects repository availability 5 = long-tern effects
I **H - hits M - seditas L - laws IL - very im

|
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IUIDer1E INITIArDC EVDrIS, SQfVICE NO SCP!QFF SYSIUS
a

i.

, OGl'RRDEI (DEEUL1NCE
! Ilt!0L1NCY
! DEITIArDC n'arr tall?* 1 Tit * sn1R11T**
1

141. Ims of emfirweent ventilation during gerations M 2 L
| 3 M

4 M

142. Gaseous radraste system failure L 1 L4

2 M
3 M
4 L

, 143. Liquid ra&este system failure L 1 L'
2' M 6

3 L
4 L

I 144. Bulk materials tming hoisted to the surface L 3 H
falls off cage 4 g

'

145. Dust and debris collectim systemi (form mine L 3 ti
develynent activities) failure 4 M >

'
146. C%erator falls down the service shaf t L 3 H

4 M

147. Loss of offsite electric power M 1 L
2 M
3 M*

4 M
!

148. atstatim transformer failures M 1 L
2 L
3 M
4 M

149. Electrical equlgment causes cgeratcr injury M 3 M

150. ions of ventilation in the mine develquent area L 3 H

151. Atter-tired haulage system hite pmer lines, M 3 M |unter lines, etc. 4 M,
,

'

; 152. Mine, conwyor system falls M 3 M '

153. Encavatica activities cause operator injury M. 3 M
i

i

1

hI * Types 1 = pelic radiological e=p=wes 2 = -g=tional radiological exposures . i( 3 = -g=timmt nonradiological conswpenoep 4 = ispects repository availability 5 = long-term effects i

**H - hi@s M - seditans L - laws IL - very 1(a# |

!

I

r
.

1

2-64



2.3. ACCIDENT SCENARIO DEVELOPMENP

Initiating events identified in Section 2.2 (Tables 2-3 through 2-10) with
a rating higher than L (1m) in either event frcquency 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
unique path of assumed intermediate event successes and/or failures leading
either to a consequence of interest or accident mitigation.

Developnent of event trees for all initiating events given in Section 2.2
is a significant task; hwever, many models are already available from previous
studies of repository concepts and retrieval feasibility. These models are
cmpatible with the event tree format and used with only minor modification for
the basalt repository concept. Requirements for new logic model develognent
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 developnent 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 allw consider-
ation of a composite initiating event, noting that the frequency data used for
this initiating event should be the sum of the contritutors. 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 vulnerability 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 grsonnel does not rcquire logic modeling as
available statistics provide worker injury and fatality for activities similar
to those required for repsitory operations. Data from rail handling, ware-
housing, and mining operations encompss most of the occupational health
hazards expcted during preclosure activities. Risk due to occupational injury
can be quantified directly from the date.

~

'Ihe fc11 ming sections ' describe the developnent of event trees for each
major repository area. Retrieval is developed separately (acknwledging sane
overlap in the sequences) to enable future consideration of this step as an
option rather than an integral part of the waste disposal process.
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2.3.1 Arrival Area

Initiating events identified for the arrival area are given in Table 2-3.
All transportation-related accidents are grouped into a single event tree (Fig.
2-22)3
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 mechanims.

We 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

4 surface portion of the facility as the target area. W e frequency of the event
is expected to be low but the potential for radioisotope release is high,
regardless of specific area or mitigative system. We event tree is given in
Fig. 2-24.

Wis approach groups the same initiating / derailment event tree isevent in different areas
into the same event tree. The arrival area collision
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 manentum' impact is inherent, to the extent that containment ort

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-

t 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. Wey
are justifiable intermediate events in veident scenarios where impact or crush
may increase their occurrence probabilit.y (given presence of combustibles or.
explosives). In addition, fire and explosion 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).

1

\_----

3 Figs. 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 Receivina. Area

Initiating events capable of causing accidents in the wachdown and receiv-
ing area were identified in Table 2-4. Transportation-related events can'again |

, be lurrped 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.

.I 2-22).

Pupture or improper connection of the ra&aste sample line is treated in
Fig. 2-29. Personnel expsure will definitely occur given the initiatingi

event; offsite release can be prevented by proper operation of the airlock seal
and the secondary confinement exhaust system. Wis 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% mS 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

j entire surface portion of the facility. Other events including earthquake,
' windstorm, fire, and explosion would cause the same consequences in the

receiving area as in the arrival area. Were 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

i single set of event trees (Figs. 2-25, 2-26, 2-27, and 2-28).

2.3.3 Unloading Areg'

Activities in the unloading area will normally occur with the protection'

of one or two sets of airlock door seals (depending on specific activity)
i 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

i strength of the shipping cask tends to limit the number of credible initiating
events prior to this point in the disposal process.

i 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 doors 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. is 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 enk
mouth to form an airtight seal. The hot cell and cask shielding doors 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. Wese events include (see Table 2-5) hot cell shield
collar seal failure, vehicle clamping / leveling system failure to mintain
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 cctnbined 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. Either
exhaust system is capable of preventing radiological hazard provided the unload
area is isolated from the own environment (both the receiving area and cask
pregration area airlock doors are closed).

Prircary 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 autcznatically on loss of A (no operator action
required). We secondary confinement system, however, consists of three 50%
capacity exhaust trains, .one in standby and assumed to require operator action
to initiate. Sus, 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.

%e 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 radioactive gases and
possibly volatiles to the hot cell environment. We event tree for this event
is given in Fig. 2-31 assuming the seals with the unload area and the holding
area are intact. %is 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 radioactive releases to the hot cell environment. The initiating and
intermediate events are the same, only the potential release fraction is
different.

We 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
(e.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 consequence types. In this manner,
all systems, processes, and actions of importance to plant throughput,
personnel 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.

|

We external event tables are given by process area in accor&nce 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. %ey can act in a more

i subtle way by causing a power failure, but this is addressed in the fault trees
representing the various hydraulic and Eneumatic systems involved.

We other event tree in Table 2-11 is canister drop during movcment 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 roco 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 Irechanical
system fault tree) because of loss in lighting; but, provided normal design
standards of battery-backed emergency lighting are follcwed, these events are
not deerred credible.

2.3.4 Secon&rv Area

Pctential 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. Wis includes drops while the canister is suspended over
another canister or when discharging canisters to the holding area.

Activities unique to the secondary area require separate event tres.
Smear testing, canister inspection, overpack installation / welding, and leak
checks all present potential hazards. Smear testing and welding incidents both

.

puncture the canister inside 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 unicoding 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 te affected try earthquake, explosion, and fire. Table
2-12 lists the event trees developed for the secorxlary area and the external
events considered for each.

|
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2.3.5 Hot Cell Discharge to Placement

he process steps involved in discharging 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 m. placement and decontaminated in the secondary
area are transferred out of the protected hot cell / secondary area through the
fuel discharge port. A transfer cask (dilferent frm 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 tne seal
should be lost, the canister will be exposed to the local environment surround-
ing the waste shaft head frame. % e canister must either be' leaking or possess
significant external contamination to create a radiological hazard. Neither
condition is highly probable as the canister is subjected to weld inspection
and mear-tested prior to loading. Hwever, the accident that causes loss of
seal could also affect canister integrity.

%e prirary confinement exhaust ventilation system serves the hot cell /
secondary area. If this system is in operation, the air fim will be from the

load area / waste shaf t headframe environment into the hot cell. Another venti-
lation system serves the waste shaf t and headframe area. If the primary con-
finement exhaust system is unavailable, this system would remove airborne
activity from the imediate 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, autcznatically 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. W e air fim pathway is
open for these cprations and the ventilation source is the same (shaf t exhaust
system). Air f1 ms from the subterranean level up the waste handling shaft to
the shaft exhaust and filtering system. This comonality of event and conse-
quence all m s 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 rm. oves air through the waste handling shaft. A separate
exhaust system exiting through a separate shaft to the confinement exhaust
building renoves additional air. %ese two systems are dedicated to placement
operations (the confinement area); three other ventilation systems are used for
mining developnent. The confinement building exhaust systen does not normally
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have HEPA filters in-line. When an alarm signal indicating radioactivity in a
shaf t is received, the filters are autmatically valved in line with the
exhaust blwers through a series of valve arrangements designed to prcvent a
temporary overpressure problem. In order to avoid an offsite release, the
sensing system has to function, follm ed by the valve realignments.

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

External events capable of disrupting process ficw and generating the
consequences of interest are divided into surface and subsurface contributors
to include consideration of waste transport frm the hot cell discharge to the
subterranean placement area. Aircraft crash was already included for the
entire surface portion of the facility. Subsurface damage due to these events
is not conaldered 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 earthquake, explosion, fire, rock deformation,
uplif t or subsidence, or subterranean flooding (including loss of sump pmps).
Transporter breakdown (Fig. 2-37) is also possible due to these same external
events. In this case, however, local evacuation would already be underway due
to the event itself. %e 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 dolly 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. % ese events are grouped together in Fig. 2-38.

:
'

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

1
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of the hydraulic ram ejection unit, and overspeed of canister placement dolly. I

! hese events are canbined into a single canister breach event given in Fig.
2-39.;

l Two further initiating events can occur during removal of the cask from
! the buenole. These are the failure to remove the dolly shield door mechanism

frce a full' borehole and installation failure of the storage plug / retainer
ring. Wese events have the same local consequences as the preparation and;

j cask alignment events. Consequently, they are grouped into the event tree

|
shown in Fig. 2-38.

We influence of external events in the placement area is determined try
; examining the placement procese event trees for vulnerability to each external

event considered (see Table' 2-14) . Cask to borehole preparation, alignment,
,

and removal error (Fig. 2-38) can be caused by all the external events .under*

consideration including earthquake, rock deformation, flooding (including loss
: of sump pumps), fire or explosion. Canister breach during insertion into the
! borehole (Fig. 2-39) can also te caused by earthquake roci; deformation, or

explosion.

] 2.3.7 Petrieval

Retrieval is an option for repository yxrations; not an integral part of,

j the waste processing activities. As such, it is treated separately in this
j analysis although many of the events and subsequent accident scenar2os are the

same. We cbjective is to prc71de a measure of relative risk strictly due to4

retrieval operations that would be considered in addition to emplacement risk.i

i Retrieval activities are detailed in Section 2.1.8.2; potential initiating
events are given in Table 2-9.

We first section of initiating events represent " normal" retrieval; that
,

is, retrieval within a brief period (two years) following emplacement. For
p this option, retrieval is mostly a reversal of the ercplacement process. Events
; and event trees will also be similar,
f

A Events addressing . borehole preparation, cask alignment, and cask removal
are grouped together to form the single initiating event in Fig. 2-40. In this1

'

tree, the intermediate event " canister intact" refers to the survivability of
the canister during storage, not damage due to the initiating event.

Were are two events capable of breaching the canister during removal.
% ese include inadvertent cask rotation and-loss of grapple extension control.
Wese events are treated as a single iriitiator in Fig. 2-41.,

|
i Transporter accidents'during cask movanent from the borehole to the waste

shaft area similar to emplacement (see Fig. 2-42) . Puncture is not considered
a credible release nechanism as transporter speed is limited to less than4

10 mph. An additional event tree given in Fig. 2-43 is necessary to represent'

i occupational exposure hazard from transporter breakdown,
i

. The canister can be breached by several types of transport accidents
!

|
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; during transporter unloading, movement to the surface, and transfer to the hot '

; cell secondary area discharge port. .%ese events include transporter novenent
during cask unloading, cask drop during underground or surface crane transfer

j (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 requirements and potential4

consequences. Figure 2-44 is the event tree for all cask breach accidents

i associated with movment frm 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. %e event tree for canister
damage during rm. oval from the transfer cask to the secondary area ty the hot4

cell / secondary area crane is given in-Fig. 2-46.
,

. Mditional events in the retrieval process are for " delayed retrieval,"
where torehole 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. % ree

i 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 grouped into a single initiating event expanded into an

i event tree in Fig. 2-47.

We inclusion of external events is similar to the preceding sections,
except for aircraft crash which is developed separately for retrieval
operations. %is separation is to maintain the capability of evaluating
incremental risk due to the retrieval option separately frm emplacement
activities. Figure 2-48.is the event tree for aircraft crash during retrieval

j operations. Table 2-15 provideo a list of retrieval event trees and external

i events to be considered for each.
A

| Failures and human error during borehole preparation, cask alignment and
; reac;al, and borehole plugging are rusceptible to earthquake, rock deformation,
'

and explosion (Fig. 2-40). Canister breach during retrieval can be caased 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,

j fire, and explosion.

Transporter breakdown (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) .

t

| Loss of seal between the hot cell secondary ficor 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 to1the hot cell second-
ary area (see Fig. 2-46) can be caused by earthquake, fire, and explosion.
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Cvercore machine failure depicted in Fig. 2-47 can be increased by.
earthquake, uplif t/ subsidence, rock deformation, 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 adjustment to reflect a degraded state given the external event.'

2.3.8 Service and Supoort Svstems

Several service systems have appeared as intermediate events in the event
trees developed for each process area. Wesc 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
j confinement exhaust ventilation system to provide a continual air flow and to
! keep the pressure differential in a direction from least to most contaminated.
I Failure of this system would cause seepage ficw 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 events4

; given in Table 2-10.
!
) A loss of confinement ventilation during repository operations would
j require an evacuation of the underground waste placement regions (not active~

j mining areas, which are serviced by separate ventilation). The subterranean
i envircrraent would~ rapidly increase in temperature to the point where tranned
'

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 frcan the subterranean environment as rapidly as possible and having
alternate air supplies / circulation available. %is event does not contribute
directly to offsite release potential.

Failure of the gasecus and liquid radwaste systems to contain radioactive
effluent from the fuel diaposal 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. Wese

; events include material hoist failures, operator injuries associated with the
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service shaf t, and mining ventilation system failures. %ese hazards are well-
|understood frcrn mining experience.
1

!
We loss of offsite power does not directly cause any accident ec3uences

to occur; bcwever, it is influential in many existing event trees due to the
reliance of system components en either normal or standby power systems. Many
processes are dependent on electrical power tot no repository systems involve
the confinement or control of a highly energetic process; consequently, loss of
site power is examined as a centributor to other system failures rather than a
separate initiator.

External events capable of disrupting service and support systems are
given in Table 2-16 according to the initiating event (and event tree) each

I 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 standby Fower) . 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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TRAIN / TRUCK COLLISIONS OR NO EXPLOSIO*4 rIRE PREVENTED CASK INTACT CONSEQUENCE ;

DERAILVENTS OR CONTAINED TYPES '
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Fig. 2-22- Train / truck co111sions/ derailments in arrival, |-
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washdown and receivir.g, or the unload area. !
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BREACHED CANISTER / RECEIVING AREA RECEIVING AREA SECONDARY CON- OPERATOR ACTUATES SECONDARY CON- CONSEQUENCESHIPPING CASK RADIATION MONITOR AIRLOCK DOORS FINEVENT EXHAUST SECONDARY CON- FINEMENT EXHAUST TYPESUNDETECTED 01 DETECTS ACTIVITY REMAIN SEALED VENTItATION FINEMENT EWHAUST VENTILATION SYS-RADIATION VONITOR- SYSTEM sNORVAL) VENTILATION SYS- TEW (STANDBY)ING SYSTEU IN OPERATES TEM (STANDBY) OPERATESYARD AREA
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Fig. 2-23. Breached canister / shipping cask escapes detection by radiation tnonitoring system in arrival yard.
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AIRCRAFT CRASHES INTO REPOSITORY NO EXPLOSION FIRE PREVENTED CASK INTACT CONSEQUENCE
SURFACE FACILITIES OR CONTAINED- TYPES
A3 83 C3 D3
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Fig. 2-24. Aircraft crash onto repository surface facilities.
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EARTHQUAKE DAVAGES ARRIVAL / NO EXPLOSION FIRE PREVENTED CASK INTACT CONSEQUENCESTORAGE YARD OR CONTAINED TYPESEQ B4 C4 D4
. . . - - . _ _ _ _ _ _ . - - . _ . - - - _ - . . . - _ . - - - - - - - _ . - - _ _ . - - - - _ - _ . . _ - . . - - - _ - - - - - - - - - . . - _ _ . _ - _ - . . . . . - - _ _ _ . - . _ _ . - - - - _ - - - _ - - _ . - _ - - - _ _ _ .

_ _____-.-----------NA
______...___________

--------------------I 2 3 4, , ,
________-_______-_-.

---____........________.._-____..-------I ,2 3 4, ,

..-_______ _..________.-___.-_--..___ ..
.-----._-__- ..__-_3 4-,

____ _________-_____

N ' ~~"~~~~~~~~~~~~~~~ * #* * *
l _______.--.________

4
g3

___-_-___________.----------------------I 2 3 4, , ,

,

6

>

.L

:
i
>

!

Fig'. 2-25. Earthquake damages arrival / storage yard area or the vashdown and receiving area.
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WINDSTORM DAMAGES ARRIVAL / NO EXPLOSION FIRE PREVENTED CASK INTACT CONSEQUENCE
STORAGE YARD OR CONTAINED TYPES
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Fig. 2-26. Windstorm damages arrival / storage yard area or the washdown and receiving area.
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FIRE OCCURS IN ARRIVAL / NO EXPLOSION CASK INTACT CONSEQUENCE
STORAGE AREA, TYPES
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Fig. 2-27. Fire in the arrival / storage yard area or the washdown and receiving area,
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EXPLOSION OCCURS IN FIRE PREVENTED CASK INTACT CONSEQUENCE
ARRIVAL / STORAGE AREA OR CONTAINED TYPES
EX B7 C7
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Fig. 2-28. Explosion in the arrival / storage yard area or the washdowa and receiving area.
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RADWASTE SAVPLING AIRLOCK SEAL SECONDAR) ( Or. OPERATOR ACTI- 50% STANDBY CONSEQUENCE
LINE RUPTURE /00RST REVAINS INTACT FINFVFNi VE NT VATES 50% STANDBY CONFINEVFNT VENT, TYPES
OR IVPROPER SYSTEV A OR 0 SYSTEV FAN OPERATES
CONNECTION OPERATES
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Fig. 2-29. Radwaste sampling line rupture or improper connect.
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LOSS OF FUEL CASK UNLOAD RECEIVING PRIVARY SECONDARY OPERATOR STANDBY CONSEQUENCESEAL BET- CANISTERS PREP. AREA AREA AREA CONFINEVENT CONFINEMENT ACTUATES SECONDARY TYPESWEEN HOT INTACT AIRt.0CK INTACT AIRLOCK- VENT. VENT. STANOBY CONFINE-CELL FLOOR INTACT INTACT SYSTEV SYSTEM A SECONDARY MENT SYS-AND CASK A OR D- OPERATES VENT. TCU OPE-LIP OPERATES SYSTEU RATESA9 89 C9 D9 E9 F9 G9 H9 19
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Fig. 2-30. Loss of seal between hot cell floor and cask lip during unloading operation.
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CANISTER CANISTER (S) HOT CELL CELL UNLOAD RECEIVING PRIMARY SECONDARY OPERATOR SECONDARY CONSEQUENCEDROP BY RtVAIN PORT PREP, AREA AREA CONFINE- CONFINE- ACTUATES CONFINE- TYPESHOT CELL INTACT SEAL AREA AIRLOCK AIRLOCK UENT EX- VENT EX- SECONDARY VENT EX-CRANE OR INTACT AIRLOCK INTACT INT AC T- HAUST HAUST CONFINE- HAUSTOPERATOR INTACT VENT. VENT. VENT VENT,
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Fig. 2-31. Canister drop by hot cell crane or operator error during shipping cask unloading.
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CANISTER PUNCTURED FUEL RODS PRIVARY CONFINE. CONSEQUENCE
DURING HANDLING IN REVAIN INTACT VENT SYSTEV TYPES
SECONDARY PROCESS AREA OPERATES (A OR B)
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Fig. 2-32. Canister punctured during handling operations in the secondary process area.
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LIQUID RAn- ACTIVITY DE T EC TEi SECONDARY CON- OPERATOR ACTI- ' SECONDARY CON- CONSEQUENCE
WASTE LEAKAGE IN SECONDARY fINEVENT SYSTEM VATES STANDBY FINEVENT SYSTEV TYPES
FROM PROCESS CONFINEuENT Ex. A OPERATES SYSTEV B B OPERATES
TANK TO SECON- HAUST SYSTEV
DARY CONFINE-
WENT AREA
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Fig. 2-33. Liquid radwaste leakage from process tanks to secondary confinement area.
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I LOSS OF SEAL BETWEEN HOT CELL LANISTER REWAINS PRIMARY CONFINE- WASTE SHAFT CONSEQUENCE
SECONDARY FLOOR AND TRANSFER INTACT VENT EXHAUST VENT. EXHAUST VENT. TYPES
CASK LIP (NO CONTAVINATION) SYSTEM A OR 8 SYSTEM A OR B

OPERATES OPERATES
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; Fig. 2-34. Loss of seal between hot cell secondary area floor and transfer cask lip.
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TRANSFER CASK DAVAGED DUE TO IUPACT TRANSFER CASK FUEL CANISTER WASTE SHAFT CONSEQUENCE
FROM HANDLING / TRANSPORT ACCIDENT REVAINS INTACT REWAINS INTACT EXHAUST VENT. TYPES

SYSTEM A OR 8
OPERATES
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I Fig. 2-35. Transfer cask damaged due to handling accident during transport from hot cell area to placement.
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TRANSPORTER F1RE PREVENTED RADIOACTIVITY INST. WASTE SHAFT CONFINEMENT CONSEQUENCE
COLLISION / FAILURE OR CONTAINED ALARMS TO ACTIVATE EXHAUST SYTEv EXHAUST SYSTEM TYPES
DURING CASK SURFACE FILTERS OPERATES (A&B) OPERATES
TRANSFER TO
PLACEVENT
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Fig. 2-36. Transporter collision during cask transport to placement.
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TRANSPORTER BREAKDOWN TRANSPORTER CASK UNLOADED CONSEQUENCE
DURING CASK 90VEVENT T0*ABLE TYPES
A16 B16 C16
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Fig. 2-37. Transporter breakdown during cask transport.
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CASK PREP AND ALIGNVENT TRANSPORTER CONSEQUENCE- '

TO BOREHOLE FAILURE OR ERROR V0VABLE TYPES |A17 ' B17
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Fig. 2-38. Preparation, alignment to borehole and removal failure or error.
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CANISTER BREACH FUEL RODS CAsn TO BORE- RADI0 ACTIVITY CONFINEVENT CONSEQUENCEDURING INSERTION INTACT HOLE SEAL INTACT INST. ALARMS EXHAUST SYSTEU TYPES
OPERATESAIS BI8 CIS D18 E18
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Fig. 2-39. Canister breach during insertion into borehole.



BOREHOLE PREPARATION, CASK ALIGNVENT, CANISTER INTACT RADI0 ACTIVITY CONrINEVENT CONSEQUENCE
OR REV0 VAL FAILURE OR HUVAN ERROR INST. ALARVS EXHAUST SYSTEV TYPES

OPERATES
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Fig . 2-40. Failure or error associated with borehole preparation, cask alignment, or removal for retrieval operation.
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CANISTER BREACH FUEL ROOS CASK TO RADI0 ACTIVITY CONFINEWENT CONSEQUENCEDURING RETRIEVAL INTACT BOREHOLE SEAL INST. ALARWS EXHAUST SYSTEW TYPES
FR0w BOREHOLE INTACT

'

OPERATES
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| Fig. 2-41. Canister breach during retrieval from borehole.
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TRANSPORTER FIRE *REVENTED RADI0 ACTIVITY CONFINEwENT *ASTE SHAFT CONSEQUENCE
COLLISION DURING OR CONTAINED INST. ALARWS E*HAUST SYSTEw EXHAUST SYSTEW TYPES
CASK TRANSFER OPERATES OPERATES (A&B)
TO WASTE CAGE
A21 821 C21 021 E21
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Fig . 2-42. Transporter collision during retrieval,
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TRANSPORTER BREAKDOWN TRANSPORTER CASK UNLOADED CONSEQUENCE
DURING CASK WOVEVENT T0*ABLE TYPES '

A22 B22 C22
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Fig. 2-43. Transporter breakdown during retrieval transport.
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TRANSFER tASM DAWACED DURING TRANSFER CASM FUEL CANISTER WASTE SHAFT CONSEQUENCE
LOADING, TRANSPORT TO SURFACE, REWAINS INTACT REWAINS INTACT EXHAUST VENT. TYPES
AND UNLOAD SYSTEW A OR B

OPERATES
A23 B23 C23 D23
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Fig . 2-44. Transfer cask damage during load, transport to surface, and unload.
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LOSS OF SEAL BET *EEN HOT CELL FUEL CANISTER PRIWARY CONFINE- *ASTE SHAFT CONSEQUENCE
SECONDARY FLOOR AND TRANSFER REWAINS INTACT WENT EXHAUST EXHAUST VENT. TYPES
CASK LIP VENT. SYSTEW SYSTEU A OR B

A OR B OPERATES OPERATES
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Fig. 2-45. Loss of seal between hot cell secondary floor and transfer cask lip - retrieval.,
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CANISTER FUEL HOT CELL PRIWARY SECONDARY OPERATOR SECONDARY CONSEQUENCE
DROPPED OR CANISTER DISCHARGE CONFINEVENT CONFINEVENT ACTUATES CONFINEVENT TYPES
JAvuED REVAINS PORT SEAL EKHAUST EXHAUST STANDBY EXHAUST
AGAINST INTACT INTACT VENT. VENT. SECONDARY VENT.
PORT WALL SYSTEu A OR 8 SYSTEW EXHAUST SYSTEM
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_______________ .._______-____[_______________..__________.__________..__.___________...N4__ ____________..__________... __________.....-------------1 2 4, ,

_______________ _._---_______________ ...___- _____.-_ ___... ____ -------__NA

____________..._-_________ _______________-__2
.... --..----__

ss __...__ _______2
i

y
_______________ _______________

---------------I ,2,4
_______________c,

...___..__-___________.-------I ,2 4,

Fig. 2-4 6. Canister damaged during transfer cask unload.
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I OVERCORE WACHINE CANISTER FUEL RODS RADI0 ACTIVITY OPERATOR CONFINEMENT CONSEQUENCE
FAILURE / INTACT INTACT INSTRUVENT WANUALLY TRIPS EXHAUST SYS- TYPES
OPERATOR ERROR ALARUS EXHAUST FILTER TEM OPERATES
A26 826 C26 D26 E26 F26
_-___- ........--___...........-_-_----____---.... - - ..-...-_-.......-___--_.--_____-----____----__-_--___ -.__---_____-____

.--.___..--_-_-__-._____...__.....__...........--_____--___.-----__-__---___.-_______4

___.-_-____-._--____
_____ .. ....-_______. ...____ __-___________--____________ ..-------- 2 , 4

..__________.---- 2 4,
.-____________..-- ___.--_---_..----___.-______.._____.

_.------------_---I ,2 4,

...___.----------2 4.__...________-- .
,m ____.-____________

t
.._______-___----I 2, 4r- ,

___________-...___o
s. ------------------------------------I 2 4, ,

Fig. 2-47. Overcore machine failure during delayed retrieval.
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AIRCRAFT CRASHES INTO HOLDING NO E*PLOSION FIRE PREVENTED CASK INTACT CONSEQUENCE
AREA OR WINE SHAFT HEAD FRAWE OR CONTAINED TYPES
DURING RETRIEVAL
A27 827 C27 D27
------------------------------------------------------------------------------------------------------------------------

es
'

r-------------------3 4,

-------------------Q-------------------Ica
2,3 4oa , ,

--------------------

.---------------------------------------I 2 ,3 4, ,

---------------------------------------- -------------------a , 4
-------------_-----.

--------_----_-----I 2,3 4, ,
----------_---------

--- -----------------------------------I ,2 3 4, ,

Fig. 2-48. Aircraft crash into holding area or mine shaft head frame from retrieval operation.
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LOSS OF CONFINE- WASTE TRANSPORT 4 OC AL Ewir.ENCv PERSONNEL ACCESS WASTE TRANSPORT CONSEQUENCE
WENT VENT. SYSTEW SHAFT EXHAUST AIR AVAILABLE SHAFT CACE SHAFT CACE TYPES

SYSTEW A 09 0 OPERATIONAL OPERATIONAL,

i OPFRATIONAL _
A28 B28 C28 D28 E28
__.______ .___________...___ ____...___..__...____...._______..__........_______________......_____ ........_________...

.___________._____..________________.___NA

.__.__________ ...__ .......___........__NA
.___..._________....

oa
| --------------------2 ,3 4,:

--
...____ _____. __...

o -______________.--__.____....-----------2
W

_____ _________ ..--2.__.._____.... __...

____...__...__...___

__..___________ ____ .______ ..-----.----2 4,

.______ _______.__._......-___....__..__7

-_-----..------_---- ----..------------- --------------------? 3 4, ,

.....______________.

..____.._____.....__7 3 4, ,

Fig. 2-49. Loss of confinement ventilation system during emplacement or retrieval operations.
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GASEOUS RADAASTE SYSTEU PRIwARY CONFINEVENT CONSEQUENCE
j RUPTtJRE/F AILURE TO EXHAUST VENTILATION TYPES

ISOLATE CAS SYSTEw A OR B
[

| OPERATES
A29 029
.....-________.......__... .. ___.______...__...____............... __

y......__.......---.2 4,

__..._______..____._.._______.

---------- ---------I ,2 4.

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

w
o
A

LIQUID RADWASTE SYSTEU PRIWARY CONFINEVENT CONSEQUENCE
RUPTURE / FAILURE TO EXHAUST VENTILATION TYPES
ISOLATE LIQUID SYSTEU A OR B

OPERATES
A30 B30
....._______..___..._____...____. ....___......_____________...________

..____.___. .__.____2 , A

|___.___..... __.._____________

...__....._---------I 2,4,

I

Fig. 2-51. Liquid radwaste system rupture / failure to isolate liquid.
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TABLE 2-11
UNLDADIbG AREA EXTERNAL EVENT (I)NSIDERATIONS

Event Tree External Event

Loss of Seal between Ilot Cell Earthquake

Floor and Cask Lip Explosion in Urdoad Area

Canister Drop by Hot Cell Crane Earthquake

or Operator Error During Cask Explosion

Fire

..
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i
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TABLE 2-12
SECONDARY AREA EXTERNAL EVENT CDNSIDERATIONS

i

; Event Tree External Event
s

I

Canister Punctured During Handling Earthquake'

!

in Secondary Process Arca Explosion
;

i

Liquid Radwaste Leakage from Process Earthquake

Tank to Secondary Confinement Area Explosion

Fire

!

!

!
:

!

4

|

}
,

!

;

s

!

I

i

1

!

I
1
4

}

}
t <

b
v

!
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TABLE 2-13
for CELL DISOIARGE '10 PLACEMENT

EXTERNAL EVENT CONSIDERATIONS

Event Tree External Event

,

Loss of seal between hot cell Earthquake

secondary floor discharge and transfer Explosion
;

; cask lip

:

I

Transfer cask damaged due to impact from Firei

I
handling / transport accident Explosion

Earthquake

i Rock deformation (cave-in)

I

| Transporter collision / failure during Earthquake
!

j cask transfer to placement Explosion
!
| Fire

Rock deformation
|

: Uplift or subsidence

subterranean flooding

i

k

i

.I

:

i
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TABLE 2-14
PLACEMENT AREA EXTERNAL EVENT (DNSIDERATIONS

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

_ _

i

1

l
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TABLE 2-15
RE7IRIEVE - EX'IERPE EVENP 00NSIDERATIONS

Event Tree External Event

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

Explosion

Canister breach during retrieval Earthquake
Rock deformation
Explosion

Transporter collisions Earthquake
Rock deformation
Fire
Explosion

Transporter breakdown Explosion
Rock deformation
Flooding
Fire

Transfer cask damage during transport Earthquake
Rock deformation
Fire
Explosion

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

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

Explosion

Overcore machine failure Earthquake
Uplift / subsidence
Rock deformation
Flooding
Fire
Explosion

i
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TABLE 2-16
SERVICE AND SUPIORT SYSTEM EXTERNAL EVENP 00NSIDERATIONS

Event Tree External Event
-.

Loss of confinement exhaust Fire

ventilation system Explosion

Earthquake'

Windstorm

Lightning

Gaseous or liquid radwaste system Fire

rupture / failure to isolate Earthquake

Explosion

Loss of offsite power * Fire

Explosion

Earthquake

Windstorm

Lightning

Flooding

Loss of standby diesel power * Fire

Explosion

Earthquake )

*These are contributing events.
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2.4 RESULTS OF ACCIDENP SCENARIO DEV, ELOIY1FRU

2e results of the accident. scenario developnent are grouped into accident
sequences contributing to each of the five consequence types considered. In
order to present the accident sequences in a concice and readable format,
events were arbreviated as given in each tree. The appearance of an overtur

,

(e.g. , B2) implies success of the system while the lack of an overbar denotes
system failure.

Boolean algebraic reduction techniques 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 requences 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. %e sequences are
divided into those that occur during normal emplacement operations and those
that occur during retrieval. Wis will allow retrieval to be treated as an
option in repository operations contributing an additional increnent of risk.

Accident coquences 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 my 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 my increase the failure
probability of mny key plant systems.

2) %e data that will be ured to quantify accident' sequences generated ty
external events may indicate that scxne intermediate events have a
failure probability of one (given the external event). %is is not
accounted for in the sequence listings.

3) Boolean reduction techniques 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.g.,
radiological) into release categories ( see Section 3). When these
categories are explicitly defined, the accident ocquence will require
reassembly and additional reduction to adequately account for
contributors to each level of release within a given consequence type.
We independent accident ~ sequence tables presented in this report may,
therefore, be preliminary as each respective consequence type is

j treated as an entity in the reduction,

i
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TABLE 2-17
ABEREVIATIONS USED FOR EXTERNAL EVENTS INITIATORS

i

EQ EARH! QUAKE
EX EXPLOSION
FI FIRE
RD ROCK DEFORMATION
US UPLIFT / SUBSIDENCE
SF SUBTERRANEAN FLOODING
WD WINDSTORM
LI LIGHTNING

,
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TABLE 2-18
ACCIDENT SCENARIOS FDR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

EMR.ACEMENT

1. Al B1 C1 D1

2. A2 B2 C2 D2 E2 F2

3. A2 E C2 D2 E2

4. A2 5 C2

5. A3 B3 C3 D3

6. A3 @ C3.

7. EQ 5 66 D4

8. EQ 53i C4

9. WD 55 C5 DS

10. WD E5 C5

11. FI 56 C6

12. EX 57 C7

13. EX B7

14 A8 - B8 C8 D8 E8

15. A8 55 C8 D8

16. A8 B8

17. A9 B9 @ iT9 F9 G9 iT9 19

18. A9 B9 Ei Di F9 G9 H9

19. A9 B9 59 D9 E9 F9 G9 19

20. A9 B9 E5 D9 E9

21. A9 B9 C9

22. A10 B10 C10 G10
'

23 A10 B10 C10 Did 60 G10 H10' I10 J10
24. A10 B10 C10 D10 EID G'10 H10 Il0
25. A10 B10 C10 D10 E10 F10

'

26. A10 B10 C10 D10
27. All B11 C11

28. A12 B12 C12 D12 E12
29. A12 552 C12 D12
30. A12 B12

|
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TABLE 2-18 (continued)

ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

EMPLACEMENT
t

'

31. A13 B13 C13 D13
32. A14 B14 C14 D14
33 A15 B15 CIS D15 EIS
34. A15' B15 C15 ET5
35 A18 B18 C18 DI5 E18
36. A18 B18 C18 D18
37. A29 B29
38. A30 B30
41. EQ B9 @ @ 5 F9 G9 Tl9 19

42. EQ B9 @ @ @ F9 G9 H9

43. EQ 89 @ D9 @ F9 G9

44. EQ B9 @ D9 E9

45. EQ B9 C9 .

46. EX B9 5 5 5 F9 G9 IEJ 19

47. EX B9 @ 5 5 F9 G9 H9

48. EX B9 @ D9 DJ F9 G9

49. EX B9 5 D9 E9

50. EX B9 C9

51. EQ B10 5 D10
,

52. EQ B10 C10 D10 E10 F10
53 EQ B10 C10 D10

54. EX B10. C10 DI6 E10 F10
55 EX B10 C10 D10
57. FI .B10 C56 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 D12 E12 '

63. EQ B12 C12 D12
64. EQ B12

2- 1 14
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TABLE 2-18 (continued);

ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

EMPLACEMENT

65. EX BT C12 D12 E12
66. EX B12 C12 D12

67. EX B12

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

70. FI B12

71. EQ B13 C13 D13-
72. EX B13 C13 D13
73. EQ B14- C14 D14:

74. EX B14 C14 D14

75 FI B14 C14 D14

; 76. ED B14 C14 D14

77 EQ 'B15 CTS D15
^

78. EQ B15 C15
j 79. EX B15 C15 D15

80. EX B15 C15
'

81. FI B15 CT5 D15
82. FI B15 C15

83 RD B15 CT5 D15
84. RD B15 C15
85. US B15 C15 D15
86. US B15 C15;

87. SF B15 F5 D15
88. SF B15 C15

89. EQ B18 C18 DI8 E18
90. EQ B18 C18 D18

91. EX B18 C18 D18 E18

92. EX B18 C18. D18

93. RD B18 C18 D18 E18
94. RD B18 C18 D18
95. EQ B29
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TABLE 2-18 (continued)

ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

EMPLACEPENT

96. EX B29

97. FI B29

98. EQ B30

99. EX B30

100. FI B30
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TABLE 2-19 :

ACCIDENT SCENARIOS FDR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

RETRIEVAL4

i

1. A19 B19 C19 D19."

| 2. A19 B19 C19

3 A20 B20 C20 DEO E20
4. A20 B20 C20 D20

i

5. A21 B21 C21 D21'

6. A21 B21 C21
: 7 A23 B23 C23 D23

8. A23 B23 C23
9 A25 B25 5 D25

10. A25 B25 C25 D25 E25 -F25 G25
11. A25 B25 C25 D25 E25 F25
12. #26- B26 C26 D26 5 F26'

13. A26 B26 C26 D26 E26
14. A27 B27- @ D27
15. A27 IET C27

] 16. A29 B29
17. A30 B30
18. EQ B19 C19 D19

-

~

; 19. EQ . B19 C19
20. EX' B19 Ci9 D19

-

r 21. EX B19 C19
i 22. RD B19 c19 D19

23. RD B19 C19

24. EQ B20 C20 U 6 E20
25. EQ B20 C20 'D20

26. EX B20 C20 D20 E20
27. EX B20 C20 D20t

28. RD B20. C20 D20 E20

! 29. RD B20 C20. D20

| 30. EQ B21 C2- D21
|

|
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TABLE 2-19 (continued)

ACCIDENT SCENARIOS FOR PUBLIC RADIOLOGICAL EXPOSURE (CONSEQUENCE 1)

RETRIEVAL

I 31. EQ B21 C21

i 32. EX B21 El D21
! .

-33 EX B21 C21

34. FI B21 C72 D21
35. FI B21 C21

-

36. RD B21 C21 D21
,

! 37. RD B21 C21
4

38. ED B23 C23 D23
39. EX B23 C23 D23
40. FI B23 C23 D23
41. RD B23 C23 D23

^

42. EQ B24 C24 D24
; 43. FI B24 C24 D24
4 44. BQ B25 C25 D25 E25 F25 G25
4

45. EQ B25 C25 D25 E25 F25'
.

~

j 46. EX B25 C25 D25 E25 F25 G25
1. 47 EX B25 C25 D25 E25 F25
; 48. FI B25 C25 D25 E25 525 G25

. 49. FI- B25 C25 D25 E25 F25
-

50. EQ B26 C26 D26 'E26 F26
51. EQ B26 C26 D26 E26

k 52. EX B26 C26 ' 626 5 F26
; 53. EX B26 C26. D26 E26

54. FI B26 C26 D26 E26 F26
'

55. FI- B26 C26 D26 E26 '

56. RD B26 C26 D26 E26 F26 .

!' 57. RD B26 C26 D26 E26
~

- 58. US B26 C26- D26 E26 F26 ;

59. US B26. C26 D26 E26
' 60. SF B26 C26~ D26 E26 F26

- 61. SF B26 C26 D26 E26

; 2-118
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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. EQ B30

66. EX B30

67 FI .B30

,

=
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TABLE 2-20

ACCIDENT SCENARIOS FDR PERSONNEL. RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMFLACEMENT

1. A1 B1 C1 D1

2. A2

3. A3 B3 C3 D3

4. A3 B3 C3

5. EQ 5 6i D4

6. EQ 5 C4

7 k'D B5 CS D5
~

8. k'D B5 C5

9. FI
~

C6B6

10. EX Ei C7

11. EX B7

12. A8
13. A9 B9 C9 D9 5 F9 G9 5 I9
14. A9 B9 @ 5 5 F9 G9 H9

15. A9 B9 @ D9 @ F9 G9

16. A9 B9 @ D9 E9

17. A9 B9 C9

18. A10 B10 CIO G10
19. A10 B10 C10 D10 E10 F10
20. A10 B10 C10 D10
21. All B11 C11

22. A12 B12 C12 D12 E12
23. A12 552 C12 D12
24. A12 B12
25. A13 B13
26. A14 814
27. A15 B15
28. A16 556 C16~
29. A16 B16
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TABLE 2-20 (continued)

ACCIDENT SCENARIOS FDR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT

30. A17 B17
31. A18 B18 C18
32. A28 B28 C28 D28 E28
33. A28 B28 C28
34 A28 B28

35. A29
36. - A30

37. EQ B9 5 5 5 F9 G9 II9 19

38. EQ B9 5 5 @ F9 G9 H9

39. EQ 89 6 D9 -E9 F9 G9

40. EQ B9 5 D9 E9

41. EQ B9 C9

42. EX B9 C9 D9 E9 F9 G9 H9 19

43. EX B9 C9- i5 -E9 F9 G9 H9

44 EX B9 5 D9 E9 F9 G9

45, EX B9 5 D9 E9

46. EX B9 C9

47 EQ B10 Cl D10
48. EQ B10 C10 D10 E10 F10
49. EQ B10 C10 D10
50. EX B10 C10 D10 E10 F10

51. EX B10 C10 D10
52. EX B10 C10 D10

53. FI B10 CIU G10
54. FI B10 C10 D10 E10 F10,

l 55. FI B10 C10' D10

56. EQ B11 C11

57. EX B11 C11

58. EQ B12 C12 D12 E12
59. EQ EU C12 D12
60. EQ B12
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TABLE 2-20 (continued)
!

ACCIDENT SCENARIOS FDR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT -
:

; 61. EX B12 C12 D12 E12

.| 62. EX B12 C12 D12
63. EX B122

| 64. FI B12 C12 DI2 E12
65. FI B12- C12 D12

3 -66. FI B12

67. EQ B13
,

68. EX B13
.

. 69. EQ B16

70.- EX. B14,

71. FI. B14

i 72. RD B14

73. BQ B15

74 EX B15

75. FI B15

76. RD B15

77. US B15

i 78. SF B15

79. EQ B17

80. EX B17

81. FI B17 -

. . 82. RD B17;

L 83. SF B17
'

84. BQ ~B18 C18
'

85. EX B18 C18 '

86. RD B18 C18

| 87 EQ B28 C28 D28 E28

88. eQ B28. C28

.
89 EQ B28

90. EX B28 .C28 D28 E28
91. EX B28 C28

1
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TABLE 2-20 (continued)

ACCIDENT SCENARIOS FDR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

EMPLACEMENT

92. EX B28

93. FI B28 C28 D28 E28
_

94. FI B28 C28

95. FI B28
_

96. WD B28 C28 D28 E28
_

97. WD B28 C28

98. WD B28

99. LI B28 C28 D28 E28
100. LI E5 C28
101. LI B28

102. EQ B29

103. EX B29

104. FI B29

105. EQ B30

106. EX- B30

107. FI B30

|
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TABLE 2-21

ACCIDENT SCENARIOS FDR PERSONNEL RADIOLOGICAL EXFOSURE (CONSEQUENCE 2)

RETRIEVAL

1. A19 B19
2. A20 B20 C20

3. A21 B21

4. A22 B22 C22
5. A22 B22
6. A23 B23 C23
7. A24 B24
8. A25 B25 C25 D25
9. A26 B26

10. A27 B27 C27 D27 0

11. A27 B27 C27
12. A28 C28
13 A28 B28 D28
14. EQ B19

15. EX B19

16. PD B19

17. EQ B20 C20

18. EX B20 C20

19. RD B20 C20

20. EQ B21

21. EX B21

22. FI B21

23. RD B21
-

24. EQ B22 C22

25 EQ B22

26. EX B22- C22

27. EX B22

28. FI B22 C22

29 FI B22
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TABLE 2-21

ACCIDENT SCENARIOS FDR PERSONNEL RADIOLOGICAL EXPOSURE (CONSEQUENCE 2)

RETRIEVAL

30. SF . 5 C22
31. SF B22

32. RD B72 C22

33. RD B22

34 EQ B23 C23

35. EX B23 C23

36. FI B23 C23

37 RD B23 C23

38. EQ B24

39 EX B24

40. EQ B25 C25 D25
41. EX B25 C25 D25
42. FI B25 C25 D25
43. EQ B26

44. EX B26

45. FI B26

46. RD B26

47. US B26

48. SF B26

49. ER C28

50. EQ B28 D28

51. EX C28

52. EX B28 D28

53 FI C28

54. FI B28 D28

| 55. WD C28

56. WD B28 D28

57 LI C28

58. LI B28 D28
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TABLE 2-22

ACCIDENT SCENARIOS FDR PERSONNEL NONRADIOLOGICAL INJURY (CONSEQUENCE 3)

EMPLACEMENT

1. Al B1 C1 D1

2. A3

3 WD 5
-

C5 D5

4. MD 5 C5

5. FI E C6
~

6. FI B6 C6

7 EX 57 C7

8. EX B7

9 A13 B13
10. A14
11. A15

-

12. A28 B28 CT8 D28 E28
13. A28 B28 D28
14. EQ B13

15. EX B13

16. EQ

17. EX
18. FI

19. RD

|
,
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TABLE 2-23

ACCIDENT SCENARIOS FDR PERSONNEL NONRADIOLOGICAL INJURY (CONSEQUENCE 3)

RETRIEVAL

1. A21

2. A23

3 A27

4. EQ

5. EX

6. RD

7. FI B21

|

|
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TABLE 2-24

ACCIDENT SCENARIOS FOR LOSS OF REFOSITORY AVAILABILITY (CONSEQUENCE 4)

EMPLACEMENT
,

|

1. A2 E E D2 E F2

2. A2 E C2 D2 E2

3. A2 E C2

4. A3

5. WD B5 6 D5

6. WD 55 ' C5
7. FI E C6

8. FI B6 5
9. EX Ef C7

10. EX B7

11. A8
12. A9 B9 6 5 E-9 F9 G9 Ii9 19

13 A9 B9 C5 @ E9 F9 G9 H9

14. i9 B9 55 D9 E5 F9 G9

15. A9 B9 C9 D9 E9

16. A9 B9 -C9

17. A10 B10 C10 G10
18. A10 B10 -C10 D10 E10 F10
19. A10 B10 C10 D10
20. All B11 C11

21. A12 B12 C12 DTE E12
22. A12 B12 C12 D12

23. A12 B12
24.. A13 B13 C13 D13
25. A14
26. A15

27. A18- B18 C18 Di5 E18
28. A18 - B18 C18 D18
29. A28 E 8 C3 D28 E28 j

1

30. A28 B28 D28 l
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TABLE 2-24 !

'

ACCIDENT SCENARIOS FDR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

EMPLACEMENT

31. A29
32. A30
33. EQ B9 55 5 F9 G9 15 'I9
34. EQ B9 5 5 -E9 F9 G9 H9

35. EQ B9 5 D9 E9 F9 G9
-

~ 6. EQ B9 C9- D9 E93
'

37. EQ . B9 C9

38. EX 89 6 5 5 F9 G9 5 19

39. EX 89 5 5 @ F9 G9 H9

40.. EX B9 6 - D9 5 F9 G9

41. EX B9 5 D9 E9

42. EX 89 C9

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 C56 G10

-

50. FI B10 C10 Ei6 E10 F10
'

51. FI B10 -C10 D10
52. EQ B11 C11

53 EX- B11 C11
54. EQ B12 C12 D12 E12
55. EQ 552 C12 D12
56. EQ B12

57. EX B12 C12 D12 E12'

58 EX B12 C12 D12
59. EX B12

60. FI BT C12 D12 E12
61. FI .B12 C12 D12
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TABLE 2-24 (continued)

. ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)!

'
EMILACEMENT

i

: 62. FI B12

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

65. EQ
66. EXq

67. FI

i 68. RD
! 69 US

70. SF
- -

71. EQ B28 C28 D28 E28
'

72. EQ B28 D28
-

73 EX B28 C3 D28 E28
74. EX- B28 D28
75. FI B28 C28 D28 E28
76. FI B28 D28

77. WD E8' CE5 D28 E28
-

78. WD B28 D28

79. LI BE8 C28 D28 E28
- -

80. LI B28 D28

81. EQ .B29
82. EX B29

83. FI B29

84. EQ B30

85. EX B30

| 86. FI B30
4

I

i

,
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TABLE 2-25

ACCIDENT SCENARIOS FUR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)

RETRIEVAL

1. A20 B20 C20

2. A21 B21 C72 D21
3. A21 B21 C21
4. A23 B23 C23
5. A24 B24

6. A25 B25 C25 D25 E25 E5 G25
7. A25 B25 C25 D25 E25 F25
8. A26

9 A27

10. A28 B28 C28 D28 E28
11. A28 B28 C28
12. 12 9 B29
13. A30 B30
14. EQ B20 C20

15. EX B20 C20
16. RD B20 C20

17. EQ B21 C2i D21
--

18. EQ B21 C21
-

19 EX B21 C21 D21
20. EX B21 C21

-

21 FI B21 C21 D21
22. FI B21 C21

23. RD B21 C2i D21
--

24 RD ~B21 C21

25.- EQ B23 C23
26. EX B23 C23

27. FI B23 C23

; 28. RD B23 C23
| 29. EQ B24
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TABLE 2-25 (continued)

ACCIDENT SCENARIOS FOR LOSS OF REPOSITORY AVAILABILITY (CONSEQUENCE 4)
;

RETRIEVAL
I

}
; 30. EX B24

| 31. EQ B25 C25 D25 E25 555 G25
32. EQ B25 C25 D25 E25 F25
33. EX B25 C25 D25 E25 FE5 GF25

.f 34. EX B25 C25 D25 E25 F25

|i 35. FI -B25 C25 D25 E25 FE5 G25
:

2 36. FI B25 C25 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 C28
43. WD B28 C28 D28 E28
44. WD B28 C28

: 45. LI B28 C28 D28 E28
i 46. LI B28 C28
i

47 EQ B29

:! 48. EX B29
;

49. FI B29

| 50. EQ B30

j 51. EX B30

52. FI B30

:

!

I-
!
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TABLE 2-26

ACCIDENT SCENARIOS FOR LONG-TERM EFFECTS (CONSEQUDICE 5)

1. A18 B3
2. A18 B18 CT8

3 A18 B18 C18 D18 E18
4. A18 B18 C18 D3 E18
5. A18 B18 C18 D18

;

i

|

!

|
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3.0 RNSDQUENCE IDENTIFICATION j

te identification and subsequent 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 terms 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 radioactivity release.

Were are several consegmnce 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 consequence to the worker (i.e., occuIntional injury),

4. impact on repository availability,

5. compromise of a repository's ability for long-term geologic isolation
of high-level waste (HIR), and

6. financial impact.

Rese consequence types may be grouped into two general categories:
radiological and nonradiological consequences. The methods for evaluating each
consequence category are quite different. Because of general lack of statisti-
cal data, radiological consequences 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, nonradiological 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.
Padiological consequences and occupational (nonradiological) injuries
contribute to overall financial risk. Repository availability is affected by
accidents and it in turn impacts financial risk.

We following subsections discuss Ehenomena for. each of the consequence
types in detail. This discussion is generally broader than the approach
recocmended for consequence quantificaticn in the next study phase of this
project. . Each subsection contains a reconrnendation regarding the best approach
for quantification of that particular consequence type. Subsection 3.6

'

presents the consequence types recommended for quantification in the next4

project phase.
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3.1 RADIOLOGICAL CONSEQUENCE

Sane 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 nay 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 repository (i.e.,
SURF, H1W, and TRU) have different levels of emissions and different
radiological properties which affect the radionuclide release and transport
mechani ms.

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

The camercial HIM package is a stainless steel canister containing
vitrified waste. It will be overpacked at the repository into a carbon steel
cylinder. A HIM waste canister will contain approximately 2.28 MIEM.

'Ihe repository is designed to accept both spent fuel and Is canisters
(50/50 split) equivalent to 2370 MIEM/yr and 1,600.CH'IRU drums /yr. Based on a
50/50 split between spent fuel and HIM, and a 20-yr schedule of receipt, 7400
BWR canisters (9,768 MrHM),10,100 IMR canisters (13,938 m), and 10,400 HIM
canisters (23,712 MIEM) must be accamiodated. Although the repsitory will
store a large inventory of spent fuel assemblies and vitrified HIM (27,900
canisters), the radionuclide 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 radioisotopes is in the form of solids or rmain bound
in the fuel natrix/ vitrified HIM. 'Ihe 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 Icwer 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 mechanims 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 radiological consequences of
repository accidents, it is convenie.nt to classify the radionuclides on the
basis of their physical forms at the time of the accident: gases, volatiles,

,

,
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and solid particulates (nonvolatile fission products and rautron 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 Radioactive Gases and Volatiles

'Ihe principal radionuclides in this category are H-3, C-14, Kr-85, I-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 biologi-
cally mobile. The quantities of these nuclides which can be released and theirt

i biological effects differ significantly. However, the first four of these
radionuclides 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-"

rent, 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 nd can either become incorporated in the4

2plant material or washed out onto land and water surfaces. The noble gas Kr-85
present in the fuel pin void spaces (gaps) can leak out quickly from defective
fuel elments. When released to the environment, it mixes rapidly throughout
the atr<osphere,

,

; 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 small (for example, relative to Kr-85) its
dose equivalent is many orders of regnitude greater. Of the other volatiles,

Cs-137 dominates the overall inhalation and ingestion hazards. Ru-106 which
forms the vclatile oxide, RuO , is important during high-temperature oxidizingi 4conditions. If RuO is inhaled, it is deposited predominantly in the naso-4

i pharyngeal region. In a repository environment, the highly radioactive RuO4
| will react with dust particles and reduce to RuO , which represents a much9

higher dose to the lungs following inhalation. Ho9ever, the inventory of
,

Bu-106 diminishes relatively rapidly as its half-life is only about one year.

3.1.3 Radioactive 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, a 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 formation and the particle size dis-
tribution are important since particles with Aerodynamic Equivalent Diameter
(AED) of less than about 10 microns could be readily transported in the air
flow and easily inhaled. The radiation hazard is dominated by the plutonium
isotopes (particularly Pu-238) in the fuel and the fission product Sr-90.
Radioactive products contained in the cladding and structural materials pose
minor hazards as no significant fraction is likely to be released as respirable
size particles.

!

i
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TABLE 3-1

KEY RADIOACTIVE MICLIDES

Principal

Radionuclide Half-Life Exposure Mode

Gases

H-3 2.3 y Inhalation
a-C-14 5.73+3 y Inhalation

Kr-85 10.8 y External

Volatiles

I-129 1.60+7 y Inhalation
Rn-106 1.0 y Inhalation
Cs-134 2.1 y 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
An-241 432 y Inhalation
Cm-244 18.1 y Inhalation

|

(a) 5.73+3 = 5.73 x 103
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3.1.4 Source Terms f&r_ Release

%e radioactive source term available for release under accident
conditions at a nuclear waste repository during preclosure activities depends
on several general parameters:

o total radionuclide activity,

o physical proFerties of the release (e.g. , volatiles, particles,
liquids),

o fraction of breached containers,

o size of ruptures, and

o fraction of aerosolized release.

We two types of waste forms of concern in this study are sgnt unreprocessed
fuel (SURF) fran commercial nuclear reactors and vitrified high-level waste
(HW).

In both cases, the radioactive material source of greatest concern
consists of srall 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 prticles can
be produced as a result of normal processes, the largest contribution is due to
accidental loss. The particles of greatest health concern are the aerosolized
particles having AED of 10 # a or 1 css because they are regarded as "respir-
able." % ese 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).

%e liberation and migration of radionuclides from the waste form to the
destination where they can cause health effectc can be broadly considered to be
a two-step process, involving the e'. m" and " transport." he two processes
are related to sane degree because certaia 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 ecenarios discussed in Section 2 of
this report, the entire release process from either spent fuel or vitrified HW
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 repository 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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We barriers, release nochanisms and pathways for both SURF and ilLW are
shwn diagramatically in Fig. 3-2. The most important release mechanism 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 cccurs only when internal pressure (e.g., due to thermal
environments) can build up to the point where the canister containment fails.
Other release processes like diffusion, leaching, oxidation, and crud release
tend to occur subsequent to a rupture and some are only possible fo11 ming a
rupture.

3.1.5 Radionuclide Release _Models

The release models discussed here are spelfically for particulate
release. Release fractions for gases and volatiles have been characterized to
a large extent in previous studies (Wilmot,1980; Wilmot,1981; Walker,1978) .
hus, 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 estinated in previous waste nanagement studies,
large data uncertainties exist because of limited data and the accident-
specific mture of the release.

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

The important canister / fuel elment 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 is the release of radioactive caterial out of a nonintact

canister by the rechanical disruption of the cladding and subsequent depres-
surization of the fuel element. The ncchanical force of an impact can cause a
fuel elanent to bend or becare punctured. As the fill gas and fission gases
vent through a breach in the cladding, a driving force is produced which
carries along other naterials contained in the fuel-clad gap.

%e rupture is a threshold process which occurs when a certain amount of
nechanical energy is transferred to the waste container in the form of impact.
%e 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, hwever, to develop a relatively simple semiempirical expression 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 nass release which can then be converted to
activity bared on isotopic composition.

|
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Figure 3-2 HLW/ Spent fuel release mechanisms, barriers and pathways.
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Thus,

O O

M (r,t)
a

. MI dr fam (t) dt (3-1)=

f (r,t)d0 0

where

MI - mass release due to impact rupture

M (r,t) - aerosoliz~ed mass within the opening for particle sizea
(radius) r at time t-

f (r,t) decontamination factor (within the opening) for particled -

of size (radius) r at time t

fam(t) - fraction of air mass released from the canister at time t

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

to - total time period for the release calculation.

Ma(r,t), the aerosolized mass within the ogning for particles of radius r
at time t, can be expressed as the product of several quantities:

Ma(r,t) M (t) . N(r) .f.L.a (3-2)=
t

where

M (t) - total fuel mass within the inner containment at time tt

N(r) - normalized particle distribution; the lognorml,

distribution is adequate

; f - fraction of failed inner containers (equal to unity if
calculation is performed for inner containment; e.g., fuel

i element)

fraction leaking from breached inner containmentL -

a - aerosolized fraction.

'Ihe differential fraction of air mass being released from the canister at
time t is

3-9
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dm (t) dPc(t) (3-3)afam(t) ,=

% (t) Pc(t)

where

mass of air in canister at time tm (t) -a,

Pc(t) - internal canister pressure at time t.

'Ibe decontamination factor, f (r,t), is the particle depleticn factor dued
to diffusion during ficw and it can be calculated from the follcwing expression

pd(r) l'(t)
log f (r,t) C1 + C2 (3-4)d =

AP(t)D4
where

# - ' air viscosity

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

,
1(t) - leak hole length at t'ime t

t

1
4P(t) - drop in pressure along leak path

!
D - leak hole diameter

C1 and C2 are constants.

The burst rupture mechanism produces releases analogous to impact rupture
but driven ty internal pressure rather than external forces. It occurs in a
severe thermal environment, whereas impact rupture occurs in a severe impact

4

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.

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

MB =GVB (Mo/A)a exp - (c/r) (3-5)
.

where

MB - mass released in a burst

VB - volume of plenum gas vented

3-10
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Mo gap inventory of released element-

A - internal containment (clad) area

T - temperature at rupture location, and

a , a. and c - are fitted parameters based on experinental data.

%e diffusion nechanism 'in steam is only intortant if steam is present; e.g.,
water-cooled cask in a fire accident.

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

-

ND Fo 1 - exp - [(Rot /Fo)] (3-6)=

where

FD - mass released by diffusion

tine interval at diffusion temperaturet -

Ro initial rate of release by diffusion.-

%e value of R can be calculated from the following expressiono

6 (W/P) (Mo/A)a exp [- 7/T] (3-7)R =o

where

W - radial gap width

P - system pressure, and

6,7,a - adjustable parameters based on experinental 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.

i Crud occurs as prticulates in the water surrounding the fuel. Some fission
'

products may deposit with the crud in mall 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.!
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Oxidation is significant only for tmperature conditions well in excess of
430 C.

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

Radionuclides in vitrified HLW 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 rechanism for HW as this waste form is almost completely devoid of
gaseous radionuclides.

3.1.6 ExDosure Pathways and Indivdual Doses

A generalized illustration of the pathways leading to radiation exposure
of humans due to accidental release of radioactivity from the reFository 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 pitme as well as direct and indirect radiation from radioisotopes deposited
on the ground (contamination). Indirect exposure refers to ingestion of foods
which contain radionuclides and milk produced by consumption of contaminated
pasture grass. Response cr control neasures can be taken to reduce both direct
and indirect exposure, depending on the ' severity and timing of the accident.
Typical neasures for direct exposure control are sheltering, evacuation and
iodine tablets. Measures for indirect exposure control include impounding of
local milk and crops.

Important 11guld 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
sedinents, 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, swinning, and fishing. Liquid pathway exposures can be mitigated also
by' response or control neasures.

3.1.6.1 Gasborne Pathways. The term "gasborne pathway" is used here to
designate the release and transport of gases or particulates in the air.
Affected are rep sitory worker exposures in confined volumes of the repository
as well as offsite exposure of the public in the vicinity of the passing
radioactive plumr. 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 (D r rug , or condensible vapor form (at elevated plume2 4
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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) terosol particles from fuel dust, in particular, particles of
respirable size (less than 10 g m AED). This group includes plutonium
radionuclideo.

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

1) . Aerosol 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.

%e 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 trajectory models. %e
following aerosol phenomena are considered in these models:

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

The applicable computer codes for the different aerosol models are
discussed in Section 3.1.8. Weir 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 walls 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 (170) model is
reasonably adequate for the prpose of the present -study since final design

; information on repository compartmentalization is not yet available.

In Section 3.1.5 (Eqs. 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 (M ), diffusion release (Mo),B I

i 3-14
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and oxidation release (leaching mechanisms prtain to liquid pathways). The
mass release can be converted to an activity release for a speific radio-
nuclide by knowing the relative concentration of that nuclide in the canister
gat or on the fuel dust particles.

In the Indoor Air Quality Model, for purposes of calculating doses, some
of the gasborne release nechanisms 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
belcw illustrates the It0 model.

yC Time-dependent
release to
atm.

well-mixed
conf. air Concen. C

Time-dependent
dLq release to

confinement

Canisters

An initial instantaneous release at to of radionuclide n produces an initial
concentration C ,o of that nuclide in the confinement air, which is assumed ton
be perfectly mixed. Thereaf ter, a time- dependent release occurs which is
instantaneously mixed in the confinement air. -In many cases, the rate of time-
degndent release can be described by an exponential function (see Eq. 3-6) of
the form

q go e-A(t-to) (3-8)=

where go is the initial radionuclide inventory remaining after the burst
release at time to, 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 I/O model:

o radioactive decay per exponential constant Ar-
o natural deposition or fallout per exponential constant A.p
o 1cakage rate to the atmosphere Mr linear constant 7.
o recirculation filter cleanup p r exponential constant A c.
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For convenience, an overall removal constant is defined by:

B= Ar+A p+Ac+7 (3-9)-

) 'Ihe differential cquation for time-dependent containment activity c is

,

h= q - BC (3-10)

rate of rate of rate of
conc. activity activity
change added ranoved

t

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

i
'

-A(t-to) - -B(t-to) -B(t-to)e + Qe (3_11)c= e
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 cn 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 mrer/hr (occupational
dose limit). For a given mixture of radionuclide concentrations C1, C2,... C ,N
the actual overall dose rate can be obtained from

i

Dose rate C 2.5=
n __ (3-12)

(MPC)n Vn=

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

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

t

O= 7 C dt . (3-13)
t

i

!
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g= 907 1
~

1_e-A(t-to)I _ 1 ' 'l-e-B (t-to)~ - 1-e-B (t-to) 'Co+
B-A A -

- B - - B - -

(3-14)

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

We 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. We first interval
extends from time to until the parameters change significantly. One can use as
rany 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

On,k

te external whole body dose to a grson at distance z from the confinement can
be calculated in a simple manner by the equation

i N K

Q= (X/Q) Z E On,k En (3-15)
n=1 k=1

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

i N K

b(X/Q) I I On,k EnD (3-16)=gy
n=1 k=1

,

N K

b(X/Q) I I On,k EnD = (3-17)y g ,

n=1 k=1
i

N K-

Q = b(X/Q) I I On,k En (3-18),

n=1 k=1

l
r
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,

where the En are dose effectivity factors for the different organs and b is the
breathing rate.,

;

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

; te neglected.

More complete dose calculations my be made using computer programs which
simulate the plume dispersion and transport, as described in Section 3.1.8.
Sane of these also calculate ground deposition and fallout of prticulates,
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 Liquid Pathways. A brief discussion of liquid pathway exposure due to
crud or leaching release is given here for completeness. Differential
equations describing the one-dimensional groundwater transport of activity
subject to retardation and hydrodynamic dispersion are given in ONNI-121i

| (Bechtel, 1981). Data requirements for the simulation include:
,

'

o Retard 3 tion or sedimentation coefficients
o Groundwater speed
o Rate of containment flow from the repository2

o Dispersion coefficient;

4

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

1 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) human consumption, if any, of potable water, fish, and food produced
by irrigation 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 comitment of
a radionuclide n introduced'into the human body.

A typical dose cquation for liquid pathways is

D C ,P . Fj,n,P Un p (3-19)=j .

;

l

1
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,

i

; Where Dj = dose to the organ j for all pathways P and all nuclides n.

C ,P = activity concentration of nuclide n in the media consumed forn
pathway P (PCi/ liter)

4

Fj,n,P = dose factor for radionuclide n, pathway P and organ j.

f Up = usage term for pathway P, liters /yr.

We dose factors Fj,n,P are well-known and are given in NRC publications. The
. activity concentrat2cns can be estinated from the repository release calcula-
' tion and gross approximations of the groundwater and river dilution. Usage

terms can be appropriately derived from an analysis of the area agriculture and
recreaticnal history.

3.1.7 Recocmended Accroach

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 major
release pathway in the preclosure period. Except for flood, radionuclide

,

release via water pathway is a sicw process which is not likely to affect thet

preclosure 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 consequence 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.-

he release fraction for gases and volatiles given in previous studies,

(Wilmot,1980; Wilmot,1981; Walker,1978) will be used in this project. We
! models discussed in Section 3.1.5 will be applied 'to the extent permitted by
j required data to determine the release fraction of particulates' having AED of
i 10 m or less. For transport of these particulates in confined areas, the

Rather than calculate radiological consequences for each and everyi

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-

j nuclide groups. The list of release categories is so chosen such that the
i 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 - human actions. The statisticalI

sampling process in the CRAC2 code for weather and human response produces a
statistical statement of consequences. Wis is called a risk curve, given

|
|

1

I
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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 doce as
a function of dose. This is basically the same procedure as used in all
nuclear plant PRAs since WASH-1400.

Each accident sequence in the event trees will be assigned a release
category based on the I ysical conditions of the sequence and on predeterminedt
criteria 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 to each category. The category criteria will
te closely based on these typical events and release mechanims. 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 involved in the
characterization of release fractions. To permit the identification of
domir: ant 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 Procrams

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 preclocure activities in a
repository: ORIGD1-S, CRAC2, PADLOC, XOQDOQ, and GASPAR. 'Ihe extent of their
applicability is summarized in Table 3-3. 'Ihese computer programs such as
CRAC2, XCQDOQ, and GASPAR are adequate for offsite consequence calculations
only. ~

ORIGD1-S is a zero-dimensional depletion code which solves the Bateman
equations for radioactive growth and decay of a large number of isotopes
(Mills, 1983). It is an enhanced version of ORIGDI, the ORNL Isotope Genera-
tion and Depletion Code. ORIGDJ-S can be used to estimate the radionuclide|

i inventories in a HIW repository and to estimate the heat and radiation source
terms from radioactive waste packages. Because radionuclide inventory informa-
tion (based on ORIGDI runs) are available in the literature, it is not
necessary to run this code specifically for this project.

3-21
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TABLE 3-2
CUALITATIVE RADIOMXLIDE RELEASE CATEGORY DEFINITION

Release
Category Belease Mechanim(s) Radionuclide Release * Typical Events

I Heatup of failed fuel All noble gases, most volatiles, Severe impact or release coupled
~

during fire or explosion significant fraction of nonvolatiles with fire or explosion
driving off volatile and from amount of failed fuel involved
nonvolatile radicouclides in the accident

II Limited heated fuel All noble gases, si@ ificant fraction Ttsporary loss of cooling to

release (<1400 C) or of volatiles, anall to moderate canisters; severe impact and
y severe aerosol release fraction of nonvolatiles aerosol formation without fire, '

explosionw
N

I

III Failed fuel gap release + A significant fraction of noble Mild impact and aerosol' release,
aerosol release - no fuel gases, small fraction of volatiles, no fire or explosion

heatup very small fraction of nonvolatiles
on fuel aerosols

IV Failed fuel gap release A significant fraction of noble Mild impact or other canister !

only - no fuel heatup gases, very small fraction of iodine failure, no aerosol formation or

and other volatiles release
t

* Release shown is qualitative; quantitative values will be defined in the later phase of the study.
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TABLE 3-3
COMRTIER CDDES WR RADIOLOGICAL CONSBQUINCE EVALUATION

Atmospheric
Dispersion /

Radionuclide Radionuclide Deposition Dose
Code Name Inventory Release Model Calculation Availability

|
~

ORIGEN-S X **

CRAC2 X X Sandia

PADLOC* X GA

XOQDOQ X NRC
i

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.

I

l

i

!

|
i

.

|

l
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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 CRAC2 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.

W e major inputs to CRAC2 are:

o meteorological, data
o population distribution
o radionuclide inventories
o decay half-lives of radionuclides
o breathing rate
o dose conversion factors.

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 develop d as a general model
to simulate radionuclide transport and plateout in applications such as the
primary circuit of a high-temperature gas-cooled reactor (inGR). 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 shaf t. Major input data types include: mate-

i rial properties, ventwork geometry, air flow rate, and temperature.

%e application of PADIDC to calculate release fractions of radionuclides
transported within the repository was demonstrated in NURDG/CR-1931 (Pepping,
1981). We PADLOC results indicated that plateout and deposition within the
repsitory will have a modest impact on reducing airborne activity. In each
instance where significant radionuclide relmse was predicted, the receiving
medium was air.

YOQD00 (Mills, 1983) is a computer code used by the NRC in its meteoro--

logical evaluation of routine releases frcen commercial nuclear power reactors.
Wis 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 typs of
inputs to X00D00. Outputs from X00D00 such as atmospheric dispersion and
deposition factors can be used as inputs to GASPAR. XOOD00 runs on IBM 360/370
computers.

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

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. Were is considerable information available from
previous studies of radionuclide inventory data for spent fuel and HIN that
were generated using this code. . PADLOC will be used to calculate the plateout
factor as required in the evaluation of a given accident scenario. Release
fraction and filter decontamination factor data will be taken from the litera-
ture, making sure that the number selected applies closely to the scenario 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 ne code is readily available at GA Technologies and Sandia National
Laboratories.

o 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. We code running time should be
suitably short.

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

We more complex computer programs are essentially of three types:
monodispersed, fixed-distribution, and discrete distribution types. CDRRAL,
MADCA, and E'IEERDEm are of the first type and employ mass balance equations
that are similar to those of the I70 model. TRAP, 'IRAP-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, MAEROS, 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.

i
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3.2 NONRADIOLOGICAL OCWPATIONAL 00NSD2UENCE

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

' evaluation.

3.2.1 Recorrrnended Acoroach

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

1. Categorize the initiating events identified in Section 2 by repository4

| activity (e.g., surface activities, hoisting, emplacement, etc.)
' .

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

3. Determine frequency and risk of personnel injury / death for each,

repository activity from industry data.

Categorization of initiating events according to repsitory activity and,

identification of those leading to operator injury has been presented in
Section 2. Accident frequency and occupational injury data are addressed in3

i Section 7.

I 3.3 IMPACT ON REPOSITORY AVAILABILITY

The availability of a subsystem, equignent, 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:

i

MIBF3,
MIBF + MPIR

As was shown in Fig. 3-1, accidents leading to both radiological
consequences and nonradiological occupational consequences affect repository

. availability. In addition, we must consider repository downtime due to clean-
' up and equipnent repair (even though the waste pckage is not breached or no

operator is injured), and downtime due to scheduled maintenance of equipnent.;

!

3.3.1 Evaluation of Recository Availability

The general approach to evaluating availability consists of three -
sequential steps: (1) qualitative analysis, (2) system modeling, and'

(3) quantification.
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1

ne 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 nochanims for the failure. In

1 the DEA process, the analyst pstulates a failure mode, then considers the
1effect of this failure alone throughout the system. Failure modes consisting

of nultiple or dependent failures may also be postulated.

An effective way of ensuring that no significant failure modes are omitted |

! in the DEA, is the developnent of system synbolic logic diagrams (SSLDs) which ,

subdivide the facility into successively smaller portions (e.g., systems and
; ccroponents) proceeding one level at a time. %is is helpful because it
; restricts the number of items that must be considered in each subportion, thus

reducing the likelihood of cmissions. % e FMEA can then be tesed directly on'

the SSLDs. It is usually desirable to prepare the REA at the lowest level of
! assembly possible tecause this allows more specific analysis of the effect(s)

of each fallt.re mode and the ways to mitigate the effect(s) .

j . System modeling involves the use of reliability block diagrams (PBDs),
j fault trees, and/or event trees to estimate systs availability and/or
j 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;

j or availability.

3.3.2 Reccanended Acoroach

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

'

1. Repository downtine resulting from accidents which lead to personnel
and/or public expsure 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 downtine for cleanup and equipment repair even if the
accident scenario does not lead to a radionuclide release or operatori

; 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 downtine. To bound!

the prob 1m, the radiological and nonradiological consequences can be groupedi

into three or four categories and an upper and Icwer estimate of downtime'

assigned to each category.

1

l
'

i l
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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 techniques such as event trees and fault trees are used to
calculate the frequency of each accident scenario. We product of accident |

frequency and the associated downtime summed over all accident scenarios gives
the overall unplanned repository dcwntime.

3.4 FINANCIAL OJNSEQUEECE:

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

Offsite firancial consequences estimate the monetary loss to the
government resulting primarily from the release of radioactivity 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 repair operations which
reduces the repository's availability to accept and dispse of nuclear wastes.
W e cost factors include: (1) plant personnel health effects, (2) replacement
storace costs, (3) cleanup costs, (4) capital costs, (5) litigation costs, and
(6) indirect costs (e.g., shutdown of reactors because of spent fuel storage
problens, loss of industrial capacity,' loss of jobs, etc.) .

3.4.1 Discountino 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. We time value of money makes it ' unrealistic to
directly caipare 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 formulas 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 Co which occurs with frequency f:

|
|

|
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tg
-rti -rtf -

*e-rt Cof dt Cof (3-20)=

ti
~

r
~

l

where

effective discount rater =

f = frequency of accident costing Co

t1 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):

tf t+m
-rti - -r(t -ti) ~f

f Co e-rt' dt'dt = ofe 1-e 1-e-rM

ti t r -

(3-21)

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).<

; tf tf

f I

Cf - -rti -rtf -rtf
-o

f -rt, dt' dt ='

J J Co e e -e -0
tf - ti, -

r _ r

ti t
_

(3-22)

3.4.2 Available Methods to Calculate Financf al Consecuences
i

Offsite financial consequences of nuclear power plant accidents have been,

calculated using the CRAC code (NRC,1975) . '1he work reported in (Strip,1982)i

| used CRAC2 (Ritchie,1983) to estimate offsite firancial consequences. Econme-
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 trethodology
that goes beyond the calculation of financial impact since it also considers
attributes (values and impacts) not directly measurable in monetary units.
HNever, the nethod used for calculating discounted costs resulting from
postulated accidents follcws that described in EPRI's Technical Assessment
Guide (EPRI,1982) .

3.4.3 Recocmended Approach

If quantitative 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 screening process (discussed in
Section 2, Scenario Enumeration and Selection), group the severity of
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 EFFECP OF PRETLOSURE OPERATIONS CN IDU-TERM REPOSI'IORY FUNCPION

Re design of a repository follows the " engineered barrier system"
approach. %e 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. % e underground facil-
ity refers to the mine structure, including openings and backfill materials.
Such a system would ensure substantially complete containment of IEW over a
long perf c0 of tine. However, processes (either natural or manmade) which
occur durutc the preclosure phase could compromise this multiple barrier ccn-
cept c..d, conseq..ently, prevent the retository from ensuring the safe and
permanent disposal of radioactive waste for thousands of years.

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

3.6 CONSBQUENCE TYPES RECOMMENDED EDR EUR'IEER 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, we recomend 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.

i Relevant initiating events and their corresponding consequences have been
discussed in great detail in Section 2. As quantification of radiological
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.3 discussed earlier) will concern aerosol release.

;

.I 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 the
methodology.

,

I

L

!

!

:

i

i

i

|

|
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4.0 FAULT TREE DEVELOPMENT

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 avoid duplication of effort. Systems not explic-
itly described in the " Conceptual System Design Description, Nuclear Waste
Repository in Basalt" (SD-DWI-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.

We 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. %e availability of electrical
powr 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
autmatically 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
Wwer 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. %us, only two power sources with
their associated load centers are considered for waste handling exhaust
ventilation systems.

We 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 basic confinement concept and
was thus considered as a mode of confinement failure.

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

1
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to limit the circulation of particulate matter frcm the external environment.

Exhaust filtration inrediately upstream of both primary and secondary
confinement exhaust systems include a moisture separator, a 90% IES 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 becone 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 prinary and secondary
confinement (and the waste transport shaf t exhaust system) is sent via a common
header to a single stack. Wis 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 both 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.
%is is not strictly accurate tecause 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 op ration 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 HANDLItG BUILDI!G (DNFItJEtENT VENTILATION SYSTEM

We 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 tuilding has toth a
prinary and a recondary confinement exhaust ventilation system. The primary
exhaust ventilation services the hot cell and secondary areas. These areas are
the ones exg cted to have the highest contamination levels during normal c@ ra-
ticn. The prinary system consists of two 100% redundant exhaust fan and filter
trains. It was assumed for this analysis that the backup primary system
started autmatically upon the functional loss of the normal system.

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

s
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lWere are two sources of power available to the waste handling building i

. confinement 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 WANSIORT SIWT VEN'rILATION SYSTEN

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

We 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 recondary confinenent exhaust fan / filter train assemblies. As noted
previcusly, this system also exhausts to a tunnel and stack common to both the
primary and secondary confinement exhaust systems. This is not a crucial
commonality because the waste shaft ventilation cannot serve as a redundant
backup to primary and secondary confinement ventilation (in most cases).

'Ihe waste shaf t exhaust systcm is compriced of two fan / filter train
systems. Both are rcquired 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 te cross-tied between the. outlets of the filters and the inlets of the
fans.

The exhaust portion of the waste chaf t ventilation system is modeled
similar to the waste handling building prinary and secondary confiretrent
exhaust systems previously discussed. The fans are maller than the other
systems, tot the filter assemblies are identical to the secondary ventilation
systcm. Human error at the cceponent level, multiple component failure modes,
and loss of electric power are the same as fault trees discussed above.

Loss of supply air to the waste transport shaf t is the same as loss of
supply air to subterranean confinenent systems and is treated in detail in the
next rection. However, it should te mplos12ed here that this commomlity
creates another dependency between two redundant systems for cane of the
accident requences.

4.3 SUBTEIGANEAN (DNFINEMENT SETEMS

The confirenent exhaust ventilation system designed for the underground
portion of the repository is contained in a telarate building enclosing a

, dedicated vertical shaf t for air flow. The purtose of this system is primarily
I to rarove the heat from the waste Innels. In the event of a subterranean

radionuclide release, filtration of the exhaust air Ic also Inssible. Proper
operation of the filtration would eliminate any offsite environnental release
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(see Fig. 4-4). The system as described in the conceptual design document has
five fan / filter train assemblies. Three are rcquired for normal operation
leaving two of the parallel units as installed tockup capacity. These tackups
are assumed to cperate on standby power while the normally operating units are
supplied from the normal tower system.

Se ficw of air is upward thr.ough the confinement exhaust shaft to a
ccanon plenum at the surface. Each of the five units is connected to the
plenum. Normally, the air then f1cus through a separate filter bypass duct for
each of the units, through the fan and out to the outside environment.

In the event that subterranean radicoctivity monitors detect airborne
contamination, a series of damper movcents 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 ficw prior to the arrival
of the contamination. We follcuing equipnent actions must take place for sach
operating assembly to successfully remove the contamination:

1. inlet and outlet dampers on filter train open

2. second stage of fan starts and achieves operating speed

3. inlet or outlet dampers on bypass duct close (either is assumed to
successfully block the ficw).

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. De alternatives of full-time cperation of the filter
systems require the additional power consumption needed for second stage fan
operation. 21s is considerable for the air flow rcquirements defined in the
system design description.

The receipt of a subterranean radioactivity alarm was assumed to trigger
the realignment of the damper / filter assemblies autcrnatically. An additional
intermediate event was included in the appropriate event trees for manual
operator initiation probability given autcznated 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
confinement system failure mode as either insufficient air ficw or additional
load on the exhaust fans would eventually result in loss of filter function.
Confinement air intake is located adjacent to the refrigeration tuilding which,
together, enclose the confinement air intake shaft. We building houses five
150 hp axial ficw fans, three of which are normally operational. Each fan
assembly is capable of 74,000 ft#/ min ficw. his subterranean air supply
system and the fault tree section (see Subterranean Confinement Air Ventilation
System Fault Tree (Fig. 4-4), Transfer M1) are common to both the subterranean
confinement air ventilation and waste transport shaft ventilation systems,
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i |
adding interdependency to accident sequences where both systems are capable of

', furnishing ventilation.

Frm the conceptual design description, the inlet of the supply fans,

appears to be through a cmmon tornado chmper/ bird screen assembly; however,
the text descrites the units as separate. The system was nodelled assuming
separatico. Intake filter trains upstream of the fan consist of the tornado
damper / bird screen assembly and a prticulate air filter to keep external dust
from being circulated.

Power supplies to the fan motors were assumed to be normal for running fan
j 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. Fotors
~

(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 monitoringi

systems, along with the switching logic necessary to realign the confinement
exhaust from a bypass to a filtration configuration.

! 4.4 CflEER SYSTDiS

It is expected that more detailed system description will be available for'

j 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.

'Ihe 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 tyFes of systems. 'Ihese data
have been adopted in lieu of a more sophisticated modeling approach for this
analysis.

,

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
contributcrs 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
numbers 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
Iotential change intended to address one problem in light of other problems
that may be created.

4-5
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Systems such as the radiation monitoring systems (both surface and
subterranean) have been quantified as subsystems. Normal and standby pwer have
been modeled very simply to provide a breakdwn 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 naleling.

1
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5.0 SAMEE PRWLEM EOR HLW-PSSA ME'IBODOLOGY DEMONS'IRATION
l

te sample prob 1m selected for this analysis is a small subset of the
complete family of repository accident scenarios leading to public-

radiological exposure (Ref. Section 2.3) . The primary objectives in
solving a simplified proble are to (1) demonstrate the methodology, 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
i resu3ts to validate computer methods.

%e ' list of accident scenarios chosen for the sample problem is given
in Table 5-1. The identifiers used for initiating and internediate events
are the same as those used in Table 2-18. A bar across the top of an,

intermediate event implies 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 desig.Mtor (by letter) .

; he eleven accident requences 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
estiration. Human error is included at both the component and system

j interaction levels.
I The use of all existing fault trees and a reduced number of event tree
j 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 reduction is an established analysis tool

1 in use for rany years. The VALUE computer program (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 reasure. ;

,

! Accident sequences from the event. trees also require reduction,
quantification and importance ranking of intermediate events. Toj
facilitate the event tree error checking process 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. , Restriction of the proble to ' consideration of only selected

accident sequences rakes the results only useful as an exercise in applying;

the analytical rethods. Meaningful results must necessarily be generated
from the entire. family of accident sequences generated for a specific
consequence type.

! 5-1
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TABLE 5-1

SAMPLE PROBLEM ACCIDENP SCENARIOS
-------------- --------------_ _ _ _ _ - - - - - - - - - - - - - - - - - -

Accident Sequence Initiating Event Description
_.-- _.-----------------------------------------------------------.

Al B1 5 D1 Train / Truck Collision or Derailment
A2 E C2 D2 E2 Breached Shipping Cask Undetected by

Radiation Monitoring System in Yard Area.
WD B5 C5 Windstorm Damages Arrival / Storage Yard.

A8 EB C8 D1 E8 Radwaste Sampling Line Rupture or Irpproper

Connect in Receiving Area

A9 B9 5 5 F9 G9 H9 Loss of Seal between Hot Cell Floor and
Shipping Cask Lip.

A12 B12 C12 D12 E12 Liquid Radwaste Leak from Process Tank to

Secondary Area.
A13 B13 Cl3 D13 Loss of Seal between Hot Cell Floor and

Transfer Cask Lip.
A14 B14 C14 D14 Transfer Cask Rupture during Handling

Accident - Subterranean Transport.
A15 B15 C15 D15 E15~ Transporter Collision during Transport

to Placement.
A18 B18 C18 DlE E18 Canister Breach during Borehole Insertion.

"

-

D2 B9 C9 D9 E9 Earthquake Causes Loss of Seal between Hot

Cell Floor and Shipping Cask Lip.

5-2
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6.0 DEORTANCE: RANKDG

A major objective of the High-Level Waste Preclosure Systems Safety
Analysis (HLW-PSSA) project, is the developnent 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, 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.

'Ibe selection of importance reasure(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 ofs

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 neasures that would be used in risk evaluations of

~

preclosure activities at proposed high-level-waste repositories. They are:
the Birnbaum measure, structural reasure, criticality measure of basic

i 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 reasure of basic
event importance, the significance indices, and the risk imprtance
reasures. Details of the study, including the discussion of the different
importance neasures are presented in the appendix.

6.1 E: VALUATION

A set of criteria was developed to identify those measures which are
applicable to the safety and risk evaluation of a nuclear waste repository.
'Ihese criteria are:4

1. The importance neasure 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 neasure.

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

4. Numerical importance ranking should oe provided by the measure.

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

6-1
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6. The measure should be applicable _to repairable and non-repairable
cmponents.

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

6.1.1 Cmruter Procrams 1

Of the cmputer 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 follcwing ones because of
their ability to accept as input the minimal cut sets generated from the
SETS (Worrell,1978) fault-tree reduction code:

IMPORTANCE (Imbert,1981) allcws calculation of various importance
measures such as the structural neasure, the Birnbaum measure, the
criticality measure, the Fussell-Vesely (F-V) measure, the Baricw-Proschan
(B-P) neasure, and the sequential contributory (S-C) measure.

In addition to minimal cut sets (obtained frcxn SLTS), 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 cm.puted assuming
statistical independence of basic events.

The SEP Get Ivaluation 2rogram) computer code (01 man,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 noncomplcmented and em.plemented
occurrence of each event. These measures are calculated assuming that the
event and its cmplement are independent events. The sum of these two
measures yields the true importance measure for the event.

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

The computer code STADIC-2 (Koch,1983), which is a general purpose
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 SCREENI!G

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

o Birnbaum measure
o Structural measure
o Upgrading Function
o Barlow-Proschan measure

'Ihe terraining 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 MFJ6URE

1 From the results of the analysis, the F-V measure was found to be most
suitable 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 tasic 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.

1

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 P-V equation easily
permits the calculation of probability distributions for the importance
measure. STADIC-2 is further reccanended to perform the uncertainty
distribution calculaticns for the HLW-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 evaluated in
,

the form of distributions.

:

!

,
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TABLE 6-1
IMPORTANCE MEASURE SELECTION CRITERIA j

f. f
UPGRADING FUSSELL- BARLOW- SEX)UENTIAL

CRITERIA BIRNBAUM'S STRUC11JRAL CRITICALITY RJNCTION VESELY(a) PROSCllAN CONTRIBUTORY ,

|
v

1. Uses readily available repository yes yes yes yes yes yes yes
data- (to some (to some

extent) extent)
4

,

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
C'

.

situations and.provides scrutable (to some .(to some
!

em results extent) extent)
L

4. Provides nunerical 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
i fault tree model- only only
I

; 6. Applicable to repairsble and yes yes yes Non- yes Repairable yes
non-repairable components repairable only,

only

'' I
7. Computer program available to yes yes yes yes yes yes yes

calculate the rankings- ,

i

l i

i :
:

!

I
i !
1.

i
t

4 t

,
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7.0 DATA BASE

' Ibis section presents a sumary of data . derived from the literature
and governnent/ 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 IDI-
PSSA project (see Section 5). As noted in Section 1, the data gathering
task will be continued in the next phase. Hence, the data presented here
are not cmplete, 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 FRBQUENCY DATA.

Data for the initiating events identified in Section 2 are presented
in Table 7-1.1 For sme initiating events representing a system failure
(e.g., radiation monitoring system, hot cell collar seal, hydraulic |

clampinoflocking 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
quantification of selected scenarios to demonstrate 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 basis for the use
of lognormal distribution for basic event. failure rate is discussed below.

!
-_

1All ' tables .are presented at the end of the section.
|
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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 scxne 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 follcwing equations.

Mean = = e ( # + 0 /2) (7_j)2

i
'

Median = A50 = e# (7-2)

Variance = p 2 = e (2u +o2 ) (e o2 - 1) (7-3)

A A50 A95Range Factor = RF = 95 (7-4)-- = ---- = -----
A A50 A05 05

A e ( #+ 1.645 )95 (7-5)

e (# - 5 )
A05

.

(7-6)
,

.

p=InA 50 (7-7)

In~RF
#= (7-8)-----

1.645

,
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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 HUPAN 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

'Ihe 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 HLW), the
release fraction resulting from different release mechanisms, and the dose
conversion factors necessary to convert the radioactivity released to .
radiation dose to tran.

7.5.1 fadionuclide Inventories

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

The radionuclides present in IMR, BWR, and HLW canisters are ijiven 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 IWR
assemblies (1.38 MDIM) or 7 BWR assemblies (1.32 MniM), 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
contairrtent barriers and subsequent radionuclide release were identified in
Section 2. The nechanisms 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 reports (Eechtel,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
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values from experiments and current practices as well as his recommended
values, when appropriate.

Release fractions from Walker (Walker,1978) for release mechanisms
applicable to this study are shown in Table 7-8. Data for other patameters
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 mechanims 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
required:

o Plateout rates - use available data cr derive them using PADLOC.
o Release fraction - use available data or perform more specific

calculations,

o Volume of building.
o Exhaust rates (ventilation).
o Filter efficiency - use design - specific data.
o Natural deposition rates - calculate as a function of particle

density, particle size and air viccosity.
o Maximum permissible concentrations as given in 10CFR20 Appendix

B.

7.5.4 Meteoroloaical Data _for CRAC-2

Sufficient meteorological information is required to chara'terize
transport processes out to a distance of 50 miles (~80,000 meters) from the
facility. %e prinary source of neteorological information for the Hanford
site will be the National Climatic Center (Asheville, North Carolina) . The
following meteorological data for Hanford, Washington will be obtained:

o Windspeed (hourly values)
o Wind direction (hourly values)
o Atmospheric stability
o Mixing height
o Precepitation

7.5.5 Dgm_ factors

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

)
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Dose factors for external irradiation from a uniformly contaminated
ground plane are given in Table 7-11 (NRC,1977) . nese factors apply to
surface contamination via deposition of airborne effluents on ground
surfaces or liquid 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 pnetration 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 comitment over a 50-year pericd.

7.6 OOQJPATIONAL INJURY DATA

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

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

o rail haulage
o rubber-tired haulage
o conveyor
o hoisting
o drill and blast, or continuous miner
o roof support.

Se basis for the accident statistical analysis is the Mine Injury and
Worktine Quarterly Report published by the U.S. Department of Labor, Mine
Safety and Health Adninistration (MSHA). This document contains accident
statistics for metal, non-metal, stone, and coal operations in the United t

States. The time period studied was January through September,1983.
%is time priod was chosen because it corresponds to the most current
information available and, for the first time, contractor accident
experience statistics are separated from mining experience. This is
important because contractor. work may have been highly specialized and
dangerous, and contractor personnel may have been unfamiliar with the mine
or surroundings and therefore prone to accidents.i

%is 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 Mrsonnel in - mines or
repositories are equally responsible. This assumption has limitations.

7-5
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Repository personnel may be generally more educated and better trained in
the job before actually performing work. The ON'0C requirements for
repository design, construction, and operation will undoubtedly upgrade the
operation level above that for a mine, but it is not likely to approach
that- of reactor construction experience.

A repository operation, for many. reasons, cannot afford major
accidents due to the nature of the operation. Schedules will be made and
kept if possible, but incentives may not exist, and production is not as
econmdc related as the mining industry counterpart. Consequently, the
rush for " extra footage" or a push to meet the " standard" advance rate for
the week may not exist for the repsitory personnel.

7.6.1 Accident Statistics

i Table 7-14 from FGIA data sumerizes 1983 accident experience. Fo'r
the purpose of this study, only underground metal, non-metal, and _ stone
mines were examined, as their mining equipnent and < methods are more
analogous to repository construction in hard rock. Fatal, non-fatal days
lost (hTDL), and no days lost (t0L) accidents were studied. 'Ihese kinds of
accidents were classified by cause, and the following classifications were
studied:

o electrical
o explosives and breaking agents
o fall of rib or face
o fall of roof
o fire
o haulage trucks
o other powered haulage
o hoisting
o ignition of gas
o drilling.

7.6.2 Analysis

Personnel requirements by job classification and number per shift were
used to develop Table 7-15. Table 7-15 shows how development crew
requirements change within the first 9 years of repository developaent.
Prelimirary documents assume 350 work days per year. Actual working hours
at the face are assumed to be 6 hours per shif t. Consequently, for the
purposes of this study, the developnent crew (as defined in Table 7-15)
will ~ spend 1,247,000 work-hours during the first 9 years. Trammers and
electricians are considered separately since many accidents occur within
these job classifications. The total underground personnel work-hours
during the first 9 years is 4,706,100. These figures are to be related to
mining accident exprience for. underground personnel during the first
three- quarters of 1983, where 25,602,195 work-hours were expended.
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7.6.2.1 Example. Roof fall injuries in 1983 include 2 fatalities, 73
hTDL, and 54 NDL accidents. % ese 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 develognent 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
develognent.

,

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. %is
'

product, when multiplied by the number of- 200,000 work-hour units of the
develognent 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 hTDL and NDL 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
equipnent and will use better-traintained equipnent - 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. It may be safe to say' that NPDL 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 techniques, not just roceand-pillar which
will be practiced during rep >sitory construction. his fact is important
because other . develognent 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..

i Injuries resulting from ignition and fires are not common occurences,
and cannot te adequately identified by studying statistics of one year.I

Table 7-16 illustrates the causes of fires in metal and non-metal mines
j from 1968 to 1979. Electrical fires are the most numerous, representing

over 42% of the total.

4

|

|
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7.6.3 Accident Catecories

Fatal accidents are, by definition, those which result in death.
Nonfatal days lost (NFDL) accidents are those that require days away from
work or days of restricted activity. No days lost (NDL) accidents are
those resulting in medical treatment other than first aid, but do not
result in days away from work.

'Ihe severity for these accidents categories is difficult to determine
because much depends on workers' attitudes. Some miners are happy to get
time off while others cannot be kept away from work. Fatalities and
nonfstal days lost are extremely important to repository operations because
high incidence could lead to pblic concerns as to repository safety and
consequent radionuclide isolation.

A fatality is considered equal to a loss of 6,000 work-hours (National
Safety Council,1974) . MSHA data do not indicate what injury resulted from
any particular accident classification, but they contain total days lost
within that classification. Unfortunately these data are not yet available
for 1983, so the figures in Table 7-17 are taken from 1981 injury
experience in underground metal mining. The reader is reminded that these

. figures include contractor accident experience. The table illustrates that
severity is re16ted to the accident classification, that is, roof falls are
inherently more severe than falls of face and rib judging from the days of
partial permanent disability. Explosives accidents are also more severe in
hTDL, than the average of all accidents.

i
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Table 7-1
INITIATING EVENT ETtBOUENCY DATA

Initiating Event Frequency Reference - Cornnents

1. Train collision / derailment 12.6-6(a) per Bechtel, 1981

train mile
*

Severe with fire 1.5-9 per mile DOE, 1979

Moderate with fire 8.0-8 per mile DOE, 1979

2. Truck accident 1.44-4 per mile Bechtel, 1981

Severe with fire 8.2-9 per mile DOE, 1979
i

Moderate with fire 3.1-7 per mile DOE, 1979

.3. Radiation Monitoring System 1.1-4 per hour SRENCD,1978

a) Sensor / detector / indicator 6.81-5 p r hour SRI, 1981
Sensor / detector / indicator 1.098-5 M r hour IEEE, 1984

b) Alarms 2.33-6 per hour IEEE, 1984
,

4. Airtraft crash

. a) Fatal accidents 6.17-8 per mile FAA, 1981 These values will be
used to determine

b) Aircraft movements (Spokane, Wash) 18,339 per year FAA, 1981 aircraft crash fre-
quency following
model descrited in
(Pepping, 1981).

5. Earthquake 1.0-6 per year Stottlemyre, 1979 For a moderately sized
earthquake (~6.7
Richte3 scale)inany
100 km area - 11anford.'

(I l2.6-6 = 12.6 x 10
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Table 7-1 (Continued)

Initiating Event Fr(quency Pcference Cmments

6. Torrado activity 6.824-6 p r year (b) Stone, 1983 Within 100 miles of
llanford site.

1.0-6 ter year Davic, 1983 Within 100 miles of
llanford site

7. Fire in rail cwitching and truck - - Data tray be available from
the futional Firewarehousing depots
Protection Agency,
! Jew York

8. Explosion in rail switching and truck - - Same

y warehousing depots

b 9. Radwaste campling line rupture / burst 3.973-6 pe hour FARADA. 1972 Corrugated stainless
steel wire braid
400 psig

(Stainless steel flex line rechanical 3.940-6 per hour (b) Bhaskaran,1979 Flex fretal hose includ-
failure) ing pire connection.

10. Het 11 collar seal failures

a) Rotatirig lip <psket and mal <2.23-7 pr hour GIDEP, 1981

b) Precsure door (hydraulic) 3.765-5 per hour FAP10A, 1972

(b)RemMM valm.

I

1
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Table 7-1
(Continued)

Initiating Event Frequency Reference Coments

e

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
c) 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) Pneumatic actuator 2.010-6 per hour IEEE, 1984

w g) Magnetic jack latch drive 7.80-7 per hour IEEE, 1984
i

I mechanian
[ h) Hydraulic actuator 2.90-7 per hour RAC,'1978

12. Hot cell shield door seal (pnetanatic 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. Hot cell crane drop

a) Cranes (bridge, composite) 1.001-4 per hour IEEE, 1984
b) Cranes 5.00-5 per hour Bechtel. 1981
c) Structural failure of cranes 1.00-5 per hout SRDKD, 1978
d) Crane brake _ fails 3.00-4 per hour SRDKD, 1978

-. -
_ _ _ _-



.. . . .
. _ _. . .. .. . __ .. .

.

.---- - -- --- - -- .

TABLE 7-1
(Continued)

Initiating Event Frequency Reference Coments

14. Canisters punctured during handling

ifydraulic manipulator (actuator) 2.90-7 p r hour RE, 1978

Sufficient stress to breach 1.00-4 per year SRDKD, 1978

canister (cask lid falls)
15. Rackaste piping rupture 1.00-8 per year SRDKD, 1978

.

!16. Trstsfer cask crane falls to hold position
|

Crane brake fails 3.00-4 per year SPDKD, 1978 I

Crane cable fails 1.00-5 p r year SRDKD,1978

Crane (cmposite) 1.001-4 per hour IEEE, 1984

w
I 17. Transfer cask crane mechanical Same as 16. Same as 16.

[ failure resulting in cask drop
or canister pncture by sharp
object

18. Waste transport cage mechanical failure

Chain - door interlock fails (relays) 1.00-4 per year SRDKD, 1978

Cage catch gear fails 1.00-2 per year SRDKD,1978

Cage structural degradation 1.00-7 per year SRDKD, 1978

Tidn fails (structural) 1.00-5 per year SRDKD, 1978 |

Cable-to-cage attachment fails 1.00-5 per year SRDKD, 1978

19. a) Transporter mechanical failure
during transport results in
transporter collision with
moving or fixed objects

Collision with moving object 1.00-4 per hour Bechtel, 1981

Collisicn with fixed object 4.80-5 per hour Bechtel, 1981

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.. .. . . _ . .. ..
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TABLE 7-1
(Continued)

Initiating Event Frequency Reference Corments

| b) OEerator inadvertently moves 1.00-3 per year SRENCD, 1978
underground transporter

c) Power steering asserrbly fails 1.044-4 per hour Bhaskaran, 1979

20. Berehole shield door failure during
installation of canister

. a) Hatch closure latch fails 1.00-5 per year SRDKD, 1978
( b) Interlock failure 1.20-4 per operation Bechtel, 1981

21. Transport dolly failure
w

E Pelay failure 3.00-7 per hour Bechtel, 1981
w Relay failure 2.16-6 per hour SRI, 1981

! 22. Power / control cable failure
|

| Power cable 4.84-6 per hour IEEE, 1984
Control cable 4.79-6 per hour IEEE, 1984

!

23. Borehole / cask mechanical lock 1.20-4 per operation Bechtel, 1981
(interlock) fails !

24. Borehole shield door jams 3.24-5 per hour FARADA, 1972
hydraulic pressure door ,

,

Mechanical door - personnel, cargo 1.62-5 per hour FARADA, 1972

Door mechanism falls 1.00-6 per year SREhu), 1978

25. Storage plug / retainer ring falls

a) Fasteners, clip, or clasnp . <5.54-5 per hour GlDEP, 1975
b) Petaining rings (safety coupling) 1.145-6 per hour FARADA, 1972-

I

!
1

I
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TM3LE 7-1
(Continued)

Initiating Event Frequency Reference Ccriments

26. . Inadvertent cask movement during canister
insertion

a) Accidental transporter motion
Relay failure 3.00-7 per hour Bechtel, 1981

Relays / circuits fall 2.16-6 per hour SRI, 1981

b) Hydraulic autopositioner inadvertent
w - movement
I.

5 Servo controls '(alignment) 6.87-4 per hour GIDEP, 1981
Position / angle indiator (motion) 7.00-5 per hour GIDEP, 1981
Automatic guidance mntrol system 2.088-6 per hour Bhaskaran,1979

Sleeve engagement nechanism (oper.) 1.308-4 per hour Bhaskaran,1979
Sleeve engagement mechanim (static) 7.688-5 per hour Bhaskaran, 1979

27. a) Overspeeding of hydraulic rm ejector unit

Sleeve engagement mechani m (oper.) 1.308-4 per hour Bhaskaran, 1979
Brakes fail 1.00-5 per year SRDKD, 1978

Speed control device fails 1.00-4 per year SRDKD, 1978

b) Overspeed of placement dolly

Brake mechanim fails 1.00-5 per year SPDKD, 1978

Speed control device fails 1.00-4 per year SRDKD, 1978

_ - _ - - _ _ _
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TABLE 7-2
INIntPEDIAE EV. ENIE FAIIfRE DATA

Failure Rate or Probability
Intermediate Event of Occurrence Reference Carnents

1. Receiving area airlock door failure 2.90 - 4 per hour (a) Graham, 1971

2. Receiving area radiation monitoring 1.10 -4 per hour SRENCD, 1978
system failure

3. Explosion given derailment or truck / 1BD(b) Data may be available frcra
rail collisicri in switchyard activ- the National Fire Protec-ities' (excluding shipnent of tion Agency in Ntv York,
explosives)

4. Fire given derailment or truck / rail .016 Clarke, 1976
collision in switchyard

Y 5. Cask remains intack given fire or .999 SRDKD, 1978

[ explosion

6. Explosion given aircraft crash .5(c) Engineering Asstunes aircraf t explodes
judgnent upon impact.

7. Fire given aircraft crash .34 Clarke, 1976

8. Explosion given earthquake .01(c) Engineering
judjment

(a)2.90-4 = 2.90 x '10 $
(b)TBD = To be determined.

(clihe 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.



TN3LE 7-2 (Continued)

Failure Rate or Probability

Intermediate Event of Occurrence Reference Corrnents

9. Fire given earthquake .10(c) Engirc ring Assumes earthquake nevere enough
judcynent to damage power lines, resulting

in fire.

10. Explosion given wirdstorm .01(c) Engineering
judgment

11. Fire given wirdstorm .10(c) Engf reering Assumes wind velocity strong
judgment enough to damage pwer lines,

resulting in fire.

12. Explosion given fire in 'IBD Data may be available from the
twitch yard area flational Fire Protection Agency

in tkv York,
w
I
- 13. Cask preparatico area airlock 2.90-4 per hour Graham,1971
* door failure

14. Unload area airlock door 2.90-4 per hour Graham, 1971

15. Hot cell port seal (pneumatic 1.0-5 per year SPDXD, 1978

seal) failure

16. Radiaticn monitoring alarm for 1.10-4 p r hour SRDJCD, 1978
secondary confinement exhaust
system failure

(c}'Ihe probability distribution to te developed for these values will reflect the uncertainty in
assigning the most reasonable value in lieu of the absence of more spcific data.

_ .__ - _ - _--
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TABLE 7-2 (Continued)

Failure Rate or Probability
Intermediate Event of Occurrence Reference Ccumnents

u~
l

17. Cask to borehole seal intact 'IBD Need more design information
given canister breach due to to predict seal failure given
cask motien this condition.

18. Mrsonnel access shaft cage 1.0-5 per year NRC,1975 Structural failure
failure

19. Waste transport shaft cage 1.0-5 per year tec, 1975 Structural failure
failure

_



TN1LE 7-3
BASIC EVENT FAILURE DATA

Event Event Failure Rate H (D)a Repair Time H
ID Description Mean Variance Mean Variance Reference-

A7, A10,M3, Exhaust blower motor 1.689-5(b) 1.603-10 2.100+1 7.100+2 !KER,1979 (failure rate)
G1DEP,1984 (repair)M8,C7,C16, (300-500 HP)

D10,D11,D39,
D45,D51,D52,
D58,D64,D69,
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

cc B18,B51 (3000 HP)
Westinghouse, 1978
(failure rate)(c)
SRI, 1978 (repair)

D24,D25,D26, Damper motor (<lHP) 4.242-6 1.011-11 4.0 9.0 SRI, 1981 and RAC, 1978
(fa11ute rate)(c)D27,D78,D79,

D86,087,Dlll,
SRI,1980 (repair)D112,D119,D120,

D144,D145,D152,
D153,D169,D170,
D177,D178

(a)H = hrs D = Demand

(b)1.689-5 = 1.689 x 10-5
(c)Ccoposite chta derived from the sources listed.

__ _
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TM3LE 7-3 (Continued)

Event . Event Failure Rate !! (D)(a) Repair Time II
ID Description Mean Variance Mean Varian Reference

i A3,AS,A35, Exhaust blower fan 5.361-5 1.615-9 1.800+1 6.300+1 GD,1%3; Graham,1971;
| A38,B4,B8, NGR,1979; EPRI,1982;

B12,B16,B50, EPRI.1981; SRI,1981
C3,C6,D4,DS, (failure rate)(c)D38,D44,D50, EPRI. 1982; EPRI, 1981
D57,D67,D68, (repair)(c)
D100,D101, '

D133,D134

A24,A49,A51, Instrumentation and 4.234-6 1.007-11 8.00 3.600+1 SRI,1981 (failure rate)
B7,B10,B14,B21, controls circuit Engineering judgnent
B53,C26,C27, failure (repair)

4 D28,D30,D32,
E D34,D40,D46,
o D52,D59,D65,

D72,D73,D80

All, A16, A22, Air filters (les, 3.154-6 6.740-11 0.3 0.144 GIDEP, 1981; IEEE, 1984;
i A29,B34,B40, HEPA, charcoal) EPRI,1982; SRI,1981

B47, D7,D93, primary failure' (failure rate)(c)D126,D159, (rupture, out of G1DEP,1983 (repair)D184,C11,C15, limits)
! A17, A25,B36,
| B42,B48,C18,

C22,D17,D95,'

.D128,D161,D186,
A20,A28,B37,

, B43,B49,C20,
! C24,D19,D97,.
' D130,D16J,D188

_

(a)H = hrs D = Demarm!t

(c)Cagosite data derived from the iources listed.

i
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TNILE 7-3 (Continued)

Event Event Failure Rate 11 (D)a Pereir Tine 11
ID Description Fban Variance Mean Variance Reference

A12,A15,A18, Air filters (PBS, 3.505-7 7.488-12 0.3 0.144 Sarne as above

A26,C17,C21, HEPA, darcoal)
D16,D94,D127, Pbchanical failure |

'

D160,D185,A19, (collapce)
A27,C19,C23,
D18,D96,D129,
D162,D187,A21, i

'

A30,M1,M7,
B25,B31,B35,
B41,B46,D6,D92,
D125,D158,D183,
MO ,M S ,B23,B29,
C10,C14y

i

$ A1,A34,A37,B2, Tornado dxnpers 4.260-6 2.910-11 8.00 56.2 Durtilly,1982

B17,B26,C2, fall closed (failure rate and
D36,D42,D48, repair)

| D55,D61
|

D12,D13,D14, Filter chmpers 5.590-6 1.756-11 13.0 32.0 EPRI. 1981 (failure |
'

D15,D76,D77, fail rate) Durhily,1982

D84,D85,D109, (repair)
D110,D117,Dll8,
D142,D143,D150,
D151,D167,D168,
D175,D176

(a) H = hrs D = Demand

|
i
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; TJBI,E 7-3 (Continued)
'

t

Event Event Failure Rate H (D)(a) Repair Time H
ID Description Mean Variance Mean Variance 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 fi m Engineering.judgnent

(repair)

AB,A14,B33, Moisture Separator 4.748-4 1.408-7 1.0 1.60 FARADA, 1973 i
B39,B45,0 , primary failurc -(failure rate) '

Cl3,D8,D98, 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,D9,D99, failure Engineering judgnent '

u D132,D165, (repair)
$ D190

1.g ;

E4, E13,E14 Primary cable fault 3.220-6(d) 5.828-12 22.5 285 IEEE,1984 (failure rate)
Duphily,1982 (repair)

i
ES,E10 Diesel generator ' fails (4.000-2) 1.000-3 - - NRC, 1975 I

to start on demand

C7,E10 Diesel generator fails 8.000-3 3.890-4 26.0 387.0 NRC, 1975
.while running (primary '

failure)

(a)H = hrs D = Demand

(d)Per 1000 circuit feet
!

!

_ . - - ..= - - .- ._
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TN3LE 7-3 (Continued)'

Event Event Failure Rate II (D)(a) Repair Tinc !!
ID Description Wan Variance Mean Variance Reference

E11, E16 Accumulator tank 9.259-6 4.819-11 85.0 452.0 SRI,1981 (failure rate

rupture and repair)

E12,E15 Ccrnpressor - prinary 2.498-5 3.508-10 1.0 1.60 SRI,1981 (failure rate)

failure Engineering judgment
(repair)

El Loss of normal 1.594-5 1.429-10 1.0 1.60 EPRI,1982 (failure
comercial power rate and repair)

E2 138 hv/13.8 KV 6.900-7 8.820-14 61.2 2110.0 IEEE,1984 (failure rate

transformer fails and repair)

E3 138 KV oil circuit 1.776-7 1.922-13 10.0 19.4 IEEE,1984 (failure rate
breaker fails to open and repair)y

:

[ ES,E17, E19 NT relay fails to (1.250-4) 8.768-9 - - tmC,1975 (failure rate)

energize 3.749-7 7.891-14 0.41 0.094 tac,1975 (failure rate)
IEEE,1984 (repair)

E6,E18,E20 Load center owitch- 2.752-6 4.615-11 66.0 P46.0 IEEE, 1974 and SRI, 1981
gear failure (failure rate)(c)

IEEE,1974 (repair)

(a)H = hrs D = Derand

(c)Cxposite data derived frcan the sources listed.

|

|
|

_ . _ . _ _



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

c. supervisor check required

<

2. Crane operator error - canister drop

a. low to moderate stress
b. heavy equipnent operator training required

3 Operator error during renote welding process

a. low to moderate stress
b. checklist required

c. supervisor check required
d. QA signoff required

4. Valve misaligreent 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. Iow to moderate stress
b, checklist required
c. supervisor check required

7-23



Table 7-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd) ;

6. Transfer cask crane operator error of commission - cask drop'on
sharp object resulting in canister puncture

a. Iow to moderate stress
b. heavy equipnent operator training required

7. Operator error during shield door installation on borehole

a. Iow to moderate stress
b. checklist required

c. QA signoff required

8. Operator error during transport dolly installation and renoval

a. Iow to moderate stress
b. checklist required

c. QA signoff required

9. Operator error during alignment of transporter to borehole

a. low to moderate stress
b. checklist required with specified position tolerances

10. Operator error during lock of cask to borehole mouth

a. Iow to moderate stress
b. checklist required

i

|

7-24
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Table 7-4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

)

| 11. Operator error of comissions - cask inadvertently rotated during

j canister insertion
i

| a. low to moderate stress
J b. checklist required

c. QA signoff required for disable of rotation mechanisms during
I insertion
i

| 12. Operator error of comissions - transporter moved during canister
.

'
insertion

a. low to moderate stress
j b. checklist required
4

d. QA check required for disable of transporter drive ~ during
,

i insertion ;

;

13 Operator error of commission, gaseous radwaste systen;

| inadvertently isotated
i
i

a. low to moderate stress
b. panel alarms

c. checklist required

{ d. supervisor concurence required

] 14. Operator error of commission liquid radwaste systen inadvertently
I isolated

1,
a. low to moderate stress

| b. panel alarms

! c. checklist required
d. supervisor concurence required

7-25
:

. , - - . _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
-



. .- -. . - - - -

t

Table 7-4
4

HUMAN ERROR RATES REQUIRING QUANTIFICATION (Contd)

i

' B. Initiating Events - Retrieval

(Note: only' errors not listed for enplacement are included here)

1

1.- Operator error during overoore machine operation causes canister
breach

4

I a. moderate stress (difficult task)
b. checklist required

!

.

See emplacement for other applicable HERs

C. Human Error Rates Occurring As Intennediate Events

1. Operator fails to actuate standby secondary confinement exhaust
system given failure of nonnal system

'
a. medium to high stress
b. checklist required

i c. emergency training required
d. supervised activity
e. alann activated

2. Operator fails to manually activate subteranean confinenent
exhaust filtration system given radioactivity detection and
failure of auto system

a. mediun to high stress
b. emergency training required
c. supervised activity
d. alann activated

7-26



Table 7-4

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)

2. Operator fails to detect plugged filter components during

maintenance (Events A4, A6, A39, A42, B3, C4, CS, D3, D75, D108,
D141, D166, A44, A46, B22, B24, B28, B30)

3. Operator fails to open tornado damper following maintenance
(D37, D43, D49, D56, D62)

4. Operator de-energizes filter damper motor or blower motor (D29,
D31, D33, D35, A23, A31, A50, A52, B6, B11, B15, B20, B52, 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)

i
!

7-27
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| Table 7-5
i

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

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+00 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-ll 4.06E-13 1.32E-17 4.54E-31 1.65E-53

Se-79 4.08E-01 4.08E-01 4.08E-01 4.08E-01 4.08E-01 4.07E-01

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 2.4'3E-05 2.43E-05
1

1 Sr-90 6.42E+04 5.82E+04 5.14E+04 4.02E+04 1.92E+04 5.59E+03
Y-90 6.42E+04 5.82E+04 5.15E+04 4.02E+04 1.92E+04 5.59E+03
Zr-93 3.25E+00 3.25E+00 3.25E+00 3.25E+00 3.25E+00 3.25E+00,

i Nb-93m 1.59E+00 1.91E+00 2.21E+00 2.60E+00 3.01E+00 3.10E+00
i Nb-94 2.25E-01 2.25E-01 2.25E-01 2.25E-01 2.25E-01 2.24E-01

Mo-93 1.28E-02 1.28E-02 1.28E-02 1.28E-02 1.28E-02 1.27E-02
J
4 Tc-99 1.44E+01 1.44E+01 1.44E+01 1.44E+01 1.44E+01 1.44E+01

~

Ru-106 2.60E+02 1.67E+01 5.42E-01 5.67E-04 6.52E-13 8.22E-28

Rh-106 2.60E+02 1.67E+01 5.42E-01 5.67E-04 6.52E-13 8.22E-28

Pd-107 1.03E-01 1.03E-01 1.03E-01 1.03E-01 1.03E-01 1.03E-01

j Ag-108 2.06E-06 2.02E-06 1.96E-06 1.86E-06 1.59E-06 1.21E-06

q Ag-108m 2.67E-05 2.62E-05 2.55E-05 2.42E-05 2.06E-05 1.58E-05

Ag-109m 4.24E-08 4.55E-09 2.80E-10 1.05E-12 5.66E-20 4.32E-32

j 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.llE-03 7.32E-06 3.17E-10 2.57E-23 3.89E-45

Cd-109 4.24E-08 4.55E-09 2.80E-10 1.05E-12 5.66E-20 4.32E-32

: Cd-ll3m 1.98E+01 1.64E+01 1.29E+01 8.03E+00 1.93E+00 1.79E-01

| In-ll5 8.36E-12 8.36E-12 8.36E-12 8.36E-12 8.36E-12 8.36E-12

; Sn-119m 1.50E-03 2.41E-05 1.37E-07 4.46E-12 1.53E-25 5.57E-48

i

j 7-28
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; Table 7-5 (Continued)
I PWR Canister Inventory, Ci/MTHM

,

A total HM content of 461.4 kg is assumed.
j

.

4

Years After Receipt at Repository
,

Isotope 1 5 10 20 50 100

Sn-121m 6.84E-01 6.48E-01 6.04E-01 5.26E-01 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
i .

Sn-126 5.63E-01 5.63E-01 5.63E-01 5.63E-01 5.63E-01 5.63E-01
! Sb-125 5.93E+02 2.15E+02 6.04E+01 4.76E+00 2.34E-03. 7.18E-09

Sb-126 7.88E-02 7.88E-02 7.88E-02 7.88E-02 7.88E-02 7.88E-02
Sb-126m 5.63E-01 5.63E-01 5.63E-01 5.63E-01 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 1.75E-09
'

Te-127 1.13E-07 1.05E-11 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.' 3 5E-5 7 0

I-129 3 . ,2 7E-0 2 3.27E-02 3.27E-02 3.27E-02 3.27E-02 3.27E-02
Cs-134 6.70E+03 1.75E+03 3.24E+02 1.12E+01 4.64E-04 2.29E-ll
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 8.85E+03
Ba-137m 8.19E+04 7.47E+04 6.65E+04 5.29E+04 2.65E+04 8.38E+03

i

Ce-142 2.86E-05 2.86E-05 2.86E-05 2.86E-05 2.86E-05 2.86E-05 !

Ce-144 6.86E+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 1.65E-09 1.65E-09 1.65E-09 1.65E-09 1.65E-09 L.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 3.81E-06 3.85E-06 3.86E-06 3.86E-06 3.86E-06
Sm-148 6.28E-12 6.28E-12 6.28E-12 6.28E-12 6. 28E-12- 6.28E-12 |

1 Sm-149 9.53E-13 9.53E-13 9.53E-13 9.53E-13 9.53E-13 9.53E-13
Sm-151 8.04E+02 7.81E+02 7.52E+02 6.98E+02 5.58E+02 3.84E+02 J

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 3.58E+03 2.39E+03 1.07E+03 9.48E+01 1.68E+00
Eu-155 5.18E+02 2.91E+02 1.41E+02 3.33E+01 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 2.95E-04 4.40E-06 2.29E-08 6.21E-13 1.24E-26 1.81E-49

7-29
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| Table 7-5 (Continued)
,

i

PWR Canister Inventory, Ci/MTHM .i
4

)
A total HM content of 461.4 kg is assumed.;

|

! Years After Receipt at Repository

Isotops ___1 5 10 20 50 100
I Ho-166n 6.98E-04 6.96E-04 6.94E-04 6.90E-04' 6.78E-04 6.59E-04

t,

TL-207 s.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 3.35E-09 5.14E-09 1.25E-08 3.20E-08

Pb-209 9.20E-08 1.17E-07 1.52E-07 2.34E-07 5.69E-07 1.46E-06
i

Pb-210 3.84E-08 7.97E-08 1.62E-07 4.60E-07 2.86E-06 1.40E-05
;

Pb-211 8.69E-06 1.12E-05 1.42E-05 1.97E-05 3.35E-05 5.29E-05

Pb-212 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03 ,

t'

. 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05 ji Pb-214 2.79E-07

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#

7

Bi-212 1.77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03

I Bi-213 9.20E-08 1.17E-07 1.52E-07 2.34E-07 5.69E-07 1.46E-06

i. Bi-214 2.79E-07 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05
L

j Po-210 3.46E-08 7.29E-08 1.51E-07 4.38E-07 2.79E-06 1.38E-05 ,

I Po-211 2.61E-08 3.37E-08 4.27E-08 5.91E-08 1.01E-07 1.59E-07

Po-212 1.13E-02 1.19E-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

i Po-218 2.79E-07 4.70E-07 7.83E-07 1.67E-06 6.66E-06 2.39E-05

i 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 5.29E-05

Rn-220 l'.'77E-02 1.86E-02 1.85E-02 1.71E-02 1.28E-02 7.91E-03
!

Rn-222 2.79E-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-07 2.34E-07 5.69E-07 1.46E-06

Ra-223 8.69E-06 1 -05 .4 E-05 9 -05 3 3 E-05 - 29E-05 !
1

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)
l 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-06 2.39E-05

Ra-228 1.72E-11 8.34E-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 1.46E-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-ll 8.34E-ll 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-07 1.53E-07 2.35E-07 5.70E-07 1.46E-06
Th-230 9.52E-05 1.26E-04 1.65E-04 2.49E-04 5.35E-04 1.10E-03

Th-231 1.67E-02 1.67E-02 1.67E-02 1.68E-02 1.68E-02 1.68E-02

Th-232 1.82E-10 2.39E-10 3.llE-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 3.05E-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-01 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-01 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 1.53E-01 1.42E-02
U-238 3.14E-01 3.14E-01 3.14E-01 3.14E-Ol' 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-01 3.72E-01 4.02E-01 4.56E-01.

Np-239 1.98E+01 1.98E+01 1.97E+01 1.97E+01 1.97E+01 1.96E+01
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-13
Pu-238 2.86E+03 2.78E+03 2.67E+03 2.47E+03 1.96E+03 1.33E+03
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Table 7-5 (Continued);

i
'

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

Pu-239 3.31E+02 3.31E+02 3.31E+02 3.31E+02 3 .' 31E+0 2 3.30E+02
Pu-240 4.86E+02 4.87E+02 4.87E+02 4.88E+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 l'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 8.64E-13

Am-241 1.57E+03 1.94E+03 2.31E+03 2.81E+03 3.33E+03 3.26E+03

Am-242 8.66E+00 8.50E+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 5.51E+00
Am-243 1.98E+01 1.98E+01 1.97E+01 1.97E+01 1.97E+01 1.96E+01

Am-245 1.04E-ll 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-01

Cm-244 1.82E+03 1.56E+03 1.29E+03 8.79E+02 2.79E+02 4.llE+01

cm-245 4.01E-01 4.01E-01 4.01E-01 4.00E-01 3.99E-01 3.98E-01

Cm-246 8.16E-02 8.16E-02 8.15E-02 8.~14E-02 8.llE-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-06 1.02E-06 1.02E-06 1.02E-06 1.02E-06 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 4.81E-24 1.49E-41

Bk-250 1.43E-13 1.43E-13 1.43E-13 1.43E-13 1.43E-13 1.43E-13

Cf-249 1.30E-05 1.29E-05 1.28E-05 1.25E-05 1.18E-05 1.07E-05

Cf-250 2.87E-05 2.32E-05 1.78E-05 1.05E-05 2.14E-06 1.51E-07

C f-251 3.76E-07 3.75E-07 3.73E-07 3.70E-07 3.62E-07 3.48E-07

Cf-252 4.00E-06 1.40E-06 3.79E-07 2.76E-08 1.07E-ll 2.18E-17

Total 3.96E+05 3.45E+05 2.97E+05 2.27E+05 1.07E+05 3.52E+04
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Table 7-6

BWR Canister Inventory, Ci/MTHM

A total HM content of 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 5.31E+01 9.80E+00 5.85E-01

C-1 2. 0 5E+04 2.05E+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 3.60E+01 2.50E+00 8.41E-04 1.37E-09

Co-60 1.34E+01 7.93E+00 4.llE+00 1.10E+00 2.llE-02 2.91E-05'

j Ni-59 8.79E-01 8.79E-01 8.79E-01 8.79E-01 8.79E-01 8.78E-01

Ni-63 1.26E+02 1.23E+02 1.18E+02 1.10E+02 8.74E+01 6.00E+01

So-79 2.10E-01 2.10E-01 2.10E-01 2.10E-01 2.10E-01 2.10E-01

Kr-81 1.13E-06 1.13E-06 1.13E-06 1.13E-06 1.13E-06 1.13E-06

Kr-85 2.64E+03 2.04E+03 1.48E+03 7.73E+02 1.11E+02 4.41E+00

Rb-8'7 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 2.58E+04 2.01E+04 9.60E+03 2.80E+03

Y-90 3.22E+04 2.91E+04 2.58E+04 2.01E+04 9.61E+03 2.80E+03
Zr-93 1.69E+00 1.69E+00 1.69E+00 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+00
Nb-94 4.16E-10 4.16E-10 4.16E-10 4.16E-10 4.15E-10 .4.14E-10

Tc-99 7.56E+00 7.56E+00 7.56E+00 7.56E+00 7.56E+00 7.56E+00
,

Ru-106 9.60E+01 6.17E+00 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-04 2.41E-13 3.03E-28

Pd-107 5.58E-02 5.58E-02 5.58E-02 5.58E-02 5.58E-02 5.58E-02

Ag-108 1.llE-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 8.48E-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-110m .l.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. 0 9E-2 0- 1.60E-32

| Cd-ll3m 9.72E+00 8.04E+00 6.34E+00 3.94E+00 9.48E-01 8.81E-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 1.81E-48

Sn-121m 3.95E-01 3.74E-01 3.49E-01 3.04E-01 2.00E-01 1.00E-Ol

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 (Continued)

BWR Canister Inventory, Ci/MTHM

A total HM content of 366.6 kg is assumed.
|

Years After Receipt at Repository

Isotope 1 5 10 20 50 100

Sn-126 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.97E-01

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 4.16E-02

Sb-126m 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.98E-01 2.97E-01

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-10

Te-127 2.95E-08 2.72E-12 2.46E-17 2.02E-27 1.llE-57 0

Te-127m 3.01E-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-01

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 3.81E+04 3.39E+04 2.70E+04 1.35E+04 4.27E+03

Ce-142 1.48E-05 1.48E-05 1.4 8E-0 5 1.48E-05 1.48E-05 1.48E-05

Ce-144 2.19E+01 6.22E-01 7.26E-03 9.87E-07 2.48E-18 1.16E-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-10 8.25E-10 8.25E-10 8.25E-10 8.25E-10 8.25E-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-148 3.63E-12 3.63E-12 3.63E-12 3.63E-12 3.63E-12 3.63E-12

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.llE-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 i

Ho-166m 2.75E-04 2.75E-04 2.74E-04 2.72E-04 2.68E-04 2.60E-04

T1-207 ~ 7.5$E-06 9.58E-06 1.19E-05 1.61E-05 2.62E-05 3.92E-05
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Table 7-6 (Continued)
BWR Canister Inventory, Ci/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt at Repository

Isotoce 1 5 10 20 50 100
T1-208 5.64E-03 5.88E-03 5.81E-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-07 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-07 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 4.2SE-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 9.81E-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 1.18E-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-05
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 9.81E-08 1.26E-07 1.91E-07 4.67E-07 1.21E-06
Fr-223' 1.07E-07 1.35E-07 1.68E-07 2.27E-07 3.68E-07 5.51E-07

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 7-6 (Continued)

BWR Canister Inventory, Ci/MTHM

A total HM content of 366.6 kg is assumed.

Years After Receipt at Repository

Isotope 1 5 10 20 50 100

Ra-228 1.65E-ll 7.87E-ll 1.50E-10 2.83E-10 G.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 1.65E-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-05 2.59E-05 3.88E-05

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 1.09E-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-01 2.01E-01

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-01 3.43E-01 3.73E-01

Pa-234 2.01E-04 2.01E-04 2.01E-04 2.01E-04 2.01E-04 2.01E-04

Pa.234m 2.01E-01 2. ole-01 2.01E-01 2.01E-01 2.01E-01 2.01E-01

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-04 1.96E-04

U-234 7.41E-01 7.69E-01 8.03E-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-01 2.51E-01

U-237 8.54E-01 7.06E-01 5.57E-01 3.47E-Ol 8.34E-02 7.77E-03

U-238 2. ole-01 2.01E-01 2.01E-01 2.01E-01 2.01E-01 2.01E-01
~

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-01

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 I

Pu-240 2.89E+02 2.89E+02 2.89E+02 2.89E+02 2.89E+02 2.88E+02
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Table 7-6 (Continued)

BWR Canister 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 6.98E-01 6.9GE-01 6.98E-01 6.98E-01 6.98E-01 6.99E-01

Pu-243 8.33E-08 8.33E-08 8.33E-08 8.33E-08 8.33E-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+00 8.07E+00 7.71E+00 6.72E+00 5.35E+00

Am-242m 8.41E+00 8.25E+00 8.07E+00 7.71E+00 6.72E+00 5.35E+00

Am-243 8.43E+00 8.43E+00 8.43E+00~ 8.42E+00 8.40E+00 8.36E+00

Am-245 1.98E-12 7.88E-14 1.40E-15 4.41E-19 1.38E-29 4.28E-47

Cm-242 6.91E+00 6.79E+00 6.64E+00 6.34E+00 5.53E+00 4.40E+00

Cm-243 1.40E+00 1.28E+00 1.15E+00 9.27E-01 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+01

Cm-245 1.35E-01 1.35E-01 1.35E-01 1.35E-01 1.35E-01 1.34E-01

Cm-246 2.41E-02 2.41E-02 2.41E-02 2.40E-02 2.39F-02 2.38E-02

Cm-247 8.33E-08 8.33E-08 8.33E-08 8.33E-08 8.33E-08 8.33E-08

Cm-248 2.41E-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-ll 2.94E-14 9.19E-25 2.85E-42

Cf-249 2.78E-06 2.76E-06 2.73E-06 2.68E-06 2.53E-06 2.29E-06

Cf-250 5.35E-06 4.3JE-06 3.32E-06 1.95E-06 3.99E-07 2.82E-08

Cf-251 6.83E-08 6.81E-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
ACTIVITIES OF FISSION PRODUCTS IN llLW VERSUS DECAY TIMES

IC1/ Mil #1 for Various' Decay Periods *I

Isotope 0.5 yr _ .5 yr 3.5 yr 6.5 yr . 10 yr 10 yr 10 yr 104~ r 10 yr 10 yrI 2 3 5 6y

2 2 2 2 23H'I 4.4 x 10 4. x 10 3.7 x 10 3,3 ,.10 2.5 s 10 1.6
I4 'b'''d3 7.4 x 10'I ?. x 10*I 7.4 x 10'I 7.4 x 10'I 7.4 x 10'I 7.3 x 10'I 6.5 x 10 2.2 x 10'I 4.2 x 10-6C

I"C"'* * " 6. 2 x 10'I 6. x 10 6.2 x 10'I 6.2 x 10'I 6.2 x 10 6.2 x 10'I 5.5 x 10 1.9 x 10*I 3.5 x 10-6
I9 3.5 x 10'I 3.. x.10'I 3.5 x 10'I 3.5 x 10'I 3.5 x 10'I' 3.5 x W I- 3.5 x 10'I 3.2 x 10*I 1.2 x 10 8.2 x 10-65e

3 3 3 3 3 I
85Kr(b) 9.5 x 10 - 8.* x 10 7.9 x 10 6.5 x 10 5.0 x 10 1.6 x O
bI 1.7 x 10-5 '. x 10-5 1.7 x 10-5 1.7 x 10-5' 1.7 x 10-5 1.7 x 10-5 1.7 x 10-5 1.7 x 10~6 1.7 x 10-5 1.7 x 10-5IRb
89 4 2 2.5 x 10-2 1.1 x 10-85r 5.5 x 10 4. x 10
90 4 4 4 4 4 3 1.3 x 10-65r 6.7 x 10 6. x 10 6.3 x 10 5.8 x 10 5.2 x 10 5.1 x 10
90 '6.7 x 104 4 ' 6.3 x 10 5,8 x 10 5.2 x 10 5.7 x 10 1.3 x 10-64 # 4 3

Y 6. x 10
II 4 3 2.4 x 10'I 5.8 x 10'IY 9.5 x 10 1. x 10
93

95 5 3 1.2 x 10-5
'1.7 1.7 1.7 1.7 1.6 1.1Zr 1.7 1. 1.7 1.7

Zr 1.7 x 10 3.. x 10 1.4y

9hb 1.7 x 10 2'.! . x 10 3.9 x 10 5.7 x 10 7.7'm 10 1.7 1.7 1.7 1.6 1.1I

95%b 3.6 x 10 '7. x 10I 3.0 x 10'I 2.6 x 10'I3

Nb 3.3 x 10 7.t x 10 3.2 2.7 x 10-595 5 3

99 I I I I I I I I
Tc 1.3 x 10 1.3 x 10 1.3 x 10 1.3 x 10 1.3 x 10 1.3 x 10 1.3 x 10 1.2 x 10 9.2 4.9 x 10

103 4 I 2.0 x 10~4 9.5 x 10*I3Ru 4.3 x 10 7.2 x 10 .
106 5 5 4 3 2

t Ro 3.4 x 10 1.7 x 10 4.2 x 10 5.3 x 10 3.4 x 10

103JRh 4.3 x 10 7.2 x 10 2.0 x 10~4 9.5 x 10'I34 I
|
i 106 5 9 4 3 2

Rh 3.4 x 10 1.7 x 10 4.2 x 10 5.3 x 10 3.4 x 10
107 9.2 x 10-2 9.9 x 10-2 9.8 a 10 - 9.8 x 10-2 9.9 x 10-2 9.9 x 10-2 9.9 x 10-2 9.9 x 10-2 9.8 x 10'I 9.0 x 10-2Pd

Ag 1.8 x 10 6.6 x 10 8.8 x 10 4.4 8.1 x 10-23 2 IIID
| 110 2 3 I 5.7 x 10*I 1.0 x 10-2Ag 2.3 x 10 8.6 x 10 1.1 x 10

IIkd 1.2 x 10 1.1 x 10 7.2 6.2 7.0 8.2 x 10-2I I

II9"5n 8.6 3.1 4.1 x 10'I 2.0 x 10 3.4 x 10'4Li

Ln 4.6 x 10'4 4.6 x 10'4 4.4 x 10'4 4.3 x 10'4 4.2 x 10~4 1.9 x 10'' 5.1 x 10-8121u
S

123 3 2 1.4 x 10-2 4.4 x 10-65n 2.7 x 10 3.6 x 10 6.3
126 , 4,g.x 10'I 4.8 x 10'I 4.8 x 10'I 4.8 x 10'I 4.8 x 10'I 4.8 x 10'I 4.8 x 10'I 4.5 x 10'I 2.4 x 10*I 4.7 x 10~43

,

m. Pertuda are me mused f rom reactor discharge,

b. hitiply by 0.06. 0.0. 0.0 f or H-3. C-14. and Kr-n5. respect ivejNy (see text).I'C in formed by neutron activetton el I tapurity in fuel.c. Nut a flazion product.
J. Once-through.
v. Dr nkum-unty recycle.

i
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TABLE 7-7a(Continued)

C1/MDM for Various Decay Periods (*}
I 2 3 4 6Isotope 0.5 yr 1.5 yr 3.5 yr 6.5 yr. 10 yr 10 yr 10 yr 10 yr 10 yr 10 yr

NO I 6.4 x 10'I 1.4 x 10-4 4.4 x 10 0
Sb 4.3 x 10

M5 3 3 3 3 2 4.9 x 10-85b 6.8 x 10 5.3 x 10 3.1 x 10 . 1.4 x 10 5.3 x 10
I2kb 4.8 x 10'I 4.8 x 10'I 4.8 x 10'I 4.8 x 10 4.8 x 10'I 4.8 x 10 4.8 x 10'I 4.5 x 10'I 2.4 x 10*I 4.7 x 10''
I20 4.8 x 10'I 4.8 x 10'I 4.8 x 10*I 4.8 x 10'I 4.8 x 10 4.8 x 10'I 4.8 x 10'I 4.5 x 10 2.4 x 10 4.7 x 10-45b
123aLre 1.6 x 10 1.8 x 10'2 2.3 x 10'4 3.5 x 10'I
I2he 2.8 x 10 2.2 x 10 1.3 x 10 6.0 x 10 2.2 x 10 2.0 x 10-83 3 3 2 2

III"Te 4.2 x 10 4.2 x 10 4.0 3.8 x 10'3 3.5 x 10'I-
3 2

I27 3 2 3.7 x 10'3 3.5 x 10'ITe 4.2 x 10 4.1 x 10 3.9
129 W 3.3 x 10'2 3.3 x 10-2 3.3 x 10-2 3.3 x 10-2 3.2 x 10-2 3.3 x 10-2 3.3 x 10-2 3.3 x 10-2 3.3 x 10-2 3.3 x 10-2g

I34 5 5 4 4 3
Cs 1.7 x 10 1.2 x 10 6.0 x 10 2.2 x 10 5.7 x 10

135 2.7 x 10'I 2.7 x 10'I 2.7 x 10 2.7 x 10 2.7 x 10'I 2.7 x 10'I 2.7 x 10 2.7 x 10'I 2.6 x 10 2.1 x 10Cs
I3I 4 4 4 4 4 3" Cs 9.4 x 10 9.2 x 10 8.8 x 10 8.2 x 10 7.5 x 10 9.4 x 10 8.8 x 10-6
III%a 8.8 x 10 8.6 x 10 8.2 x 10 7.8 x 10 7.0 x 10 8.8 x 10 8.2 x 10-64 4 4 4 3

I4I
Ce 2.4 x 10 9.7 1.6 x 10-6 1.1 x 10-16

144 5 5 4 3 I
Ce 6.1 x 10 2.5 x 40 4.2 x 10 2.9 x 10 8.2 x 10

I44 5 5 4 3 IPr 6.1 x 10 2.4 x 10 4.2 x 10 2.9 x 10 8.2 x 10
I4I 4 6.9 x 10" 4.1 x 10 1.9 x 10 6.4 x 10 2.9 x 10'I4 4 3

Pm 9.0 x 10
8m 3 2.4 x 10-5 3.4 x 10^ 3Pm 1.7 x 10 4.1

148 2 3.3 x 10'I 1.9 x 10'0 2.7 x 10*I*Pm 1.4 x 10
151 3 3 3 3 3 2 4.0 x 10*ISm 1.2 x 10 1.1 x 10 1.1 x 10 1.1 x 10 1.1 x 10 5.2 x 10
152 I I I

Eu 1.3 x 10 1.2 x 10 1.1 x 10 9.0 7.1 3.9 x 10-2
154 3 3 3 3 3 I

Eu 5.8 x 10 5.5 x 10 5.0 x 10 4.4 x 10 3.7 x 10 7.6 x 10
155 3 3 2 y,'2 x 102Eu 5.7 x 10 3.9 x 10 1.8 x 10 5.7 x 10

Gd 1.9 x 10 6.6 8.8 x 10 3.5 x 10'2153 I

160 2 4.6 x 10'3 1.2 x 10'ITb 1.8 x 10 5.2
I% 5.4 x 10'4 5.4 x 10'4 5.2 x 10~4 5.2 x 10'4 5.4 x 10'4 5.1 x 10'4 3.0 x 10'4 1.7 x 10-6

6 6 5 5 5 4 I I 3Total 3.3'm 10 1.4 x 10 5.9 x 10 3.5 x 10 2.7 x 10 3.0 x 10 1.9 x 10 1.8 x 10 1.4 x 10 2.9

Total

1.5 x 10 6.3 x 10 2.5 x 10 1.2 x 10 8.9 x 10 9.2 x 10 2.0 x 10-2 1.9 x 10-2 1.2 x 10'I 7.8 x 10''4 3 3 3 2 I

a. Periode are measurW f rom reactor disch.arge.
h. Multiply by o.005 for I-129 (see text).
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TABLE 7-7 b(Con t inued )

Cl]M1HM for Various Decay Periods (a)

10[yr 10br
3 6Isotope 0 yr 2 yL 5 yr 10 y r_ 10

_
10 yr 10 yr

236 1.60 x 10'3 1.60 x 10-3 1.60 x 10'3 1.60 x 10'3 1.61 x 10'3 1.75 x 10'3 2.60 x 10-3 3.15 x 10 3.07 x 10-3U -3
237 1.31 x 10-2 1.19 x 10 1.04 x 10 8,?? m 10'3 1.26 x 10~4 3.95 x 10-6 1.86 x 10-6 9.80 x 10-10-2 -2

U
238 l.58 x 10'3 1.58 x 10'3 1.58 x 10 1.58 = 10'3 1.58 x 10'3 1.58 x 10'3 1.58 x 10'3 1.58 x 10'3 1.58 x 10'3

-2
U

23I 4.67 x 10'I 4.67 x 10'I 4.67 x 10'I 4.68 x 10 4.78 x 10'I 5.29 x 10'I 5.43 x 10'I 5.28 x 10 3.94 x 10 ^Np
239 I I I I INp 1.35 x 10 1.35 x 10 1.35 x 10 1.35 x 10 1.34 x 10 1.24 x 10 5.48 1.58 x 10-3 1.11 x 10'I
236 1.80 x 10-3 1.11 x 10 5.35 x 10'# 1.58 x 10'#~3Pu
23N I I I I IPu 1.57 x 10 3.20 x 10 3.22 x 10 3.13 x 10 1.89 x 10 2.26 x 10'I 3.35 x 10 9

239
Pu 1,46 1.46 1.46 1,46 'l.50 1.79 3.26 4.46 x 10 1.11 x 10'I

240 ~4 -9Pu 2.26 2.50 2.61 3.29 5.39 4.98 1.98 1.95 x 10 1.11 x 10
241 2 2 2 2Pu 5.24 x 10 4.77 x 10 4.55 x 10 3.28 x 10 5.02 1.58 x 10'I 7.42 x 10 3.92 x 10-5-2
242 7.91 x 10'3 7.92 x 10'3 7.93 x 10-3 7.95 x 10 8.20 x 10'3 8.71 x 10'3 8.83 x 10-3 7.57 x 10'3 1.46 x 10-3Pu -3

2" Am 3.65 x 10 3.66 x 10 3.66 x 10 3.6( x 10 3.27 x 10 7.77 x 10 1.43 x 10-2 3.92 x 10-5
2 2 2 2 2 I

Y 242m I I I I'0 1.02 x 10 6.76 1.12 x 10'' l.69 x 10'I9Am 1.07 x 10 1.06 x 10 1.04 x 1

242 I I I 3Am 1.07 x 10 1.0F x 10 1.04 x 10 1.02 x 10 6.76 1.12 x 10'I 1.69 x 10 9

243 I I I I IAm 1.35 x 10 1 35 x 10 1.F. x 10 1.35 x 10 1.34 x 10 1.24 x 10 5.48 1.58 x 10-3 1.11 x 10'I
242 3 2 I

Cm 3.48 x 10 8.64 x 10 1.00 x 10 8.37 5.55 9.16 x 10 1.39 x 10'I9
243

Cm 3.82 3.66 3.43 3.07 4.38 x-10 1.50 x 10-9
244

Cm 1.21 x Ih I.13 x 10 1.00 x 10 8.28 x 10 2.64 x 10 3.21 x 10'I" 3.47 x 10'I# 3.18 x 10 1.52 x 10
3 3 3 3 -12

2#b
Cm 1.71 10'I 1.71 x 10'I 1.71 x 10'I 1.71 x 10 1.70 x 10^ -1.58 x 10'I 7.41 x 10 3.91 x 10# 0

246 3.27 x 10'2 3.27 x 10-2 3.27 x 10 3.27 x 10-2 3.23 x 10-2 2.83 x 10-2 7.52 x 10 1.34 x 10-8Cm -3
*9 4.63 x 10~4 9.24 x 10-5 8.23 x 10 1.46 x 10'#-6Bk

249 -6 -6 -6 -6 -6 6.02 x 10'# l.21 x 10'I"Cf 3.18 x 10 4.07 x 10 4.25 x 10 4.23 x 10 3.54 x 10
250 1.48 x 10-5 1.33 x 10'b 1.14 x 10 8.73 x 10 7.42 x 10 3.5 x 10 2.45 x 10 6.79 x 10

-5 -6 8 " 4 6Cf
252 1.40 x 10-5 8.27 x 10 3.77 x 10 1.02 x 10-6-6 -6Cf

3 3 3 3 2 ITotal' 5.66 x 10 2.22 x 10 1.88 x 10 I,62 x 10 4.32 x 10 1.11 x 10 1.76 n'10 3.17 4.62

Total
2 I I I IW/M1HM 1.84 x 10 5.95 x 10 4.96 x 10 4.34 x 10 1.34 x 10 3.31 3.95 x 10'I 7.25 x 10-2 1.10x1[

a. Years af ter chemical separation; 1.5 yr elapse between reactor discharge and chemical separation; chemical separation assumed to
remove 99.5% of U and Pu. but no other activities.

- _ _ _ - - _ _ - _ _ _ _ _ - _ _ _ _ _ _
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TABLE 7-8
RELEASE FRACTIONS DERIVED (FROM WALKER,1978)

, Release Fraction
Safety Analysis Range of Current Recormended

Release Mecnanism Parameter ' Observations (a) Practice (b) Values (c).

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
0.30 0.30I-129 -- 4 - - 0.013. Volatiles (Cs,Rb,Ru) <4.0x104 0.808x10-4<104 - 0.05 0.014. Non-Volatiles <2.0x10

B. Heatedfuelrelegse 1. Noble gas 0.12 - 0.86 0.90 0.90
y
: T = 1,000-1,400 C 2. Halogens 0.g2-0.95 0.90 0.25

A .3. Volatiles 2x105 -7x10-g - 0.014. Non-Volatiles <10-
- 0.99 - 0.01

"

C. Fire release 1. Noble gas - 0.90 - 1.00 1.00
(Release fraction except 2. Halogens 0.65 - 0.84 1.00 1.00
as noted) 3. Volatiles ~3x104 - 0.01 0.01 - 0.90 0.01

4. Non-Volatiles ~5x10-4 - 0.20 0.01 - 0.05 0.01
5. Fly ash ~5x10-4 - 0.20 0.01 - 0.05 0.01
6. Airborne Particle <0.1 - 10 <5 <5

size (p)

(a)Frca actual data.
(b) Values used in various studies reviewed in (Walker 1978).
(c) Values reca nended by Walker.

_ _ _ _



. _ _ _ _ - . . _ _ _ _ . _ _ . . _ -. . . . ._ _ _ - . _ _ - . _- . _ _, . -. _ - _ - - , - - . . . - _ ..

J

,

t

!

|

TABLE 7-8 (Continued)

Release Fraction'

- Safety Analysis Range of Current Recomended i

Release Mechanita Parameter Observations (a). Practice (b) Values (c)
;

:
i

D. Explosions 1. Noble gas - 1.00 1.00'

;- (Fraction released 2. Halogens - 1.00 1.00

| except as noted) 3. Volatiles - 0.001 0.01 :

i 4. Non-Volatiles 9x10-5 - 0.14 0.01 0.01 !
3 3 3 (d) t

! 5. Airborne material 1.0 - 71 mg/m 10 - 100 mg/m 100 mg/m

(time >100 sec)
<10 - <30 <10 ;6. Airborne Imrticle -

size ( p )-
-

E. Impact stress.- airborne Vitrified material

w fraction (solid):j

i 1. Impact velocity 4x10-4 - 3x10-3 5x10-3 - 2x10-2 gg(e)

~40 Ws ;

-5 - 3x10-4 5x10-5 - 3x10-3 NR2. Impact velocity 2x10 ,
;
a ~20 Ws

) ,

i ':, t

| (a)From actual data,
t

(b) Values used in various studies reviewed in (Walker 1978).
; (c) Values recomended by Walker .

. d) Applicable to particulate material cnly, not to gas or volatile material release.('

(elta = No recomendation.
1

l
j i

!
4

!

I

I
i

i

, -. _, , - .- , _ _ _ . _ . _ . _ _ _ _ _ _ _
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T/ OLE 7-9
FIL'IT.R EFFICIENCY NJD RESUSIENSION FIC10R

Range of Current Recompended

Observations (a) Practice (b) Values (c)Parameter

Particulate Filters (% Efficiency)
IfEPA - 1st Stage 96.0 - 99.999 99.0 - 99.99 99.9

- 2nd Stage 99.976 - 99.992 99.0 - 99.9 99.0
- 3rd Stage 99.49 - 99.99+ 99.8 - 94.0 99.0

- 4th Stage
- 83.0 83.0

Noble Gas Traps (% Efficiency)

75.0 - 99.99+ -- ta(d)1. Refrigerant
y 2. Cryogenic (CO ) 90.0 - 99.993 - ta

2
a

Italogen Filters (% Efficiency for bed depths 2 2.0 inches)^

Or Activated charcoal:
I @ RH < 70%(e) 81.9 - 99.999 95.0 - 99.99 99.0

I 9 rd > 70% > 90.0 - 99.9997 90.0 90.0

J @ RH < 70% 50.25 - 99.999+ 85.0 - 99.0 99.0

O'' I @ RH > 70% 8.77 - 99.99 30.0 - 98.0 30.0
3

(a)Fran actual data.
(b) Values used in various studies reviewed in (walker 1978).
(c) Values recermended by Walker.

(d)NR - No recermendation.
(e)RIl - Relative humidity.

_ _ _ _ _ _ _



TM3LE 7-9 (Continued)

Range of Current Recomfrended
Pa rameter Observations (a) Practice (b) Values (C)

Resuspension Factor ( m' )
0 4Indoors 1x10[ - 3x10[y 1x10- - 1x104 1x10[6Outdoors 1x10 - 2x10 1x10 1x10

Plateout

IfIIodine (time <2 hr) DF = 10-100 DF = 2 - 10 IE(d)
5Particulate diameter > 10 DF = 1 - 4x10 DF = 1.0-5.5 NRs

(a)Frce actual data.
(b) Values used in various studies reviewed in (Walker 1978).
(c) Values recommended by Walker.

(d)NR - No recommendation.
(f)DF - Decontamination factor = initial airborne activity / average airborne a(.tivity.

_ _ - - - _ _ - _ _ _ .
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TABLE 7-10
RELEASE ERACTIONS EUR SIDTP EUEL RELEASE PEOlANISPE

(WILlor,1981)

Inpact Imaching Burst Diffusion Oxidation
Radionuclide ' Rupture Waterlogged Other Crud Rupture (a) (Steam) (Air)

Noble gams 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 3.0-3 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 - - - 0.25 - - -

(a) Diffusion or oxidation releases nust be added to burst releases when the torst rupture mechanism occurs.

(b)2.0-6 = 2.0 x 10

______

__ _ _ _ _ _ _ _ _ _ _ . _ _ _ _
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Table 7-11

EXTERNAL DOSE FACTORS FOR STANDING ON CONTAMINATED GROUND
2(mres/hr per pCf/m )

Element Total Body Skin

! H-3 0.0 0.0
C-14 0.0 0.0,

NA-24 2.50E-08 2.90E-08
P-32 0.0 0.0
Cr-51 2.20E-10 2.60E-10
Mn-54 5.80E-09 6.80E-09
Mn-56 1.10E-08 1.30E-08
Fe-55 0.0 0.0.I
Fe-59 8.00E-09 9.40E-09
Co-58 7.00E-09 8.20E-09'

Co-60 1.70E-08 2.00E-08 -

Ni-63 0.0 0.0
N r-65 3.70E-09 4.30E-09
Cu-64 1.5'1E-09 1.70E-09
Zn-65 4.00E-09 4.60E-09
Zn-69 0.0 0.0
Br-83 6.40E-11 9.30E-11
Br-84 1.20E-08 1.40E-08

. Br-85 0.0 0.0l

Rb-86 6.30E-10 7.20E-10
Rb.88 3.50E-09 4.00E-09
Rb-89 1.50E-08 1.80E-08i Sr-89 5.60E-13 6.50E-13
Sr-91 7.10E-09 8.30E-09
Sr-92 9.00E-09 1.00E-08
Y-90 2.20E-12 '2.60E-12
Y-91M 3.80E-09 4.40E-09
Y-91 2.40E-11 2.70E-11
Y-92 1.60E-09 1.90E-09
Y-93 5.70E-10 7.80E-10,

; Zr-05 5.00E-09 5.80E-09
Zr-97 5.50E-09 6.40E-09'
Nb-95 5.10E-09 6.00E-09
Mo-99 1.90E-09 2.20E-09 <

Tc-99M 9.60E-10 1.10E-09 '

Tc-101 2.70E-09 3.00E-09
Ru-103 3.60E-09 4.20E-09 !

,

Ru-105 4.50E-09 5.10E-09
Ru-106 1.50E-09 1.80E-09
A -110M 1.80E-08 2.10E-089,

Te-125M 3.50E-11 4.80E-11
Te-127M 1.10E-12 1.30E-12
Te-127 1.00E-11 1.10E-11

,

Te-129M 7.70E-10 9.00E-10
Te-129 7.10E-10 8.40E-10
Te-131M 8.40E-09 9.90E-09
Te-131 2.20E-09 2.60E-06
Te-132 1.70E-09 2.00E-09
1-130 1.40E-08 1.70E-08'

I-131 2.80E-09 3.40E-09I I-132 1.70E-08 2.00E-08I-133 3.70E-09 4.50E-09I-134 1.60E-08 1.90E-08I-135 1.20E-08 1.40E-08
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Table 7-11 (Continued)
.,

! Element Total Body Skin

Cs-134 1.20E-08 1.40E-08
Cs-136 1.50E-08 1.70E-08
Cs-137 4.20E-09 4.90E-09
Cs-138 2.10E-08 2.40E-08
Ba-139 2.40E-09 2.70E-091

Ba-140 2.10E-09 2.40E-09
| Ba-141 4.30E-09 ' 4.90E-09

Ba-142 7.90E-09 9.00E-09
La-140 1.50E-08 1.70E-08
La-142 1.50E-08 1.80E-08
Ce-141 5.50E-10 6.20E-10"

Ce-143 2.20E-09 2.50E-09
; Ce-144 3.20E-10 3.70E-10

Pr-143 0.0 0.0
Pr-144 2.00E-10 2. 30E-10

' Nd-147 1. 00E-09 1.20E-09
W-187 3.10E-09 3.60E-09

4 Np-239 9,50E-10 1.10E-09
i

!

;

i
i
4
t

i

i

:

T

|
T

i

;'

!

|
s

1

'. i

.

5

6

!
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Table 7-12

,

PAGE 1 0F 3

i
INHALATION CCSE FACTORS FOR AnULTS

twREM PF4 PCI INHALEDI,

NUCtlCE dONE LIVER T.RCCY THYR 010 KIDNEY LUNG GI-LLI
1 ....._-__ .................._-_.-___.. __ ._...-_____-_.---....._. _......

H 3 NO DATA 1.58E-07 1. 5 8 F-0 7 1.56E-07 1.58E-07 1.58E-07 1.58F-07
0 14 2.27E-06 4.26E-07 4.26E-0T 4.26E-07 4.26E-07 4.26E-07 4.26E-07
'J A 24 1.28E-06 1.28E-06 1.26E-06 1.28E-C6 1.28E-06 1.?RE-06 1.28F-06

P 32 1.65E-04 9.e4E-06 c.26E-06 NO DATA NC DATA NO DATA 1.08E-05
LR 51 NO DATA NO DATA 1. 2 S E -0 8 7.44E-09 2.RSE-09 1.80E-06 4.15E-07

. *N 54 NO DATA 4.93E-06 T.8 f E-0 7 NO DATA 1.23L-06 1 75E-04 9.67E-06
1 _............-___....... -_-_............--------.. - ..........._---....--

"N 56 NO DATA 1.55E-10 2.21E-11 10 DATA 1.63t-10 1.18E-06 2.53E-06
FE 55 3.07E-C6 2.12E-06 4.9)E-07 No, DATA NO DATA 9 CIE-06 T.54E-07
FE 59 1.475-06- 1.47E-04 1 3? E-0 6 NO DATA NO DATA 1.27E-04 2.35E-05
............. .. -__...........__ .._--___...--. .__... ..............--__ _

CO S8 NC DATA 1.98E-07 2.59E-07 NO CATA NC DATA 1.16E-04 1.13E-05
00 60 NC UATA 1.44E-06 1.a>E-3b NO DATA NG OATA F.46E-04 1.56E-05
's! 63 5.40E-05 3.03E-06 1. 81 E -0 6 NO DATA NO DATA 2.23E-05 1.67E-06

= _- ,--- ............. .......--.

41 65 1.92E-10 2.o2E-11 1.14F-11 NO DATA NC DATA 7.00E-07 1.54E-06
Cu 64 NO CATA 1.93t-10 7.61E-11 NO DATA 5.78E-10 P.48E-07 6.12E-06

i ZN 65 4.05E-06 1.29F-OS 5.82E-06 NO DATA H.62L-06 1.08E-04 6.68E-06
j ..... .._____......... ..._.... .....___............. -=.. . ... . _..__...

ZN 69 4.23t-l? 8.14;-12 5.65E-13 NO DATA 5.27L-12 1.15E-07 2.04E-C9
1R 83 NO DATA 40 OATA 3.01E-08 NO DATA NC DATA NO DATA 2.90F-08
6R e4 NO DATA *O CATA 3.91E-08 NO DATA NC DATA NO DATA 2.05E-13

! .....___.... ___................._...................__..............._--...

dR 82 NO DATA NO DATA 1.60E-09 NO DATA NC OATA NO DATA LT E-24
12 80 NO DATA 1.61E-05 7. 3 rE-0 6 NO DATA NO DATA h0 CATA 2.08E-06
10 88 NO DATA 4.e4E-n8 2.41E-18 NO DATA NO DATA h0 DATA 4.18E-19

=- . .._.............

96 89 NO DATA 3.2Cd-08 2.12 E-0 8 NG DATA NO DATA NO DATA 1.16F-21
i 5d 99 3.80E-05 NO CATA 1.09E-06 NO DATA NO DATA 1.75E-04 4.37E-05

54 90 1.24E-02 NO DATA 7. 62 E-0 4 NO CATA NC DATA 1.20E-03 9.02E-05
_.____..__..._ .-___. ...... ___. .............____........ -__...._.__ ___.

SR 91 7.74E-09 NO DATA 3.13 E-10 NO DATA NO DATA 4.56E-06 2.39E-05<

SR 92 8.43E-10 NO CATA 5. 64 E -1 1 40 DATA NO DATA 2.06E-06 5.38E-06
Y 90 2.61E-07 NC CATA 7. 01 E -0 9 NO DATA 40 DATA 2.12E-15 6.32E-05
..-__.--................. ..................--.. ...........--.......--.....

; Y 91M 3.262-11 NO DATA 1.27E-12 NO DATA NC CATA 2.40E-07 1.66E-10
Y 91 5.78E-05 NO DATA 1. 55 E -0 6 NO DATA NO DATA 2.13E-04 4.8tE-05
Y 92 1.29E-09 NO DATA 3.77E-11 NO DATA NC DATA 1.96E-06 9.19E-06

1 . . . . _ _ _ _ _ _ _ _ _ _ - _ _ _ . . _ _ _ _ . . . . . . . - _ - _ . . . . _ _ . . . . . - - . . . . . . . . . . . . . . . . . . - - - . . . . . .

|
|

|

!

|

I
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Table 7-12

P A" E 2 0F 3

INHAlaT101 CCSE FACTU25 FOR ADULTS
twaEM Pct PCI INHALE 01

NUCLIJL 8ONE LIVFR T.402Y THYROID KIONFY LUNG GI-LLI
--........................................................_-----............

Y 95 1 186-05 NO DATA 3.26E-10 NO DATA NC CATt e.C6E-06 5.27E-05
2R 95 1 340-05 4. 3CE-06 2. 9 t E -0 6 NO DATA 6.77E-06 2.21E-C4 1.38E-05
ZR 97 1.21F-08 2.450-09 1.13E-09 NO CATA 3.71t-09 9.84F-05 6.54E-05
.............. ................................................ ......-_..._

NR 95 1.76E-06 9. F 7L-07 5.26E-07 NO DATA 9.67E-07 6.31E-05 1.30F-05
>G 99 10 CATA 1. Sit-08 2.67t-09 NO PalA 3.64E-08 1.14E-C5 3.10E-05
TC 19P 1.29E-13 3.646-13 4. 61E-12 NO DATA 5.52E-12 9.55E-C8 5.20E-07

TC101 5.22E-15 7.52L-15 F.3eE-14 NO CATA 1.15c-13 4.99E-08 1.368-21
RO103 1.91E-07 NO CATA 8.23E-08 40 DAT4 7.29E-07 6.3tE-05 1.38E-05
RU1CS 9.R8F-11 NC OAIA 3.89E-11 NG DATA 1.27t-lO 1.17E-06 6.02E-064

1 ......._- .== ....................._.....................................

RU106 8.o4E-C6 NO CATA 1.C)C-06 NO DATA 1.67E-05 1.17E-03 1.14E-04
AGilor 1.35E-C6 1.252-06 7.4 st-0 7 NU D%TA 2.46E-C6 5.79E-04 3.7aE-05
TCl25* 4.27E-07 1.99C-07 5. 84 E-0 8 1.llE-07 1.55c-06 3.92C-C5 8.93E-06
................. _............ .. ___..................-.....--. _......___

TE127* 1.58E-06 7.21'.-07 1.9eE-07 4 11E-07 5.72E-C6 1.2CE-04 1.37E-05
TE121 1 75C-10 8.055-11 3.8 7E-11 1.32E-10 6.37E-10 8.14E-07 7.1?C-06
IE129* 1.22E-C6 5.64:-07 1.95E-OF 4. 3 0E-0 7 4.57t-C6 1.4SE-04 4.79i-05
............. _____........___.................___...........__....._.......

TEt29 6.22C-12 2.99i-12 1.59E-12 4. 3 7t-12 2.34k-11 2.42E-07 t.965-08
TE13th P.14E-09 5.455-09 3.63F-09 6.d8F-09 1.96E-08 1.82E-05 6.95E-05
1F131 1.39E-12 7. 4 4C- 1 1 ' 4.49E-13 1.175-12 5.466-12 1 742-07 2.30E-09
-____......-_..................___........ ......._..._._ ..._..............

T[ll/ 3.25C-00 2.69E-OR 2.022-08 2.37C-08 1.P2E-07 3.60E-05 6.37F.05
! 133 5.72E-07 1.0A5-06 6.6t C-0 7 1.422-C4 2.61E-06 NO CATA 9.6tE-07
1 131 3.15E-06 4.4 7 E-Oo 2.56E-06 1.49E-C3 7.66E-06 NO LATA 7.85F-CT
................._....____.................... -____.........______.--___...

I 132 1.4SE-07 4.0 7E-0 T 1 4dE -01 1.43E-C5 o.48C-07 NO DAT A 5.08F-08
I 13s 1 08E-C6 1.852-06 5.6SE-07. 2.69E-04 1.23E-06 NO DATA 1 11F-06
I 134 8.0SF-08 1.16t-07 T.69E-08 3.T3E-06 3.44E-OF 40 DATA 1.26E-10
...... _................ _..._...... .. ._ ................._- ......-_.....

I 135 3.35E-C7 8. 7 3t-07 3.21E-07 5.00E-0S 1.19t-06 NO DATA 6.56E-07-
C5134 4.66E-C5 1.06E-04 9.10F-05 NO CATA 3.59E-C) 1.22E-05 1.30E-06
C5136 4.88E-C6 1. E 32-C 5 1.31E-05 40 CATA 1.07E-05 1.50E-C6 1.46E-06
.........................................._......................_..___..__.

C5131 5.98E-05 7.765-OS 5.1 ) C -0 5 NO DATA. 2.78E-95 9.40E-06 1.05F-06
C5134 4.14E-Oe 7.T6*-08 4.03E-38 NO DATS 6.00t-C? 6.0FF-09 2.3)E-13
liA139 1.17E-10 0.522-14 3.420-12 NO CATA 7.782-14 4.70E-07 1 12C-07
----._-.--.--...............................................................

,

!

'
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Table 7-12
P AG E J OF 3

INHALATION CLSE FACTORS FOR ADULTS
(" REM PE1 PCI INHALEnl

NUCLicE SONE tIVER T.dbCT THYROID KIDNEY LUNG GI-LLI
. . . . . . . . . . . . . . - - - . . . . . . . . - - . . . - - - - - - - - - - - - - - . . . . . . . . . . - - . - - - - . - - - - - - - . . . . .

MA140 4.98t.C6 6.135-09 4.2 t E-0 T NO DAIA 2.09E-09 1.59E-04 2.T3F-05
mA141 1.25E-11 9.416-15 4.2CE-13 NO DATA 8.75E-15 2.42E-07 1.45E-17
aA142 3.29E-12 3.385-15 2.07E-15 NO DATA 2 96E-15 1.*9E-07 1.96E-26
- - - - . . . . - - . . . . . - - - - . . . . . . . . . . . . . - - - . . . . - - - . . . . - - - - - - . . . . . . . . . . . . . - - . . - - - - -

L A140 4.10E-C8 2.175-08 5.T3E-01 NU OATA NG DATA 1.70E-05 5.73E-05
L A 142 8.54E-11 s.88E-11 9.64E-12 NO DATA NO. DATA T.91E-07 2.64E-07
CE141 2.49E-06 1 693-06 1.91L-07 NO CATA 7. 8 3E-0 7 4.52E-05 1.50E-05

CF143 2.llE-09 1.72E-09 1.91t-09 NO DATs 7.60E-09 9.97E-06 2.83E-05
;E144 4.29E-04 1.79E-04 2. 30E -0 5 N0' DATA 1.06E-04 9.72E-04 1.02E-04
PR143 1.17E-C6 4.69E-07 5. 90E-0 8 NO DATA. 2.70E-07 3. 51 E -05 2.50E-05
...--...--..................------. --.---------------- -----....- _==....

3R144 3.76E-12 1.365-12 1. 91 E-1 3 NO DATA 8.R16-13 1.27E-07 2.69E-18
40147 6.59E-07 7.02E-07 4. 5 6 E -0 8 NO DATA 4.45E-07 2.76E-05 2.16E-05
= 187 1.06E-09 a.d5;-13 3.10 E-10 NO DATA NO DATA 3.63E-06 1.94E-05
- - - - . . . . . - - . . . - - - . . . . - - - - - - . . . . . . - - - - - - - - . - - . . - - . . . . . . - - - - - . . . - - . . . . . . . . . - -

'4P239 2.8FE-08 2.82E-09 1.55E-09 NO DATA 8.75E-09 4.70E-06 1.49E-05

7-51
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TABLE 7-13 - ACCIDENT ANALYSIS SUIEARY

i

Expected Injuries (l) >

i

CLASSIFICATION FATAL NFDL .NDL

Pall of rib 0 1.17 0.26
I 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.,

1

Electrical 0.010 0.048 0.019

i Fire / Ignition 0 0.179 0.36

'IUPALS 0.169 6.128 3.856
!
<

! (1) Injuries in nine years based on 200,000 work-hours per year
;

.j.

i

:

i

i

I

I

:
!

!

.
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TABLE 7-14
WEER OF OIERNIOR IK7URIES, IMIURY-INCIDDKE RKIES IER 200,000

DtPIDYEE-EURS, AND UtIIDYEE-HOURS, BY MINEPJL INDUSTRY AND WCRK
IDCATION, JAMJARY - SEPTDEER,1983. FROM EllA (1983)

Mireral Industry Fatal. ML ML ALL Dnployee-
And Incidence Ircidence Incidence Incidence Hours

Work Location Fatal Rate NEIL Rate NEDL Rate Rate Reported
4

8

$ Underground Mines

Metal 5 0.06 514 6.34 378 4.66 11.06 16,225,255'
Nonmetal 3 0.09 180 5.20 88 2.54 7.84 6,917,053

Stctr; - - 55 4.47 12 0.98 5.45 2,459,887
Total, Underground Mines 8 0.06 749 5.85 478 3.73 9.65 25,602,195

,_ ._. . _ . , ._ ______
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Table 7-12

PA3E 2 OF 3
i

'INHALAYl01 CCSE FACTUA5 FOR 40ULTS i

(*4EM PE4 PCI INHALE 03

NUCLIJL 80NF LivFR T.000Y THvROIO KIONFY LUNG GI-LLI

y 93 1.lti-05 NO CAT A 3.26E-10 NO DATA NC CAT % 0.C6E-06 5.27E-05
Zn 95 1.340-05 4. 3CE-06 2.91E-06 NO DATA 6.77E-06 2.21E-C' 1.38E-05 '

|ZR 97 1.21F-CA 2.450-09 1.13E-09 NO DATA 3.716-09 9.84F-c4 6.54E-05
............. .____........... ........................___.____.............

NR 95 1.76E-06 9. 7 7L-07 5.26E-07 NO DATA 9.67E-C7 6.31E-05 1.30F-05
*G 99 10 CATA 1.51t-08 2. 4 7t-0 9 NO DAIA 3.64E-08 1.14E-C5 1.10E-05
TC 99P 1.29E-13 1.64E-13 4.6sE-12 NO DATA S.52E-12 9.55E-C8 5.20E-07

TC101 5.22E-15 7.52L-15 7. lee-14 NO CATA 1.lic-13 4.99E-08 1.368-21
RU103 1.9tE-07 NO CATA 8.23E-08 'J0 D A T4 7.29E-07 6.3tE-05 1.38E-05
RU1C5 9.48F-11 NC CAT A 3.89E-11 NO DATA 1.27t-tC l.17E-06 6.02E-06
................ . .._____..................................................

tut 06 8.e4E-C6 NO CATA t.C)C-06 NO DATA 1 67E-05 1.17E-03 1.14E-04
AGilor 1.35E-C6 1.252-06 7.45*-07 NU 04T A . 2.46E-C6 5.79E-04 3.7AE-05
TCl25* 4.27E-07 1.91C-07 5.84E-08 1.3tE-07 1.55c-06 3.92E-C5 4.43E-06
....................__...____........................__............__......_

TE127* 1.5BE-C6 7.215-07 1.90E-07 4.11E-G7 5.72E-C6 1.2CE-04 1.37E-05
TE127 1.75C-10 8.055-11 1.87E-11 1.12E-10 6.37E-10 8.14E-07 7.1?C-06
IE129* 1.22[-C6 5.b4 -07 1.9hE-07 4.30E-07 4.57t-C6 1.45E-04 4.794-05

TCl21 6.22C-12 2.99i-12 1. 5 3 E-12 4. 4 7t-12 2.34h-11 2.42E-07 t.965-08
TE131m 8.74E-09 5.455-09 3.63F-09 6.d8F-09 1.16E-C8 1.82E-05 6.95E-05 |

TF131 1.19E-12 7.440-11 4.49E-13 1.175-12 5.466-12 1.74E-07 2.30F-09
............................___.___.__.__...........__......................

TC112 3.250-08 2.69E-08 2.022-08 2.37C-08 1.P2E-07 3.60E-05 6.37F-C5
I 133 5.726-07 1.0A8-06 6.6(C-07 1.422-C4 2.6tE-06 MO CATA 9.6tE-07
I 131 3.15E-06 4.475-20 2.56L-06 1.49E-C3 7.66E-06 NO LATA 7.85F-C7
................................. .............___..........__...__.........

I 112 1.4SE-07 4.07U-0 7 1 4SE-01 1.43E-05 u.48C-07 NO DA14 5.08F_98
I 131 1.08E-C6 1.855-C6 5. 65E'-0 7 2.69E-C4 1.23E-06 NO DATA 1.11F-06
8 114 P.05F-09 2.16t-07 7.69E-OP 3.73E-06 1.44!-C7 40 DATA 1.26E-10
...................___....____.......____..............................__...

I 135 3.35E-C7 8. 7 3t-07 3.21E-07 5.60E-05 1.19E-06 NO DATA 6.56F-07
CSI)* 4.66E-C5 I.06E-04 9.105-05 NO CATA 3.59E-CD 1.22E-05 1.30r.06
C5136 4.88E-C6 1.E55-C5 1.39E-05 '40 CATA 1.07E-e5 1.50E-06 1.46E-06
......... __........______........ .............___........_____...___...__

C5137 5.98E-05 7.765-05 S . 3 3 C -0 5 NO DATA 2.78E-95 9.40E-06 1.05F-C6
05139 4.14E-08 7.762-08. 4.0 iE-3 8 NO DATs 6.00E-C? e.07F-09 2.35E-13
hA139 1.17E-10 8.323-14 3.420-12 NO CATA 7.70E-14 4.70E-07 1.12E-07
.............................................. .............................
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TABLE 7-16 - IGNITION SOURCES OF UNDERGROUND METAL AND NONMETAL

FIRES (a)

! !

! !

5 SOURCE 5 0F TOTAL

Electrical 42.1%

Welding Sparks / Hot Slag 15.8<

j Miscellaneous 13.0

| Spontaneous Combustion 11.4
1 Engine Heat 7.0

Friction 6.1

j Explosives 35
|

(a) From Mine Safety and Health, Vol. 6, n. 2,1981.
|

.

%

!

|

4

!

..
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TABLE 7-17 - ACCIDE2R AVERME SEVERITY,1981(1)

PARTIAL PERMANENT WJiEOPARY

ACCIDENP CLASSIFICATION DLSbBILITY ___ MIL

Electrical - 14

Explosives and breaking agents 2,027 35

45Fall of face, rib -

Fall of roof 872 26

Fire - 374

Powered Haulage 214 37

Hoisting 36-

All accidents 283 26

(1) Data shown in terms of number of days lost for a given
accident classification

!
f

!

i
i

|

|
|

>
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8.0 CONCLUSIONS

%e first phase of the HLW-PSSA projecti was primarily devoted to the
gathering, sorting and assembling information as appropriate for a safety
assessment of a nuclear waste repository. @is 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

2e accident scenarios developed for the basalt repository concept
were identified using material flw, diagrams for each specific waste
handling process. mis is similar. to other conceptual studies of
repository concepts (Bechtel,1981, SRENCO 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 develognent, initiating events identified from the
material flow diagrams were screened (Pe@ing,1981) to remove events of
lw frequency and consequence. Screening was performed separately for each
consequence type initially considered, allowing the eventual developnent 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 problen, the logic model develognent is cm.plete 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.

%e concept of comprcxdse 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
predominantly 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 j

j loaded into the transfer cask at the hot cell outlet port, visual contact '

i is lost. Transportation accidents such as crane drop, transporter
collision, and waste cage restraint failure and emplacement accidents
related to the cask positioning or hydraulic ram activities can all cause
undetected canister damage. Sese activities may require additional,

j administrative controls and/or design additions for inspection following
borehole insertions.'

'

i
!.i

$

8-1

|
. .. - _. . .- - .



Accident scenarios grouped into the remaining consequence categories
will have different uses in future project @ases. Scenarios contributing
to both public and personnel radiological exposure are imediate concerns
related to the licensing and operation of a nuclear fwl waste repository.
These two consequence types will therefore receive the majority of
attention in future tasks in order to support the repository developnent
and licensing effort in a timeframe responsive to current repository goals.

8.2 CNSEQUENCE EVALUATION

Radiological and nonradiological consequences were evaluated from the
standpoint of selecting the most appropriate approach for quantitative
evaluation of each consequence type and recomending the sg cific
consequence types for further analysis in future project tasks. We
following consequence types were evaluated initially: (1) radiological I

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 repasitory's ability for long-term
geologic isolation of high-level waste, and (6) financial impact. We
ccxtpromise 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. We 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 consequence.

Of the different consequence types considered, the radiological
(public and worker) and nonradiological occupational consequences were
reccmaended for further evaluation. However, in the interest of providing
useful information to the NRC for licensing purpses in a time frame
consistent with the DOE repository design schedule, em@ asis should be on
radiological public and worker consequences.

In the quantitative evaluation of radiological 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 fractioW are difficult to obtain largely
because of the accident-specific nature of the release and the lack of
adequate experinental data to support postulated release assumptions. This
large uncertainty in the release fraction has to be recognized and
accounted for in future work.

For the rext 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. Empirical 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.

8-2
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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. Sme of these data have already been
gathered and are given in Section 7 of this report. We second phase of
this project will contain 'a subtask _ for the acquisition of further
occupational hazard data in related activities, particularly, mining
operations. These data will then be used to estimate expected occupational
injury rates frm repository developnent and operation. This is not a
major task, however, W e emphasis of future phases will be in estimating
radiological incident frequencies and consequences.

He two other consequences mentioned in this reprt are repository
availability and financial impact. Financial impact represents a monetary
cmposite of the expense of all other consequences (see Section 3, Pigure
3-1) . At this time no effort is planned to cmbine the different types of
risk contributors into a single financial risk curve. ne information.will
be available to perform this sunnation, 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. We need for sphasis on issues directly relevant to the
repository licensing process dictates the exclusion of this consequence
frcra further develognent at this time. Again, the information is still
available should further definition of risk to reFository availability be
required in the future.

8.3 FAULT WEE DEVELOPENT

Fault trees were developed for systems identified as intermediate
events during event tree develognent and covered in sufficient detail in
the basalt repository conceptual design 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 systems described and the performance criteria
specified. Due to the passive nature of the spent fuel /stcrage canister
assemblies, the pritrary 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 containment. 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 a net pressure slightly less than atmospheric. Pault tree models
developed for these systems in Section 4 took credit for backup assemblies
wherever possible.

8-3



. . -

i

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. %ey are
discussed below.

We waste handling building has both a ' primary and a secondary
,

confinement exhaust ventilation / filtration system. These systems serve
different areas of the building. We intent of the design is to operate

the primary system (the one serving the most contaminated areas) at a
slightly lower pressure than the secondary to force any leakage to flow in
the direction of higher contamination. Were are several accident,

scenarios where either primary or secondary cperation can provide
sufficient ventilation to prevent radionuclide release to the environment.
he two systems are not completely independent and neither~ are their;

respective backup units. All primary and secondary fan units exhaust to a'

ccanon plenum with a single tornado damper / bird screen and a single stack.
%ese comonalities could cause all confinement exhaust systems to fail in
the event of damage to the plen m or stack (e.g. earthquake) . We.u
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' description.
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

i 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 equipnent operation
(probably manually initiated) but it also adds other loads to the standby
bus, possibly exceeding generator capacity. This condition is not certain
frcm the design information available; however, to preserve the redundancy
and independence of backup systems, both the exhaust sud the supply intake
fans must be powered by redundant bus arrangements. This detail should be
follcwed 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.

%e waste transport shaft exhaust system is an additional confinement
, exhaust system that can play an important role in mitigating certain
I accident scenarios involving the loading and transportation from surface to

subterranean locations. Wo 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

1 8-4
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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.

W e 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. W e schematic provided for these
systems does not shw 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 1cwer 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
develognent 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
radiation 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.
'Ihe signal closes the dampars on the filter bypass ducts, opens the dampers
on the inlet and outlet of the filter train, and starts the second stage of
the exhaust fans. Wis monitoring system with associated alarny' trip
functions is not described explicitly in the conceptual design description.
However, data are available on the performance of radiation monitoring
systems with alarnt 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. his 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 SAMEE PPfBLEM 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 scenarios leading to public radiological
exposure risk during emplacement operations (see Table 2-18) . Contributing
scenarios were selected fran all major facility processing areas identified
in Table 2-1. Intermediate events required for the sample problem
scenarios include all the systems fault trees.
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Simplification at the event tree rather than at the fault tree level
was chosen because of available compiter programs. At the fault tree
level, the SETS computer program provides fault tree reduction capability
and the VALUE computer program quantifies the SETS output 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.
%e sample proble was chosen to be mall 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 caission of some 90
scenarios) requires that the final estimates of risk and importance

Irankings be used only for demonstration purposes. We results do nat'
represent a preliminary evaluation or order of magnitude estimate of the
final results. Inclusion of all the identified accident sequences,
ccxnpletion of the human error analysis, and estimation of comon cause
contribution must be performed in order to draw final conclusions.

8.5 IMPORTANCE RANKIm

te Fussell-Vesely importance measure (normalized) was chosen as the'

best measure for the purposes of this project (see Section 6 and the
appendix). We 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 sphasis on events identified for the4

! sample problem. We data gathering task will continue in the next study
phase with sphasis on human error and accidents related to mining'

activities.

Initiating event frequencies, intermediate event probabilities, and
ccenponent failure rates and repair times were derived from various cources
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
government-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, ar.d dose factors. While meteorological
information on the Hanford site is known to be available and can be
obtained from the National Climatic Center in North Carolina, no spcific'

information was compiled at this time. 2 e more detailed consequence
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evaluation in the next study phase will help define the specific ,

meteorological information required to calculate popu'.ation dose.

We data on prsonnel injuries in mine-related activities resulted
from the work performed by Engineers International (See Section 7). Wis
data base will be augmented in future work. We data collected, so far,
have provided useful' insights into areas of likely concern when evaluating
the impact of repository operations to the workers.

4
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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 event4

and minimal cut set importance, Barlow-Proschan measure of basic event and
,

j 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 risks

j evaluation of a nuclear waste repository. W e importance measures selected
from the preliminary screening were then applied to a specially selected2

' fault-tree problem to test each measure's prformance under various
conditions.

On the basis of the results ci this study, the Fussell-Vesely
importance measure is recourended for future work. Wis measure provides

i the most appropriate treans of ranking component importance both as a
i function of system unavailability and unreliability. Furthermore, the
4 inherent straightforwardness of the Fussell-Vesely equation allows for case
j in the calculation of probability distributions.

:

|
i

I

i

i.

i

!
4

:

!
4

i

A-4*

|
,

,, . . , . ~ - ,-nn.,_,--,n,.----v.._---..----,,w, , , _ , - - - - - -- -,-+,-g _ , _ _ - - , - , _ . , , .-m,--,-- -+,y--.--- , - -w,-o



1.0 INIROWCPION
,

Safety and reliability analyses have become increasingly important in
the conceptual design, developnental 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 problan 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 celected
irFortance 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
high-level waste repositories.

|
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2. IMPORTANCE FEASURES

i 'Ihis section reviews the basic attributes of several importance

i 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 IMIORTANCE FEASURES EOR FAULT 'IREE APPLICATIONS;

. A number of importance measures have been proposed or used in
I connection with fault tree 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
i 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 (Ref.1) . Engelbrecht-Wiggans
and Strip have also evaluated varicus 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

'Ihe 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 cxxnponent i failed and
the probability the system fails with component i functioning, or:

B
g (1 , Q(t)) g(O , Q(t)) (1)I = -

1 g
.

I where: O(t) is the failure probability of the ccanponents other than i
; which contribute to system failure,

9 (1, Q(t)) is a probability function of the state vector having1

1 in the ith position and O(t) in all other positions;
and g(0 , O(t)) is a probability function of the state vector having1

{ 0 in the ith position and O(t) in all other positions.

.
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he 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 cmponent 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. Werefore, 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 Imoortance

The structural measure of importance is a deterministic measure which
evaluates the importance of a basic _ event or cmponent 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.

We 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 cmponents (2n-1) . It is, therefore, the
fractional number of system states (for the n-1 rcmaining components) which
are critical for cmFonent i.

Iambert (Ref.1) defines structural importance as:

If = g(1,1/2) g(O ,1/2) (2)-

1 y

where: g(l ,1/2) is the function of the state vector having 1 in thei

ith position and 1/2 in all other positions; and
g(O ,1/2) is the function of the state vector having o in thei

ith position and 1/2 in all other positions.

For the series-parallel system shown in Fig. 1, the three critical cut
' sets for cmponent i are {1}, {1,2} and {1,3}. Wis is verified by the
following equation:

2n-1 (9 (11, 1/2) - g(01, 1/2}} (3)C1 =

where C1 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:

P
CR g

I (4), =
f p

T
:

where

B Birnbaum measure or criticalityI =

g failure probability of component i in time interval tP =

P System failure (or unavailability) in time interval t.=
T

'Ihe system failure probability is calculated using the minimal cut set
i upper-bound equation:1

k

Br = 1- (1 - P(MCS)1 )
'

.(5)
i=1

) where: P(MCS)1 is the failure of minimal cut set 1.
1

l
'

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
j importance if system failure probability is high.

2.1.4 Uoarading Function of Basic Event Imoortance

i 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

i,
-______

i

1+

A minimal cut set is a sna11est 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.

A-9
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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
bY

1-e - (t) (6)F(t) =

where F(t) is the probability that a non-repairable component fails in time
interval t and R(t) is the connon hazard assumed to be shared by all
cmponents; a can be regarded simply as a failure rate.

Eis measure is useful during the design stages of a system where data
cn repair times may not be available and only the relative failure rates
are known.

2.1.5 Pussell-Veselv. Measure of ImDortance

he Fussell-Vesely (F-V) measures include the basic event importance
and the minimal cut set importance measures. The importance measure for
basic event 1, I W, is defined as the probability that basic event (or1
cmponent) 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 minirral cut mts containing basic event i given that the
system has failed (i.e., the Top Event has occurred):2

( V (MCS)k)'
3 )

P1
\ k=1W

(7)I =
f

PT

where J = number of minimal cut mt terms containing
basic event 1,

f3 )
where P

(MCS)kj
= probability of the union of minimal cut set k

containing basic event 1,

Pt = probability of the top event

%e F-V basic event importance measure provides a numerical algorithm
for ranking a basic event not only according to how many minimal cut set
terms the basic event is part of but also according to how important these
terms are to the occurrence of the top event.

_ _ _ _ _ _ _ _ _ _ _ _ _ .

| 2See Attachment for presentation of a mathematical expression that is an
| approximation of Equation 7.
t
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'Ihe F-V measure of cut set importance ranks cut sets according to
their fractional contribution to the top event and is given by

)
I (8)=

CS P,p

where P(MCS) minimal cut set failure probability=

Pr top event failure probability.=

2.1.6 Barlow-Proschan Measure of Imoortance

'Ihe 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.

'Ihe B-P basic event in'portance 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.:

. .

9 (11 , Q(t')) - g(Og , Q(t')) Wg,g (t') dt
P, o -_,,____,_________,____ g)______________ ,,_

E [N (t)]s

where ;(ly,9(t')) - g(0 , D(t')) Birnbaum neasure for basic event i=
1

Wf,1 failure frequency of basic event i=

.

E [N (t)] = expected number of system failures for a givens
mission tirre

:
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i

!
.

' he B-P measure is used to rank only initiating events' identified in
i the fault' tree. The sun of all initiating event imprtances in the B-P
i measure of importance equals 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.

We 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

i basic events in that cut set must have failed at the time the initiating
event occured. If each minimal cut set contains an initiating event, the
B-P measure of cut set imprtance is the same as Pussel Vessely's cut set 1

i importance measure.
1

1 Iambert has pointed out that the Pusse11-Vesely definition of cut set
importance always assions more importance to a cut mt of a lower order
than a cut set of a higcer order when basic event probabilities are equal
(Bef. 1). This is true far the B-P measure only when no replicaticn (i.e.,
event is present in many cut sets) of events occurs. A case where the B-P

i measure ranks a higher order cut as more important than a lower crder cut
j . set is discussed in Referenae 1. The system contains ten components and

the top event is represented by 21 minimal cut mts. 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
{j rerraining six components. It was shown that for a top event probability of
j approximately 0.64, the four-component cut set has a greater probability of
j causing the system to fall 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
I probabilities are equal.
,

! Se B-P measures of importance are limited in that only . initiating
events and cut sets containing initiating events are ranked.

1

2.1.7 secuential contributorv Measure of Tmnortance

| %e sequential contributory (SC) measure like the B-P measure of
ifrportance is based on the concept of interval reliability. The SC measure
of importance is the probability that component 1 (enabling event) is
contributing to system failure when another component j (initiating event)

i 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
1

! !

!

.

! |

:

I
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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
I Q (t') W (t') dtf

j ------ g-{p g7------------- (10)
i=j

Bwhere I
1,3 criticality function for (Birnbaum) enabling event i. =

and initiating event j 9 (1,1, Q(t')) -=
1 1 3

9 (1, 0 , g(t'))1 1 3

0
1

failure probability of enabling event i=

g3 failure frequency function for initiating event jW =

E [N (t)] = expected number of system 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:

0
S*(1) =

ma. (11)
P SP

m

where Pm is the mean failure probability of component m and E is the mean
top event probability, and 6 synbolizes the change in a particular
parameter. S41) measures the grcentage change in the mean top event
probability with respect to unit prcentage change in component mean. This
significance index is essentially the same as the upgrading function
defined by Lambert (Ref. 1).

-

P 602
b. S(2) " m

(12)m 2g p
1 m

2where 0 is the variance of the' top event probability distribution.
1
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a

S is the percent change in the top event variance with
respect to unit percentage change in component mean.

U2 602
S(3) " m

(13){ c. '%2m 2g

2
where 0 is the corresponding variance of the mth component

} is the percent change in the top event variance withS

respect to unit percentage change in component variance.
I ISignificance Indices S and S 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 Irpportance Measures

W. Vcsely, et al (Ref. 4) have introduced two measures of risk
importance, risk reduction worth and risk achievement worth.

,

'Ihe risk reduction worth is the reduction in risk if a system feature
were assuned 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 Di of feature i is defined
as:

Ro/Ri (14)Di =

where Ro present risk level=

RI = decreased risk level with the feature optimized or
assumed to be perfectly reliable.i

On an interval basis, the risk reduction worth di is given by:

di Ro-Ri (15)=

The risk achievenent 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 Al of feature is:

Rf/RA (16)=
g g

where R increased risk level without feature i or with feature 1=

'
assumed failed.

On an interval basis, the risk achievement worth G is:
y

:

Rf-R (lDG =
g g

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,

i 'Ibe Birnbaum measure is shown to be the sum of the risk achievent
i worth ( Gi) and the risk reduction worth ( di) of component i._ The F-V

measure ~1s expressed in terms of the decrease in risk level, R1, and is
related to the risk reduction worth on a ratio scale, D1 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 objectives of the llLW-
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 PROGRAVS

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 inpit the minimal cut sets 'nerated from the,

I SETS '(Ref. 5) fault-tree reduction code:
For systems modeled with fault trees, IMPORTANCE (Paf. 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
1 (S-C) measure.

In addition to minimal cut sets (obtained frca 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.

A-15



The B-P and S-C measures are time integrated quantitles 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 versico of the
code cannot handle differing repair times for initiating events.

The SEP (Set Evaluation Erogram) 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 neasure and the event probability.
When normalized by the system failure (top event) pobability, this
expression essentially becomes the Fussell-Vesely measure (Ref. 7) . SEP
calculates these measures separately for the noncomplemented and
ccrnplemented occurrence of each event. These measures are calculated
assuming that the event and its emiplement are indegndent events. The sum
of these two measures yields the true importance neasure 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
imWrtance ranking: which sum to unity.

%e cm.puter code STADIC-2 (Ref. 9), which is a general purpose Monte
Carlo simulation code, can also be used to calculate importance neasures
such as the F-V measure and to propagate data uncertainties, thus,
providing importance ranking factors in the form of distributions.

I

!

!
1

1

l

|
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3. EVALUATION

A major objective of the fligh-Level Waste Preclosure Systems Safety
Analysis (HW-PSSA) project, of which this evaluation is a part, is the
develognent 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 reEcsitory is still at the conceptual stage, risk assessment
at this time is directed mainly at identifying the compnents or cystems
that are daninant risk-contributors in order that design modifications can
be made (if needed) before construction and operation.

We 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.

We 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 equipnent and operations can be obtained
(although no geologic repository is yet in operation) since many are
standard industry equipnent.

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
cmponents of importance to preclosure op rations in a geologic
respository. %ese 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 neasure.

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,

j 5. Uniform ranking of all components (or events) represented in the
|

fault tree model should be possible.

6. The measure sbould be applicable to repairable and non-repairable
components.

7. A compiter program should be available to calculate the rankings.

i ,
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3.1 PRELIMINARY SCREENim

%e significance index is directly related to the upgrading function.
Se risk reduction worth and risk appreciation worth neasures do not seem
to offer any advantage over the other basic imprtance neasures that were
discussed in Section 2. Hence, these neasures are not addressed explicitly
in the remainder of this report.

We different features of the importance neasures were evaluated using
the above criteria. We results are sunnarized in Table 1. Since the
IMPORTN;CE code is capable of calculating all seven imprtance neasures, it
was used to determine the inportance rankings of basic events for the |
simple fault tree model shown in Fig. 2. Wis fault tree was first reduced
to its minimal cut sets using the SETS code. .

In running IMPORTN4CE, ona can input failure data either in terms of
failure rate and restore time (for repairable components only) or in terms
of proportional hazards (i.e., relative failure rates). We upgrading
function can be calculated only if proportional hazards are used as input.
Se fault tree shown in Fig. 2 was therefore evaluated using two sets of
inpat to allow calculation of all the studied importance neasures. The
fault tree and the data used for this exercise are the same as those in the
example of Reference 6. The results are shown in Tables 2 and 3. We
Birnbaum measure and structural measure yield the same order of ranking,
i.e., single event cut sets are ranked higher in importance regardless of
their failure probability. The remaining measures of importance shown in
Table 2 yield approximately the same ranking.

The inherent nature of the different importance neasures (as explained
in Section 2) and the limitations in the IMPORTM4CE code itself, prevented
us frca canparing all the measures on the sane scale. The IMNRTMJCE code
classifies the different neasures into two general categories: (1) those
that are weighted by the system unavailability, and (2) those that are
weighted by the expected number of system failures for a given time
interval and are useful for ranking continuously operating systems for
which failure cannot te tolerated. Birnbaum, Structural, Criticality,
Upgrading Function, and Fussell-Vesely (F-V) neasures of importance belong
to the first category and are generally applied to non-repairable systems.
We Barlow-Proschan (3-P) and the Sequential Contributory (SC) measures
fall into the second category. In the example shown, if we combire the
calculated B-P and SC importance values, the resulting event ranking is the
same as the F-V ranking (see Tables 2 and 3) . This is true if there is
only one initiating event in a minimal cut set.

|
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It is possible to apply the importance measures in the first category
to repairable systems. However, the importances will be calculated as a
function of the limiting system unavailability which is expressed as

U=Rr (23)s,

where R is the top event failure rate and
Is is the mean time to repair of the initiating events.

We top event rate is a functico of the criticality and failure frequency
functions of the initiating events present in the fault tree:

n

Ag W (24)R = ,y g
i=1

where Agi the criticality function (or Birnbaum's measure) for=

initiating event i and

Wf,1 = failure frequency of initiating event 1.

From Equations 23 and 24, it can be seen that the limiting system
unavailability can be orders of magnitude higher than the unavailability of
a non-repairable system with equivalent component failure rates, depending.
on the value of'the repair time, T s. h us, in general, rankings based on
system unavailability differ from those based upon interval reliability.

% e present version of IMPORTANCE cannot handle different repair times
for initiating events. We consider this a serious limitation, particularly
for the purpose of our investigation.

Based on the results presented in Tables 1 to 3, the following
measures have been screened out as inadequate in meeting our objectives:

o Birnbaum's measure as discussed in Sec. 2.1.1, this measure by-

itself is not very useful since it is not a function of failure
probability of the top event. Hence, component in a single order
cut set will always be ranked higher in importance over those
components in higher order cut sets, provided the failure
probability of any component is less than 1.

this is a deterministic (not probabilistic)o Structural measure -

measure and it depends on the structural position of a component in
the fault tree. . hus, a component present. as -a single event
minimal cut mt will always be considered to be more important
regardless of its failure probability.
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o Upgrading function - this neasure is applicable to non-repairable
components and only when relative failure rates are known.
Although its application can be useful during the design phase,
other infortance neasures -that are more versatile can provide the
same information, and perhaps more.

o Barlow-Proschan measure this measure is limited in that only-

the contribution of initiating events to overall system failure is
considered. Only the IMPORTANCE code is currently capable of
calculating this measure as applied to fault tree problems.
However, the IMPORTANCE code assumes only one repair time for all
initiating events. Thus, the results will not be meaningful,
particularly, for cut sets containing two or more events. Whereas
the concept of interval reliability is quite interesting and
useful, .the application of the Barlow-Proschan method to the safety
analysis of repository operations may not be adequate since we need
to determine the sensitivity 'of a system failure to all components
or events present and not only to initiating events.

3.2 FINAL SCREENING

%e remaining importance neasures, namely, criticality, F-V and SC were
subjected to a more rigerous analysis to determine whether they rank in a
consistent manner and to determire how the ranking behaves as a function of
various factors such as repair time, top event probability, minimal cut set
order, etc.

In many respects, the criticality measure is equivalent to the F-V
measure and cne purpose of this exercise has been to determine the
conditions (if 'any) under which the criticality measure differs from F-V.
If such conditions do exist, it is important to find out which measure
produces more reasonable or neaningful results.

%e SC measure like the B-P measure, is relevant for interval
reliability analysis. However, it is better handled in the IMPORTANCE
code, since enabling events can have different repair times. Furthermore,
it is easy to manipulate the fault tree by creating dummy events to serve
as initiating events, so that one can get a ranking of all events in the
fault tree, by assuming these events to be enabling events.

Fig. 3 shows a fault tree specially developed to study the three
importance reasures (i.e. , F-V, criticality and SC) at the appropriate
level of detail. The fault tree is relatively simple, allowing easy review
of the results. The fault tree represents varicus combinations of Boolean
logic, with minimal cut sets containing one to five components. Event, El,
is present in six mininal cut sets. The variations in the combinations of
component / event failure allcw adequate testing of the features offered by
the importance ranking methods. Table 4 lists the minimal cut sets derived
upon reduction of the fault tree in Figure 3 using the SEis code. Table 5
gives the assumed failure rate and repair data for each event. Event, El,
appears in many cut sets of different orders but it has a low failure rate

|
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and mall repair tine. There is also a high-order minimal cut set with
events that are not present in any other cut sets.

%e F-V measures (basic event and minimal cut sets) were evaluated
using both the IMPORTINCE and the VALUE codes. The criticality and SC
measures were calculated using IMPORTINCE. The results of the ranking are
shown in Table 6.

All three neasures practically give the same ranking when the
probability.of the top event is less than 0.1. However, as the probability
of the top event increases, the criticality importance value for E18
decreases by comparison with the corresponding F-V value (see Table 7) .
21s condition exists for cwponents er events in series. From Equation 4,
the criticality measure can be shown to be directly proportional to the
Birnbaum measure. In our example there are two events in series which are
the main contributors to system failure. Event 18 has a failure
probability which is 100 times smaller than that of Event 17. The Birnbaum
measure for component E18 decreases as the actual failure probability of
component E17 increases. Hence, the criticality measure for component E18
decreases exponentially as the probability of the top event approaches
unity. By comparison, the F-V measure is the ratio of the sum of the
probabilities of the minimal cut sets containing component' Fl8 to the
probability of the top event. Hence, as top event probability awroaches
1, the F-V ranking for cxxtponent E18 tends to increase and approaches .01.
%e F-V measure is considered to be a better importance measure because it
ranks both critical and non-critical components in the system and it is
possible that a cmponent can contribute to system failure without~ being
critical.

As mentioned earlier, we have included durmiy events to serve as
initiating events in order to rank all events using the SC measure method.
We order of ranking for the basic events is the same as that obtained with-
the F-V rreasure. The concept of interval reliability may be useful when a
system is in the operational stage and one wishes to understand the
sequence of events contributing to system failure. However, during the
design stage, when insufficient data are usually available and enabling
events are either difficult or impossible to identify, the SC measure of
importance is not useful.

A-21
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Fig. 2. Fault tree for pressure tank rupture.
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TABLE 1
IMPORTANCE MEASURE SELECTION CRITERIA

UFGRADING FliSSELL- BARLOW- SEQUENTIAL
CRITERIA BIRNBAUM'S STRUCRIRAL CRITICALITY F1JNCTION VESELY(a) 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

S$ 3. Easily applied to repository yes yes yes yes yes yes yes
situations and provides scrutable (to 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 repairable and yes yes yes Non-
.

yes Hepairable yes
non-repairable components repairable only

only

7. Computer program available to yes yes yes yes yes ye3 ye3
calculate the rankings

,
.



TABLE 2
IMPORTANCE MEASURES DEPENDENT ON SYSTEM UNAVAILABILITY (a)

IMPORTANCE VALUE (RANK) W

i'
PROPORTIONAL FUSSELI-

BASIC EVENT HAZARDS BIENBAUN'S CRITICALITY (c) STRUCTURAL UPGRADING VESELY(c)

1. Tank 1.00-03 .99 (1) .235-02 (5) .670 (1) .235-02 (5) 790-03 (4)

2. Timer 1.00 .38 (2) .88 (2) .249 (2) .868 (2) 333 (1)
>
4 3. Gauge 10.0 .489-02 (5) .103 (4) .132 (3) 916-01 (4) .035 (3)
*

4. Operator 100.0 492-02 (4) .445 (3) ' .132 (3) .109 (3) .149 (2)

5. Switch 100.0 .492-02 (4) .445 (3) .132.(3). .109 (3) .149 (2)

6. RValve 10.0 .468-01 (3) 99 (1) .249 (2) .874 (1) 333 (1)

(a) Based on Top Event Probability = 1.00-02
(b) Ntsnbers in parentheses indicate numerical ranking of basie events.
(c) Normalized to 1.0.

__
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TABLE 3
IMPORTANCE MEASURES DEPENDENT ON EXPECTED NUE ER OF SYSTEM FAILURES

IMPORTANCE VALUE (RANK)

FAILURE RATE REPAIR TIME SEQUENTIAL
BASIC EVENT (PER HR) (IIRS) BARLOW-PROSCHAN(c) CONTRIBtfr0RY

~1. Tank (a) .100-07 720.0 .156 (2)

2.. Timer (a) .100-04 720.0 .844 (1)

3 Gauge (b) .100-03 22.0 - .150 (3)
*

4. Operator (b) .100-01' 1.0 - .681 (2)
1

5. Switch (b) .100-04 22.0 .151-01 (4) |.

6. RValve (b) .100-03 4320.0 - .843 (1)'

(a) Initiating events
(b) Enabling events
(c) Normalized to 1.0.

|
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! TABLE 4

MINIMAL CUT SE'13 FOR HYPOTHETICAL FAULT TREE MODEL

,

E17
,.

"

E18

E1 * E2
1

E5 e E7

E1 # E3 * E4

; E1. * E3 ' ES'

El * E3 * E6
E1 * E6 * ET * E8
E1 * E8 * E9 * E11
E10 * E8 * E9 * E11

E12 * E13 * E14 * E15 * E16

1

i

i

4

I

i

4

1

f
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TABII 5
FAILURE RATE AND REPAIR TIME DATA

NO REPAIR (a) WITH REPAIR (b)

BASIC EVENT FAILURE RATE FAILURE RATE REPAIR TIME
(per br) (per hr) (hrs)

El 1.0-5 1.0-6 10
E2 2.4-2 1.0-3 24
E3 1.0-2 1.0-2 10
E4 1.0-3 1.0-4 1

E5 7.2-4 1.0-6 720y
i E6 7.2-5 1.0-7 720
y E7 1.5-3 1.5-4 10

E8 1.8-2 1.8-3 to
E9 4.4-4 2.0-5 22
E10 1.5-3 1.5-4 10
E11 1.8-1 2.5-4 720
E12 7.2-3 1.0-5 720
E13 1.2-1 5.0-3 24
E14 1.6-3 2.0-4 8
EIS 1.0-2 1.0-3 10
E16 1.0-4 1.0-5 10
E17 1.0-1 1.0-1 1.0
E18 1.0-3 1.0-3 1.0

la) Input to calculate F-V and Criticality Heasures as a function of unavailability.
(b) Input to calculate SC measure as a function of expected number of failures.
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TABLE 6
IMPORTANCE HEASURE RESULTS '

,

'

FUSSELL-VESELY SEQUENTIAL
~

EVENT VALUE CODE (a) IMPORTANCE CODE (b) CRITICALITY CONTRIBUTORY

i -
]

; E17 .990 .991 .990 .991
j E18 .990-02 .991-02 .892-02 .991-02

ES .107-04 .107-04 .962-05 .102-04
E7 .107-04' .107-04 .962-05 .102-04 '!

y E1 .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
E11 .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
t

E6 .715-10 715-10 .643-10 .681-10
E12 .137-10 .137-10- .123-10 .130-10

i E13 .137-10 .137-10' .123-10 .130-10
,

<

E14 '.137-10 .137-10 .123-10 .130-10'

EIS .137-10 .137-10 .123-10 .130-10
E16 .137-10 .137-10 .123-10 .130-10

(a) Normalized to one.
(b) Unnormalized,

i

!

t

i
4
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TABLE 7

COMPARISON OF THE FUSSELL-VESELY,

AND CRITICALITY MEASURES FOR VARYING TOP EVENT PROBABILITY,

(l

H)P EVENT

PROBABILITY BASIC EVENT FUSSELL-VESELY. CRITICALITY

.0505

E17 .991 .990

E18 .991-02 .941-02

.101

E17 .991 990

E18 991-02 .892-02,

.503

E17 .995 .990<

E18 .995-02 .498-02

i

't

4

1

| A-30
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l

4. RECOMMFE ED MEASURE

Prom the results of our analyses, we conclude that the F-V measure is
the most suitable nethod 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. The case presented in Section 2.1.6, which
showed that the B-P minimal cut set measure provided a better ranking than
the F-Y measure, involved components (or basic events) which were
replicated in many cut sets and their failure probabilities were equal.
Such condition is considered extreme and not likely to occur in real-life
situations. The dominant accident sequences that will be evaluated in the
preclosure risk assessment of a geologic repository will involve different
systems with varying failure probabilities. Hence, the use of the F-V
measure will, in general, 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 straightforwardness of ~ the F-V equation easily
Fermits the calculation of probability distributions for the importance
measure. We also reconnend the use of STADIC-2 to perform these
calculations in the HLW-PSSA project (Ref. 9) . This program is a validated
tool for cabining distributions according to an input algorithm. 'Ihe F-V
measures for both components end systems can then be evaluated in the form
of distributions.

I
1
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ATTACHI M P

'Ihis appendix discusses the basis for using the minimum upper bound
approxirration for calculating top event failure probability as used in the
IMEORTANCE and VALUE computer codes. The mathematical expressions
presented here were derived primarily from Reference A-1.

!

I If basic events are not replicated in cut sets and all basic events
ar,e statistically independent, then

=[NP (top event) II q (1)
ie K) iJ=1

where i .Kj means "for all basic events' contained in minimal cut set Kj"

NK = total number of minimal cut sets representing the fault tree
structure

U = the logical operator for an "0R" gate;
2

for a pair of events:' .11. qt = qg + q2 - 9412i=1

n = the logical operator for an "AND" gate;
2

for a pair of events: IT Qi 9932
=

i=1

qi = failure probability of basic event i.

In general, basic events are replicated and Equation 1 is not valid.
Esary and Proschan (Ref. A-2) proved that the following bounds always hold
when the basic events are statistically independent:

1

!

1

AA-1
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!

|
|

p b
(2)

'

f P (top event) 3 H TT 917 ggg
r=1 iE P =1 lE K

r j

where )

16Pr treans "for all basic events contained in minimal path

set Pr"

Np = total number of minimal path sets representing the fault
tree structure.

Np

De term ( D M g) is the minimal path set lower bound whiley

r=1 16 P
N

K
the term ( g g q ) is the minimal cut set upper bound. In general,g

j=1 iE K
g

the upper bound is very close to the " exact" value when gi's are snall'.
Se overprediction which occurs for .1 I q f 1 is acceptable for most
engineering calculations.

The first order expansion of the minimal cut set upper bound is called
the " rare event acoroximation". In this approximation we neglect ~the
simultaneous occurrence of two cut sets. As a rule of thumb, the rare-
event approximation is accurate when gi i .01. For example, for a two-out-
of-three system, the minimal cut set upper bound is:

1 - (1-q q2) ~II - 9 9 ) (1-99) (3)y 13 23

n e rare event approximation of Equation (3) is

9912+9913+9923 (4)

We IMPORTANCE and VALUE computer codes use the minimal cut set upper
bound to approxirrate the top event probability. The same method of
approxirration can be used to calculate the probability of the union of

'

AA-2
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minimal cut sets containing basic event i. '1hus, the Fussell-Vesely
equation given as

J
P( g (MCS)k )

I (5)= -- ----

p
T

.

can be approximated by

j
b P(MCS)
"

I (6)= --------

p
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