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. ABSTRACT.

This raport records part of the vast amount of information received
during the expert judgment elicitation process that took place in support
of the NUREG-1150 effort sponsored by the U . S., Nuclear Regulatory
Commission. The - results of the Structural Response Expert Panel
Elicitation are presented in this part of Volume 2 of NUREC/CF 4551. The
Containment Loads Expert Panel considered eight issues:

1. Static failure pressure and mode at Zion;
2. Static failure pressure and mode at Surry;
3. Static failure pressure and mode at Peach Bottom; j
4. Reactor Building bypass at Peach Bottom; *

5. Static failure - pressure and u. ode at Sequoyah *
6. Ice condenser-failure due to detonations at Sequoyah; i

7. Drywell and wetwell failure due to detonations-at Grand Gulf;
8 Pedestal failure due to erosion at Grand Gulf.

The report begins with a brief discussion of the methods used- to elicit
the information from the experts. The information for each issue is then
presented in five sections: (1) a brief definition of'the issue, (2) a
brief summary of the technical rationale supporting _ the distributions
developed by cach of the experts,_ (3) a- brief description of the
operations that the _ proj ect staff performed on -the raw u e1icitation -
results -in order to aggregate the - distributions,- -(4) the aggregated
distributions, and (5) the individual expert elicitation sumaries. The

,

individual expert elicitation summaries were written soon after the
elicitation and were sent to the experts for review, They represent the
raw results as received directly from the experts,
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FOREWORD !
!

This is one of many documents.that constituto the technical basis for the
NUREG-1150 document produced by - the NRC Office of !!uclear Regulatory
Research. This document's purpose is to present the results of the
Structural Response Expert Panel. The document consists of the
distributions and associated technical rationale provided by the expert ,

panels for the phenomenological questions posed by the NUREG 1150 analysts.

Figure 1 identifies all the documents that present the results of the
accident ; vogression analysis, the source term analysis, the consequence
analysis, and the overall risk- integration. Three interfacing programs
performed this work: the Accident Sequence Evaluation Program '(ASEP), the
Severe Accident Risk Reduction Program- (SARRP), and the PRA Phenomenology '

and Risk Uncertainty Evaluation Program (PRUEP). Table 1 is a list of all
of the original primary documentacion (published in 1987) and the
corresponding revised documentation. that supports the current version of
NUREG 1150.

,

The current NUREG/CR 4551 covers the . analysis included in the - original
NUREC/CR-4551 and NUREG/CR 4700, The accident progression event trees
originally documented in NUREG/CR-4700 are now documented in the appendices

_

of Volumes 3 to 7 of NUREG/CR-4551,
,

Originally, NUREC/CR 4550 was published without the designation " Draft for
Comment." Thus, the final revision of NUREG/CR 4550 is designated Revision
1. The label Revision 1 is used consistently on all volumes, including
Volume 2-which was not part of the original- docuesntation, . NUREG/CR-4551
was originally published as a " Draft for Comment"; so, in its final form,

,

no Revision 1 designator is required to distinguish it from the previous
documentation.

There are several other reports published that are closely ; related to
NUREC/CR44551:

NUREG/CR-5380, SAND 88-2988,- S. J, Ham , - A User's Manual- for the"

Post Processing Program PSTEVNT," o n ia National Laboratories ,
Albuquerque,--NM, 1989,

NUREG/CR-5360,.. SAND 89 0943, H. N, Jow, E B. Murfin, and J. D. Johnsos
"XSOR Codes User's Manual," Sandia National Laboratories,=.Ubuquerque;

l NM, 1989,
L
1-

NUREG/CR-4624, BMI 2139, .R. S, Denning et al,, "Retdionuclide' Release -.

Calculations for Selected Severe Accident - Sceno .ios," Volumes - I-V,
Batte11e's Columbus Division Columbus, OH, 1986,,

NUREG/CR-5062,1 BMI- 2160,, M . T. Leonard e t - al , , " Supplemental
'

Radionuclide Release Calculations for Selected Severe ~ Accident
, Scenarios," Battelle-Columbus Division,' Columbus, OH; 1988.

xiii
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INREG/CR $331 SAND 89 0072, S. E. Dingman et al., "HELCOR Analyses for
Accident Progression issues,' Sandia National Laboratories. *

Alb'2querque, NM, 1989.
'
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Table 1. NUREG-ll50 Analysis Documentation;-

i
e

Oririnal Documentation
NUREC/CR-4550 NUREG/CR-4551 NUREC/CR-4700

Analysis of Core Damage Frequency Evaluation of Severe Accident Risks Containment Event Analysis
.From Internai Events and the Potentia 1'for Risk Reduction for Potential Severe Accidents

Vol. 1 Methodology Vol. 1 Surry Unit i vol. 1 Surry Unit 1
2 Summary (Not Published) 2 Sequoyah Unit 1 2 Sequoyah Unit 1
3 Surry Unit 1 3 Peach Boctom Unit 2 3 Peach Bottom Unit 2
'4' -Peach Botton Unit 2 4 Grand Gulf Unit 1 4 Grand Culf Unit 1
5 Sequoyah Unit 1
6 Grand Gulf Unit 1

-7 Zion Unit 1

Revised Documentation
NUREG/CR-4550, Rev. 1, Analysis of Core Damage Frequency NUREC/CR-4551, Rev. 1. Eval. of Severe Accident Risks

p

$ .Vol. 1 Methodology Vol. 1 Part 1, Methodology; Part 2. Appendices
:2- ~Part 1 Expert Judgment Elicit. Expert Panel' 2 Part 1 In-Vessel Issues

Part 2 Expert Judgment Elicit. Project Staff Part 2 Containment loads and MCCI Issues
Part 3 Structural Issues
Part 4 Source Term Issues
Part 5 Supporting Calculations
Part 6 Other Issues
Part 7 MACCS Input

:3 .Part 1 Surry Unit 1 Internal Events 3 Part 1 Surry Analysis and Results
Part 2 Surry Unit 1 Internal Events App. Paa 2 Surry Appendices
Part 3 Surry External Events

4 Part'l Peach Bottom Unit 2 Internal Events 4 Part 1 Peach Bottom Analysis and Results
Part 2 Peach Bottom Unit 2 Int. Events App. Part 2 Peach Botton Appendices

Part 3 Peach Bottom Unit 2 External Events
5 Part 1 - Sequoyah Unit 1 Internal Events 5 Part i Sequoyah Analysis and Results

Part 2 Sequoyah Unit'1 Internal Events App. Part 2 Sequoyah Appendices
6 .Part 1 Grand Gulf Unit 1 Internal Events 6 Part 1 Crand Gulf Analysis and Results

Part 2 Grand Gulf Unit 1 Internal Events App. Part 2 Crand Gulf Appendices

7 Zion Unit 1 Internal Events 7 Part 1 Zion Analysis and Fesults
Part 2 Appendices
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ACRONYMS AND INITIAL * ISMS
:

>
,

'
ADS automatic depressuritation system. !

AICC adiabatic isochoric complete combustion
e

AIChE American Institute of Chemical Engineers *

ANL Argonne National Laboratory
ANOVA analysis of variance
ANS American Nuclear Society i

APET accident progression event tree
fASEP Accident Sequence Evaluation Program

,

:
ASME American Society of Mechanical Engineers
ATWS anticipated transient without scram

'

ENL Brookhaven National Laboratory
;BPNL Battelle Pacific Northwest Laboratory
,

BVR boiling water reactor '

CCI core-concrete interaction >

CDF cumulative distribution function
CL containment load ,

CR catastrophic rupture
!

,

CRD control rod drivu '

..,
DBA design basis accident
DCH direct containment heating *

DDT deflagration to-detonation transition
DF decontamination factor .

DOE Department of Energy '

EPRI Electric Power Research Institute
|
| FCI- fuel. coolant interaction-

FAI Tauske and Associates Inc.
FSAR final safety analysis report

i

HPME high pressure melt-ejection

10 ice condenser ..

IDCOR -Industry Degraded Core Rulemaking '

INEL 16aho National Engineering Laboratory

KFK Kernforschungszenitum, P.arlsruhe-

LOCA loss of coolant accident i

LMFER liquid'raetal fast breeder reactor-

LMR - liquid metal reactor-
LSD least significant difference- '

LWR light water reactor
,

,i

MAAP' -Modular Accident Analysis Program
MCCI molten coro coolant interactions ,,

NRC Nuclear Regulatory Commission

-xvii
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*
1 OPSL Oak Ridge National Laboratory

i

PORV poweraoperated relief valve l
I

,

j- PRA probabilistic risk analysis
PWR pressurized water reactor ;

|a

RCP reactor coolant' pump
RCS reactor coolant syttem
RPV reactor pressure vessel :

RF telease fraction |
'

RMA Risk Management Associates
T

SAARP severe accident risk reduction program
SAIC Science Applications International Corporation ;

.

56L Sargent & Lundy i

S&W Stone and Webster
SGTR steam Senerator tube rupture p

SLC. standby liquid control
SNL Sandia National Laboratories |

SRV safety relief valve !.

r.

TVA Tennessee Valley Authority )

UHI upper head injection
USC University of Southern California

UCitB. unconditional hydrogen burn
UP upper plenum
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has prepared !WREG-
11801 to examine the risk of accidents in a selected group of nuclear power

,plants. The three snain objectives of NUREG 1150 are given below. |

1. Prepare a current assessment of the severe accident risks of five
nuclear power plants that will:

Provido a " snapshot" of riska reflecting plant design and*

;. operational characteristics, related failure data, _ and severe
acef dent phenornenological infortnation extant in March 1988;-,

Update the estimates of.NRC's 1975 risk assessment, the Reactor' '.

Safety Study;2

Include quantitative estimates of risk uncertainty, in response.
;

to a principal criticiarn of the Reactor Safety Study;. and |

Identify plant specific risk vulnerabilities, in context of the-*

NRC's individual plant examination process.
;

i2. Summarize the perspectives gained in performing these _ risk :analyses, with respect to:
,

Issues significant to cevere accident: frequencies consequences, ;
*

and risks;
,

Uncertainties for- which the risk is si nificant and which snay*
6

rnerit further research;

Cornparisons with NRC's safety. goals;.* '

The potential benefits of a severe . accident inanagement program.

in reducing risk; and-

The potential benefit of other plant modifications in reducing..

risk.

3. Provide .a. set of methods for the prioritira'. ion of potential safety
issues and related research.

s

In support of NUREG 1150 and as part of the. Accident Sequence - Evaluation-
Program (ASEP) and the Severe Accident Risk Reduction Program . (SARRP)..
Sandia National laboratories (SNL) has directed the production of Level 3 i

probabilistic = risk assessinents (. PRAs) for- the Surry, Sequoyah, Peach e

Bottom, and Grand Gulf nuclear power- plants. L(Level.1 PRAs' contain
accident sequence analyses developed to, the point of core damage;-Leve1 ~ 2--
PRAs f include - Level - 1 and accident progression analysos; and Level 3 PRAs ,

include- Level 1. - Level ' 2, and consequence analyses. ) . A PRA : for the fifth
NUREG-1150 plant, Zion, has been prepared by EG60 Idaho, Inc. .of'the Idaho-
National Engineering Laboratory (INEL)- (Level- 1)- and Brookhaven National 1

,

Laboratory (BNL) . (Levels 2 and 3). Two of these analyses (Surry and Peach
Bottom). include external events.

1.1 l

:
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j Expert judgment el,; citation is an integral part of the methods used to
; produce the PRAs it , support of NUREC.1150. Expert judgment is used where

applicable experimental data or complete analyses are inadequate. Such,

1 situations are comnian in analysis of rare events and complicated severe
i accident phenomena. The purpose of this report is to provide the results
; and technical rationato obtained from the Structural Response Expert Panel.
j The expert judgment nethodology is presented in detail in NUREC/CR 4551

Volume 1. ;
.

; Expert judgments are nxpressions of opinion, based on knowledge _ and experi-
,

ence, that experts mak.i in responding to technical problems. Specifically,

! the judgments represett the expert's state of _ knowledge at the time of
j response to the technit al question. Expert judgment is not__ restricted to
i the experts' answer bu'e includes the experts' mental processes (defini-
!' tions, assumptions, and algorithms) for arriving at answers.
| -!

!_ Expert judgment is necessarily used in all technical fields, Because these :

i judgments are often implicit, they are sometimes not acknowledged as being |
| expert judgments. For ' example , expert judgment is frequent 1y ' used j

j implicitly, even unconsciously, when researchers make ~ decisions . about
j defining problems, establishing boundary conditions, or screening data. By
~ contrast, expert judgment is obtained explicitly, through formal processes,
i .

j_ Risk assessment frequently needs explicit expert judgment as a source of i

{ data, particularly if one or more of the following situations exist:
a

! 1. No other data - (analytical or experimental) for predicting the i

outcome of phenomena are available;

f 2. liigh variability charactarizes the data; ;

:
i

j 3. Experts question.the applicability of the data;
>

1

4. Existing data need to be supplemented, interpreted, or incorporated [

| with model or code calculations;

5. Analysts need _to determine the. State of knowledge
. i. .

about what is'

currently known, what is not known.-and what is worth learning.

The issue selection process consisted of accumulating an extensive list of-

1potencial issues by plant or across plants and then evaluating the signifi- '

cance of each issue. Expert panel members participated in the issue selec.
tion by reviewing the issues selece.ed and rejected for the expert judgment-- 1

'

process and recommended the addition, deletion, or modification of issues r
,

; from the initial list, j
,

Eight structural response issues were considered important enough to be the: _ ,

subject of a formal -- expert judgmer.c elicitation. Table 1 1. lists ' these |3

issues.
|

! Section 2 of this report _briefly outlines the, expert sel_ection process and-

gives a short' biographical sketch of each expert. -Section 3 describes the-
fundamental expert judgment elicitation. me thodology. Section 4 lists the,

! !

. '

_ . _ _ _ . ._.. _ _ __ _ __ . _.___.__n..__ ._ __
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meetings held for the Structural Response Expert Panel and the people who
gave presentations at the meetings. Section 5 constitutes the bulk of-this

,

report and contains a description of each issue considered, a summary of
the technical rationale applied by the experts to-the issue, a-description
of the nethod used to aggregate the expert's distributions, the aggregated
distributions, and written accounts of each individual response to the

,
question. The individual expert's narrative includes the distributions and

j the detailed rationale behind the distributions . Each account was written
by the substantive. expert who assisted with the elicitation. In all cases,'

the experts were given ample opportunity to review these written accounts;

and approve them. In a few casew, the experts did not - respond and were. ;

informed that their lack of response would be assumed to be tacit approval
'

of the write up.

Table 1-1
Structural Response Issues Considered for

Expert Judgment Elicitation i
i

;

I

Issue No. Title Aonlicable Plants ||
!

1 Static failure pressure Zion'

"

and mode.at Zion

) 2 Static failure pressure Surry |

.nd mode.at Surry .;

3 Static failure pressure Peach Bottom r

And mode at Peach
3ottom ,

!

4 Reactor Building bypasc Peach Bottom i

at Peach Bottom'

5 Static failure pressure Sequoyah
and mode at Sequoyah

6 Ice condenser failure Sequoyah; .

due to detonations
at Sequoyah-

'

7- Drywell and vetwell
I failure due to Grand Gulf

detonations at Grand
Gulf

8I pedestal. failure due to Grand Gulf
| erosion at Crand Gulf-

,

~

>

1.3-
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2. EXPERT CREDENTIALS |

| The objective for selecting the panel members was to obtain experts with f
as much expertigo as possible in tho field of Nuclear Power Plant !
Containment / Reactor Building Structural Response. The project attempted j
to include a wide divtraity of expertise that encouraged alternative ;

points of view. The selection of er.perts should preclude stakeholders in j

the findingo of NUREG 1150 from participating es members of the expere
panel. This led to severai. critaria in selecting the experts:

1. Experts should have to demonstrate experience by authoring >

1ublications, hands on experience, - and consulting or managing
research in the areas related to the issues;

I

2. Experts should have to represent a wide variety of experience as
is obtained in universities , consulting firme, laboratories,
nuclear utilities, or government agencies;

. i

3. The experts should have to represent as wide a perspective of the-
issues as possible; ,

4. The experts --should be- willing- to be elfeited under the :
methodology to be used. - :

To ensure proper representation, letters were sent to many_ organizations
requesting nominations for experts to-serve bn the in vessel,-containment
loads, molten core / containment interaction, structural response,. and
source term panels. Some of the organizations that received ths. s e *

_

1etters are listed below:
,

Atomic Energy of Canada LTD.
Battalle Columbus Division i

Bechtel Western Power- Company-
-3rookhaven National Laboratory
Commonwealth Tdison r

Electric Power Kesearch Institute
General Electric
Idaho National Engineering Laboratory (EGM ' Idaho, Inc.)
Illinois Department of Nuclear Safety
International Technology Corporation
MHB Technical Associates
New York Power Authority-

5NUMARC
Oak Ridge National Laboratory T

Philadelphia Electric Co.
Sandia National Laboratories
Stone'and Webster Engineering Corporation-

Systems _ Energy Resources, Inc.
Tennessee Valley Authority
U.S. Nuclear Regulatory-Commission ' ;-

Virginia Electric Power Co.
'

- Westinghouse Electric' Corp.

2.1-
_
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It was impossible to satisfy each criterion entirely for every expert /
issue combination. Nevertheless, we were pleased with the high quality
and objectivity of the experts. The experts chosen for the structural
response issues were:

David Clauss Sandia National Laboratories
Charles Miller City College of New York
V.am Mokhtarian Chica6o Bridge & Iron Co. Na Con, Inc.
Joe Rashid ANATECH Research Corp. "

Subir Sen Bechtel Power Corp.
Richard Toland United Engineers and Construction
Walt von Riesemann Sandia National Laboratories
Adolph Walser Sargent & Lundy
Joe R. Weatherby Sandia National Laboratories
Don Wesley IMPELL

Brief biographical sketchs of the experts arb presented below.

Structural Response Expert Panel

DAVID CIAUSS

David Clauss joined Sandia National Laboratories in 1980. He is a project
leader on a containment integrity program for NRC that involves determining
structural strength of concrete and steel containment models-when subjected*

to stress from scismic, pressure, and temperature overloading.- When
conducting te ri t s , he specified test obj ectives and environment, planned
inetrumentation, calculated structural response, and interpreted results.
Previously, he performed both heat transfer and structural analysis in
support of design efforts for a post-accident heat removal experiment. He
also investigated structural problemn arising during fabrication 'and
operation oi solar panels - and conducted thermal stress analysis for
combustor tubes for a downhole steam . generator used -in enhanced oil
recovery. He_ received a B.S. (1979) and a M.S. (1980)-- in Mechanical
Engineering from the University of Michigan.

CHARLES MILLER
(No biographical sketch provided.)

KAM MOKilTARIAN

Kam Mokhtarian is a Senior Engineer with Chicago. Bridge & Iren Company. Heholds- a Masters L Degree .in . Structural Engineering from ' Northwestern
University. His background is mostly in the design and analysis areas of
nuclear atructures._ He ' has served in a ' number of supervisory assignments.
related to design and analysis of containment vessels,: reactor vessels, Land-

other pressure vessels. Ho.has served on a number of NRC's peer' review
groups, related to structural safety of containment vessels. He c is the-
author of a number of papers related-to design of shell structures. . He is-

.a member of the American Society'of Mechanical Engineers' (ASME's) Boiler &
Pressure Vessel Code Committee.and has served on a number of projects with

- the Pressure Vessel Research Committee of the Welding Research Cc,uncil,

2.2
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|
J0E RASHID :

(No biographical sketch provided.) |
t
'

SUBIR SEN
(No bio 6raphical sketch provided.) |

'

RICHARD T01AND

Richard Toland is the Chief Structural Engineer of the Stearns Catalytic
Division of United Engineers and Constructors (UE&C), Philadelphia, PA. He
holds a Ph.D in Applied Mechanics from the University of Delaware. In the
past 10 years at UE&C, he has worked primarily in support of the design
development of nuclear power plants, including containment structures. Dr. |

Toland has performed special containment ultimate capability studies of the !

Indian Point 2 & 3, Seabroek and Brunswick .1 & 2 containment systems, ho 3

provided expert witness testimony before the Atomic Safety and Licensing {

Board in the reopened Indian Point hearings, and he has made presentations .

on containment ecpability before the NRC, the Advisory Committee on Reactor
,

Safety and Brookhaven National Laboratory. Dr. Toland participated in the ,

Industry Degraded Core Rulemaking (IDCOR) Task 10~on containment capability
and more _ recently, UE&C's design and - construction ~ of the .1/6th scale

-reinforced concreto containment structure - for the NRC -and- Sandia Natiorial
Laboratories, a significant task in the NRC's support of containment
capability research. He has also recently supported studies of containment
concepts for DOE's proposed New Production Reactor (NPR). -Before joining
UE&C, Dr. Toland was a section leader at - the Lawrence Livermore National

,

Laboratory where he directed a program on long term life charreteristics of
high performance pressure vessels and their- reliability under sustained
loads. De presently serves = on technical committees for the ' American
Concrete Institute, - the American Society of_ ' Civil Engineers and the
American Society for Testing and Haterials.

1

WALTER A. VON RIESEMANN 4

!. Dr. von Riesemann joined Sandia National Laboratories -in. July 1960. Since-
'

1977, he han been the Supervisor of the Containment Technology Division. He
received an H.S. in Civil Engineering from the University of Illinois in
1959, and a Ph.D in Civil Engineering from Stanford University in 1968. As

-a Supervisor, he is involved in programs for the (Nuclear ' Regulatory -
| Commission (NRC) ', the Departa,ent ~ of Energy (DOE), and the Electric Power !

Research Institute (EPRI) dealing with the safety of light water reactors I

(LVRs). In the past he has also directed programs on quantification testing
of componente and fire protection research. At present.he is; directing,

l containment _ integrity programs for'the NRCithat involve structural strength :
,

of containments when subjected to static and dynamic _ internal overpressuri- -

zation loadsj and_ ' to earthquake -loads, t and the behavior of penetrations
Tincluding electrical, penetrations when subjected to severe accident loads,

_.'These programs involve the . testing 'of scalo models and are: a multi year,
. multi million dollar activity.

,

p

'2.3.
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'. ADOLPH WALSER

'
Adolf Walser is an associate in the architect / engineering firm of Sargent & 1

Lundy in Chicago. He received his diploaa in civil engineering from the l
Federeal Technical University (ETH)- in Zurich in 1949. He worked in ;

Switzerland and other countries as a structural design engineer until 1958 'I
when he moved to the United States. lie became chief engineer and later )
manager of the Pont tensioning Deparement at Joseph T. Ryerson 6 Son, Inc.,
in Chicago. In 1967 he joined Sargent & Lundy where he worked as a
structural design engineer, later as supervisor of the special structures
section and presently as , Senior Structural Project Engineer primarily on
nuclear power plants. His responsibilities include denign and anlaysis and.
project en6 neering of structures such as containments, special structures j1

and other parts of nuclear power plants. He is a Fellow of the American .;
Concrete Institute and a member of the Technical Committee on concrete e

pressure components for nuclear service of ACI/ASHE; He has authored or ,

co.cuthored more than 25 papers on the subject of-design, analysis, and
'construction of containments and other structures.

e

J. RANDALL WEATHERBY

J. Randall Weatherby is a Senior Member of Technical .
. ..

. .

Staff at. Sandia
National Laboratories. He holds a PhD-in Mechanical Engineering from Texas
A&M University. .Randall joined Sandia in February 1986; As a structural
analyst, he has supported Sandia's programs in reactor safety. He
participated in the analysis and testing of a 1:6-scale reinforced concrete ,

containment structure for the NRC.

DON WESLEY '

(No biographical sketch provided.)

t

t

.

>

4
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3. METHOD 01DGY

!

3.1 Introduction '

This section contains a summary of the methodology used' to elicit expert i
judgment from the expert panels. An in. depth discussion of the methodology ;

is contained in Volume 1 of NUREC/CR.4551.

The methodology used in the expert judgment process for NUREG.1150 was !

designed to obtain subjective estimates of unknown physical quantities and |
frequencies in a manner that best uses the available expertise and
accurately reflects the collective uncertainty about these values. Several
principles guided-the development of the methods: ';

i
1. The assessments - should be limited to issues on which alternative

sources of-information such as experimental or observational data,
' or validated computer models are-not available. >

2. The issues analyzed using expert judgment should have the potential
to make a significant . impact on the estimates of risk -and
uncertainty in risk.

3. The decomposition of complex issues into simpler assessments is
made in order to improve the quality of the resulting information.

,

4 Issues should be presented to the experts without ambiguity ' and
without the potenttal for preconditioning or biasing responses.

5. Experts should be trained in the practice of expressing knowledge
and beliefs as probability distributions.

.

6. Discussion of issues and alternative beliefs.-should take place in-
structured and controlled moetings - that' encourage the exploration ,

of niternative beliefs while inhibiting pressure to- conform.
,

7. Elicitation of expert opinion should be conducted using techniques
and instruments that reflect the state of the art in subjective

. probability assessment.
.

8. The aggregation of judgments | from various experts should preurve
the uncertainty that exists - among alternative points of view.
Equal weight should be assigned to the assessment for each expert

,

to represent the uncertainty completely.-

!

|- NUREG 1150 does not attempt to - reduce uncertainty in risk analysis, not.
does it attempt to find - a bese estimate. This study is- an attempt to
produce an - unbiased picture of . uncertainty in. risk. . " The study . tries to-s

discover the range in risk inherent- in the range of. plausible assumptions
about 'phenomenology and _ initial and boundary conditions. -The . risk

~

,

| corresponding to the most (subjectively) plausible assumptions has a higher
L likelihood .of being accepted by a randomly' chosen expert -in accident-

,

3.1
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' phenomena. The risk corresponding to less plausible assumptions
j nevertheless has some likelihood of being accepted by any expert, and may
! Indeed be the most acceptable for some experts. Experts are sometimes

wrong, and the "true" risk could lie outside the ranges found in this
study.

,

;

3.2 Steps to Elicit Expo,r,t Judmeng

The principles identified above, the criticisrt of the draf t NUREG 1150
j expert j udgment efforts, and the findings of precursor studies employing
1 expert judgment 1,2 provided guidance for the design of the !WREG 1150
|- expert judgtnent elicitation process. The process evolved-into ten steps:

u

| 1. Selection of issut.s;

i 2. Selection of experts;
i 3. Elicitation training;

! 4. Presentation and review of issues;
; 5. Preparation of expert analyses by panel rnembers;-

~

6. Discussion of analyses;
7. Elicitation;
8. Recomposition and aggregation;;

i 9. Review by the panel of experta;
i 10. Documentation.
i

The methodology was implemented in a three meeting format, with much addi .,
,

tional work being accomplished between meetings. . Steps 1 and 2 were accom-
| plished before the first meeting of the expert panel. Step 3.- e11 citation' training, took place in the first meeting, which. lasted one half day. The

presentation and review of issues, Step 4, was done during the second rneet- i
<

j ing, which, in order to reduce-travel costs, took place immediately__after ;'
the first meeting. Step 5 was accomplished between the second and third-
meetings -(in some cases the expert panels rnet for additional discussions>

; during this time), Discussion and elicitation, Steps 6 - and '7, were
discussed in the third inecting, which usually took place three months aftert

i

-- the first -and 'second meetings (the accident sequence frequency group and
-the structural response group met two snonths after'the first'two meetings).

j The final steps, 8, 9, and 10, were accomplished after the third meeting.
'

3.3 Selection of Issues

! The NUREG 1150 program attempts to show-the. range and distribution of risk
i due to uncertainty in the inputs.- Some. of that uncertainty is-

phenomenological, some is stochastic, 'and L some'' is" because of limited ,)
'

background of data.. There are an enormous number.of itiput points, and all4

are uncertain to _ some. extent. It was thus- impossible to _ treat all'

. questions and issues with the same degree - of ' thoroughness .- The criteria-
used_to select issues for detailed uncertainty analysis were:

Hinh imoact on risk. If an' issue was highly . uncertain.- but.

variation across its entire. range would not cause a ' big change. in
risk, there would be = little need for a detailed treatment. The
likely ; impac t on risk .was ' determined . by the' outcome seen 'in the
draf t version of' NUREG-1150, by smaller scale sid_e calculations., _by;-

- the opinions of the expert _ panels", and1by examination. of previous
PRAs,

3j
!
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Interest within the reactor safety communitv. Some issues were
a

thought not to be major determinants of uncertainty in risk, but had
nevertheless been the subject of intense investigation and debate.
The reason for including these issues in the analysis was to confirm
this opinion.

|

Ig irrorove on the treatment in Draft NUREG 1150. Some issues had*

not appeared to be important in the draft version; however, it was
recognized that the treatment there was less than optiruum. Such !

,

issues were included to determine whether an troproved treatment
would change thoso insights.

The issue was uncertain. Even if an issue is important for the.

reagnitude of risk,- if the outcome is certain there is no impact on
the uncertainty in risk.

Issues meeting any of these criteria were listed by the NUREG 1150 staff.
The preliminary list of issues was presented to a panel of experts, along
with reasons for their inclusion. A list of other issues was also
presented,_ along with reasons for their exclusion. 'The expert panel was
asked to review the list of issues, and to add or delete isnues, .The
expert panels were the same ones that would be asked for quantification of
the uncertain issues. An understanding of the. limited time and resources
available generally snilitated against an unwarranted or overly generous
expansion of the issues.

Those issues tha. were selected for quantification by the external expert
panels fell into three broad classes: uncertain issues affecting the
sequence frequency calculation, uncertain issues affecting the response of-
the containment and -its sys terns , and uncertain issues affecting tha
radiological source term. There were more issues affecting containscat
than for the other classes, and there' was a further breakdown into issues
related to the in-vessel phenomenology, containment ' loads , structural
response, and molten core concrete. interactions. Tables . 3 1 through 3 5
show the issues presented- to the containment and radiological source term

.

expert panels, along with the reasons for including the issue.

|

l' .
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Table 3 1
Issues Presented to the In Vessel Panel

lesue No. Titic Reason for inclusion

1 Temperature induced Large hot leg failure could
pressurized water preclude direct containment
reactor (PVR) heating; depressurizes RCS and

precludes steam generated tube ,

rupture (SGTR)

2 Temperature induced PVR SGTR gives direct. path to
SGTR environment, with large release

of radionuclides
_

,

3 In vessel hydrogen Hydrogen burning has potential for .

'
production in boiling causing release to environment.
water reactors (BWRs)

4 Temperature induced. Mode _of bottom head failure -

,

bottom head failure determines subsequent accident--
in BWRs progression

5 In vessel hydrogen flydrogen burning has potential for ,

production in PWRs causing release to environment

6 Temperature-induced Mode of bottom head failuro-
bottom head failures -determines subsequent accident
in PVRs progression

.

$

) e
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Table 3 2
Issues Presented to the Containment Loads Panel

~

!. ._

In ue No Title Reason for Inclusion :

1 Hydrogen phenomena at Early failure of drywell or I
,

Grand Gulf wetwell has potential for ;
causing large scurce term ;

>

2 Hydrogen burn at- Early failvre of containment
vessel breach or bypass of ice condenser Fas i
at Sequoyah potential for causing large scarce '

torm

I
3 BWR reactor building B,, pass of reactor building has j

failure due to potential for increasing source ;hydrogen burns terms

4- Loads at vessel breach- Failur6 'of containment at vessel
at Grand Gulf. . breach has potential for causing

large source terms '

,

l -
S Loads at vessel breach Same as Issue 4~ "

at Sequoyah

6 Loads at vessel breach Same as 1ssue 4
at Surry

,

7 Loads at vessel breach Same as Issue 4
| at Zion '

?
, .-

8.

f. b

i

,

>
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j' Table 3+3
| Issues Presented to the Structural Responso Panel
;

. _

l'
i Issue 110, ' Title Reason for Inq1usion

_,

!

i 1 Static failure pressure Containment failure is the
j and mode at Zion most important determinant
i of source terms
!
4

j 2 Static failure pressure same as Issue 1
j and mode at Surry

| 3 Static failure pressure Same as issue 1

j| - Bottotn
and n, ode st Peach

,

; ,

i 4 Reactor Building bypass Bypaso of Reactor Building
! at Peach Bottom has potential for allowing
j large release of radionucildes i
1

( $ Static failure pressure same as Issue 1 ,

} and mode at Sequoyah
-

,

6 Ice condenser failure Fr.ilure or bypasc of ice condenser.,

i due to detonations has potential for largo source
i- at Sequoyah terms .

j- 7 Drywell and wetwell Failure of drywell hypaases ,

failure due to suppression pool, Failure of_wat- '

i - dott. nations at Grand well allowa large release to
culf environment

t

8 Pedestal failure due to Pedestal failure is a major -factor.

; erosion ar Grand Culf in subsequent accident progression--
.

q _;
. .-

,,

',A

4

e

|
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Table 3 4
Issues Precented to the Kalten Core Concrete Interaction Panel

, - .- -

~

Issue No.
_ Title

_ Reason for Inclusion

1 Mark I drywall meli- Drywell meltthrough bypasses
through at Peach Bottom suppression pool; coutroversial

issue
.

2 Mark II containment Pedestal failure could lead to
failure via p.3 dest 41 early containment failure;
failure at Grand Culf controversial issue

-

t

Table 3 5
Issues Presented to the Source Term Panel

i

IIseue No. Title- Reason for Inclusion
,

i
1 In vessel fissica product Release and retention are major >

release and retention determinants of source term

2 Ice condenser decenta- Ice condenrer is principal- -
'

mination factor-(DF) decontamination mechanism in-

;

et Sequoyah blackouts '

3 Revolatilization from Revolatilization could negate i
RCS/RPV effects of high retention; highly

uncertain issue '

4 Core concrete contain- If in. vessel release is lowc CCI'
ment (CCI) release release could be high; uncertain

issue ^

,

5 Release of RCS and CCI Aerosol agglomeration may be major
specien from contain. source of cleanup in blackout;
ment- highly-uncertain issue

6 Late sources of iodine Appeared as important issue in Draft
~

at Grand Gulf NUREG-1150

7 Reactor Building DF at-~ ' Natural decontamination processes
Peach Bottom could reduce source. term;~ uncertain

and controversia1> issue
,

8 - Release during direct Uncertain and controversia1' issue; [
containmont heating direct heating is-also associated

with early containment failure

3.7
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3.4 Lelection of Exp3 rig

Experts were chosen to ensure a balanco of viewpoints. To this end.
experts f rom industry groups, engineering and consulting firms, the Federal
Gove narent . and the national laboratories were included in the panel. A

briet Etmary of their credentials was presented in Section 2.

3.5 Elicitation Tei. intra

Training in probability assessmer.t techniques is an inte6ral part of the
expert opinion methodology used in NUREG 1150. Ench panel of experts that
participated in the expert opinion process attended a half day training
session. This session constituted the first meeting of each panel. The

training was given by consultants from the field of probability assessment
and decision analysis. The trainer for the Structural Response Expert
Panel was Steve llora, University of Itawaii,1111o.

The purpose of training in probability assessment is to facilitate the
elicitation process. Experts in various fields of c:lence are of ten not
trained in probability theory and the techniques of probability elicita-
tion. The expertise possessed by the scientists and engineers on the
panels is called substantive expertise and thus they are called substantive
experts. Expertise about probability elicitation is ctiled normative
expertise and the participanto in the expert opinion process schooled in
probability assessment are known as normative experts, both substantive
expertise (knowledge of the problem domain being studied) and normative
expertise (knowledge of techniques for encoding beliefs into probability
distributions) are required for a succeouful expert opinion process.

During probability training, experts are exposed to various techniques for
probability elicitation and the difficulties that accompany probability
elicitation. Once trained, substantive experts are better able to express
their knowledge in the form of probabilities and the resulting elicitations
will be of a better quality. The resulting assessments are better cali-
brated in the sense that they accurately reflect the expert's knowledge
and uncertainty. A by product of the training is that the experts become
more comfortable with the concept of subjective probability and more
confident in expressing their beliefs in probability distributions.

Another benefit of training is that the time spent. by the experts preparing
for the issues is used more ef fectively because the experts can direct
their analyses to the questions that must be addressed in the elicitation
sessions. Further, the e11 citation sessions run smoothly since the
normative and substantive e>perts are working with the same definitions and
the same understanding of the desired product.

3.5.1 Traininc Tonics

The training sessions conducted for NUREG 1150 covered several related
topics. These topics M 1uded the expert opinion process itself and the
need for expert opinim, the elicite. tion techniques for the probabilities
of various types of quantitico and tvents or phenormw the pcychological,

' aspects of probability assessments, and the decomposition of complex
issues.

38
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Each training session began with an overview of the goals of the expert
opinion process and background material on the development of that process.
The process was reviewed in some detail so that the substantive experts r

would be avara of what would be required of them and how their olicitations
would be used. Because the fortnalized use of expert opinion van new to
many of the participants, some were initially uneasy with the concept of
expert opinion and the uses that it might be put to. Caining the

*

confidence of these experts through. familiarization with the process was
essential to the success of the expert opinion effort.

There are many different types of assesstnents that might be required of the
experts. The type of assessment depends upon the nature of the physical '

quantity or phenomena under study. Durin5 the training sessions, the
experts were introduced to assessment instruments for continuou: -)
quantities, discrete quantities, zero one events, and dependent events. At
appropriate points in the training, . the experts were asked to make'
assessments using the methods under discussion. Using practice assesamoats
develops confidence and ensures.that the substantive experts understand-the
tasks that they will be required to perform. In order to'make the training
more interesting and more relevant, ' examples were used that reflected

:nuclear power risk issuam. '

iSince many of the assessments would require the developrnent of a probabil- ;

ity distribution for a continuous quantity, the experts were given traf.ning
in both the direct assessment te:hniques (assessing probabilities of giveu ;
intervals of values) and bisection techniques (assessing values 'of the '

variable having given cumulative probabilities) for continuous variables. -

Later, in the elicitation esssions, these techniques would be used
interchangeably by the normative experts.

A discussion of stochastic and parametric uncertainties and how . they, are
differentiated in an uncertainty analysis was also provided, The. concept
of calibration of experts and calibration functions was also . introduced.
However, mathematical calibration of - experts . was not attempted ' in the .

.NUREG 1150 expert opinion process.

Psychological aspects of ;.cobability elicitation received much attention in
the training because failurs to , recognize and deal with psychological
biases can impai'r the qtality of the resulting assessments. One of the

'

i

psychological aspects discussed is the . tendency .to give subjective;
probability distributions that are too narrow and' thus' understate tho )

,

uncertainty or, conversely, overstate' knowledge. This phenomena in often l

called "ove rconfi dence , " since - the- effeet -- is that expressed probability #

distribution expresses greater . certainty than is warranted _-Other.
psychological aspects of subjective ; probability '. assessment - that were
discussed include anchoring, which - is . the ; tendency - to

'

assume an initial; ;
position <and ..f ail 1 to give -. sufficient credit to other sourcesf of'
information: representativeness, which is then tendency - to giveJ too |much
credit to other situations that are <similar _in - s.ome aspects : buty not-

othsrs; Go-tendency to overestimate'the probabilities'of rare events; and
problems with - group behavior such ' as personality _dominancs. h uever
possible, examples of these - difficulties were - presented 'and the experts'
being trained were asked to participate in demonstrations. '

,

.

.
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At the end of the training session, the participants were given an assess.
ment training quiz containing 16 assessment tasks usin5 the direct and
bisection methods of assessment. The participants were asked to complete
the training quiz during that ovening and return the next morning to
discuss the results. The purpose of the training exercise was two fold:
to give the substantive experts experience with the elicitation instruments
and to provide feedback on the quality of the individual's assessments. As
expected, most participants found that their assessed distributions ex.
pressed overconfid$nce. Once aware of this tendency, it is easier for the
substantive experts to correct for this bias.

.

Problem decomposition was the last major segment of the training session.
Problem decomposition is the process of creating a model of a complex
assessment that allows the experts to make a series of simpler assessments.
The simpler assessments are mathematically recomposed through the model.
The net result is that the resulting probability distribution -is a better
expression of the expert's knowledge than if: the expert had been asked to
make an assessment of the initial issue without the aid of a decomposition.

Training in decomposition was-conducted by presenting-examples of decompo.
sitions that had_been developed _for the NUREG 1150 study. Several types _of--

_

decompositions were shown and the process of. recombining the assessments -

was discussed. Comments from the participants indicated that- the _ use of
problems from the nuclear safety aroa enhanced the value of the decomposi-
tion training.

3.6 Presentation of Issun

During the second part of the second meeting, plant analysts presented the
issues to the expert - panel. The. purposes of the presentations were . to
ensure that there was a common understanding of the issue being addressed;
ensure that the experts would be responding to the same elicitation
question; permit. unimportant issues'to be excluded and important issues to
be included; allow modification or decomposition of the issue;.and provide

forum for the discussion of alternative data sources, models, and formsa
of analysis.

Each presentation included a suggested decomposition of the ' problem.
Problem decomposition has been used _ in the N11 REG 1150 expert judgment
process as a mechanism to improve the quality of the subjective assess-
ments. . Problem decomposition improves the - quality of assessments by _,

structuring the analysis so that the expert is required to make-a series of
simpler assessments rather than one complex assessment. _ Experimental
studies 3 d have shown that decomposition of ten improves the accuracy _ 'of -
assessmenta. Improvement occurs because the : experts are responding ' to
questions that are less. difficult.to answer; The experts must' state _their
reasoning explicitly by being more introspective about'their ssomptions 'of

.

the analysis and thus' consider alternatives ' that they might 'otherwise -
ignore. Some= improvement may be due to cancellation ofc rrors which occurse

when errors . of underestimation _'are. offset by comparable errors ' of over-
estimation. Decomposition also provides a form of self documentation since
the expert's thought process is mada explicit in the decomposition.

3.10c
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Plant analysts usually presented the suggested decompositions without the
suggested probabilities or distributions to avoid preconditioning or blas-
ing the experts. For many of the issues, the proposed decomposition i

brought about lively discussions that 111urninated the alternative !

approaches to analyzing the issue. .he plant analyst also presented data |

sources, models, and reports that were relevant to the issue, and provided !
references to other sources of information.

,.

Capturing uncertainty in - the experts' opinions requires that tha various ,

!experts be permitted to follow alternative analyses. Since the process was
designed to take advantage _ of the diversity of approaches, experts were !

encouraged to seek their own decornpositions or to modify decompositions |'
! that were suggested by the analysts. Criticista of the decompositions was

encouraged and the experts were assisted in producing decompositions that ,

better matched their interpretations of the issues.

3.7 Prevaration and Discussion of Annivses ,

Two or three snonths were allowed between the initial presentations of the ..

issues and the elicitation sessions. Caring this period, . the experts' {

studied the issues. Some experts' chose to _ alter the propored decomposi. .|
tions or create new decompositions and made preliminary evaluations of the'

*

subjective probabilities represented in their decompositions of the issues.-
The elicitation meetins provided a forum for discussion of alternative ,

views of the issue. Presentations from both the panel members and invited ,

observers of the meetings were encouraged, These sessions generated a
substantial amount of discussion and interchange _of information that often- *

led the experts to make revisions of their prepared analyses. . In some 7

instances, the panel enembers prepared documentation that amounted to brief ,

reports. It became apparent in the elicitation sessions that this ,

interchange was an important source of information for the- experts,

3.8 Elicitation. .

The -discussion of each issue was followed by clicitation meetings batveen
the experts and a team composed of one normative analyst and one substan. '

tive analyst. Documentation of.the experts' assumptions and reasoning was
produced during the elicitation _ meetings. _ Normally,-- each meeting consisted
of three participants (one panel; member, .a normative expert, and a

!substantive expert) and lasted about two hours. However, in a . few cases -
where there were more- experts to be elicited . than ; available normative-
experts, two expercs wore elicited in a singic session.

The elicitation. sessions served several purposes. The first was to.obtrin
*

decornposition and assessments _of the_' problems. Thefrom :the _ experts- the ~
, experts -vere required to explairs their thinking to the|assessinent- team -of-
! - one normative -and one substant'ive expert. ' During" the.-! discussion of the

-

elicitation process, the expert baing elicited was questioned about stated:
beliefs and asked _ to reflect on, and explain ' the reasoning behind, the 1

values that_he or she had provided. In_ many cases c the resulting decortpo.
sitions' and probability distributions differed sornewhat from the ' initial
asseasments.

,

b

'
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The role of the normative expetts was to assist the expert in codifying the
experts' beliefs and to ensure that the assessment was complete and con-
sistent in a probabilistic sense so that the assessments could be
recomposed at a later time. Normative experts have the ability to draw
from the experts the important details being elicited. Their talent for
becoming involved in the techtucal aspects of issues, which are not their
banic area of expertise, is a crucial factor in facilitating the experts'
obilities to develop logically consisrent assessments. Such individuals

necessary in any expert judgment clicitation process.are

The role of the substantive expert was to assist the expert by answering
questions related to the issue and to ensure that techn'. cal reisoning was
complete and to the point. He also served as a technical advisor to the
normative expert to assist him in questionitig the expert in a direction
consistent with the technical needs and constraints of the plant analysis
t e atn .

Much of the documentation of the experts' assuroptions and reasoning was
completed during the assessment meetings. However, some follow up work was
not.essary after the elicitation sessions to till in voids in the logic
provided by the experts, or to obtain values that were incomplete,

Documentation of che clicitations is provided in Section 5 of this report.
Note that while the experts participating for each issue are identified,
the individual assessments are kept anonymous, and the experts are
identified as Experts A, b, C, etc.

3.9 Ercomoosilintuind Arrreration of Results

Each member of the expert panels produced a' distribution for each case of
each issue. For some issues, several dependent variables were requested,
and a separate distribution was elicited for encl. variable. If all the
experts had worked with identical case structures, and if all had produced 1

their results in the same form, the task of aggregation would have been
simply a matter of taking the numerical average of all the distributions
for each case. However, some experts used idiosyncratic case structures.
On some issues, the experts expanded the case structure beyond what was
tractable in the accident progression event trees (Section 4) or the XSOR
codes (Section 5). On some issues, experts gave their results in different
forms.

For the purposes of aggregation, it was absolutely required that the case
structure be small enough to fit into the containment event trees and XSOR

7 codes and that the case structure and dependent variables be the same
between experts. If the case structure was impractically large and
complex, it was reduced if possible by an analysis of variance (ANOVA).
The ANOVA compared the variance in the dependent variabic attributable to
the differences between cases and the variance attributable to the
differences among experts to the unexplained variance in the dependent
variabic. For many issues it was found that the differences between cases
were not significant compared to the differences between experts; that is,
the large and complex case structure ha.1 little effect on the dependent
variable. A mathematical procedure was then used to determine which of the
cases could be safely combined.

'3.12
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If different experts used different cases, they were first encouraged to !

resolve their differences; if they failed to do so it was necessary to find-
some common ground. _ The cases common to all experts were of course j
retained. The remaining cases were inspected, and the-most important ones ~

wete retained. If en expert did not have_one of these cases, but did have i
a closely analogous case, the analog was used for the missing case. If the
expert did not have a case closely related to the missing case, then the

.

!

average of the case for all other exports was used for hic missing case. .

It was recognized that this procedure would reduce the range of uncer. I

tainty, so the substitution was resorted to as little as possible. For
some issues, missing data could be filled in by interpolation or ratios of
existing cases.

If the experts produced different dependent variables, some analysis was
required to put all the outputs into the same form. Whenever this was done
the experts involved might find the final form of their-data difficult to I

reconcile with what had been produced in the elicitation. Therefore, ana- !
'

lytical alteration of results was resorted to as little as possible, and-

attempts were made to explain the reasons fpr and methods of analysis to
the experts.

After each of the experts' distributions were in the same format, they were-

aarregated by everaging. The experts' outputs were almost always in the
form of cumulative distribut, ton functions (CDFs), that is, curves or tables |
of the probability that the independent variable would be no great.er than

'

some .pocific value. The aggregation was carried out by averaging all the
experts' probability values for each value of the independent variable. ;

The aggregated results were thus also CDFs.

3.10 Review
>

Following the recomposition of the assessments _and the modificatlon of the ;
documentation accompanying each assessment, the written analyses - of each '

issue were re::urned to each panel export, normative expert, and substantive
expert associated with the issue for review. This' review process ensured
that potential misunderstandings were identified and resolved and-that_the
documentation, which is given in Section 5 of this report, correctly
reflects -the judgment of the experts involved..

3.11 Documentation ?

Clear, comprehensive : documentation is crucial for ensuring that the expert
opinion process is accepted as credible. There must be no question as to
the openness and impartiality of the precess. Users and reviewers of the-

results _ must be able to trace- the development of aggregated assessments
from the information presented to the experts to - the rationale that.
motivates-each expert to generate his1particular assessments, and through-
the process of aggregating the individual assessments into a final ~ result,
including any :nanipulation of the. assessmenta needed for aggregation. .To
this end, the _ issue discussions were recorded Lon ~ video cassette. Such' .

recording provides evidence of; the exact conv_ersations_ and presentations
made before the. panel- Written notes were taken by both the. normative and'
substantive experts.- Each axpert was encouraged to personally docwnent his

3.13 !
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rationale for his elicitation immediately at the end of the session. By
far the tr.os t important documentation is each expert's in depth discussion
of his reasoning for his as sessere nts . The discussion should contain the
technical foundation of information (experience, issue presentation,
existing data or analyses) from which the rationale - for the assessment is
derived.

.
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4 ELICITATION MEETINGS

The first two me9 tings (the elicitation training and the presentation and
review of the technical issues) for the Structural Response Expert Pane _1
were -held from November 30 to December 2, 1987. Presentations - to the
Structural Response Expert Panel were made by.the-following people:

Nestor Ortiz, SNL
Steve Hora,' University of Hawaii, Hilo
Frederick Harper, SNL
Eric haskin, SNL
Rogor Breeding, SNL
Adolph Valser, Sargent & Lundy
Valt von Riesemann, SNL
Arthur Payne, SNL
Kam Mohktarian, CB&1
Morris Reich, BNL
Valt Murfin, Technadyne
David Clauss, SNL'
Marty Sherman, SNL
Elaine Gorham,'SNL
Subir Sen, Bechtel
Tom Brown, SNL

The elicitation meeting for the Structural Response Expert Panel v.ss held
from January 15 to 21, 1988, a

Normative experts for Structural Response clicitation sessions were:

Ralph Keeney, USC'
Detlof von Winterfeldt, USC
Richard John, USC,

- _

. _ _ .
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5. ISSUE DESCRIPTIONS AND ELICITATION RESULTS

The results of the expert panel elicitations are presented:in detail here.
A brief description of each issue _is given, the - individual expert
assessments and rationale for - the: assetsments are discussed, and the
aggregated results or resolutions for each issue are presented.

5.1 lysue 1. Containment Failure at Zion

Experta ionsulted: Charles Miller, City College of New York; Adolph
Jalser, Sargent & Lundy; Joe R.=Weatherby, Sandia National-Laboratories.

Issue Desertution

What distribution characterizes the failure pressures for static loading-of -
the Zion containmert?. What conditional probabilities describe the failure =
modes for.each pressure?

-The Zion containment is . a prestressed. - post-tensioned concrete -- cylinder
with a shallow domed roof. The foundation is a < reinforced - concrete slab.-The containment is lined with welded 0.25 in. plate steel. The post :
tensioning system in composed of 63 dome tendons, 216 vertical-tendons, and555 hoop tendotts. The design pressure - and : temperature are 47 psig and

i217'F. The free volume is about 26,000,000 ft .3

Threa pressure rise cases were described in the original definition of theissue:

1. Pressure Spike at Vessel Breach,
2. Late Deflagration, and
3. Late, Cradual Pressure Rise,

Typical rise times for_ cases 1 and - 2 would be in tho = order. of a few
seconds. While very high atmospheric temperatures might.be observed:fer-a

-

fraction of a minute- in case 1, the bulk temperature-of the steel liner
which forms the pressure - boundary is not expected : to exceed ; 300 . to - 350*F.for any of the cases. .

initial defini_ tion : of - a 'large hole or rupture.- was an opsning largerThe

than 1.0. ft , which resulted in' depressurization in less than 2' h. A small =
2

: hole- er leak was - anything - smaller than .1 0 fta which did nor= result -in'
.

.

-depressurization in less than s. bout - 2 h. A' review of this . matter showed
t% t large_ dry containments would depressurize in 2 h for_ hole' sizes on the
order of 0.3 to 0.5 ft . Thus, aLsmall hole'or leak should have been on-2

the ordor - of - 0.1_ f t , and 1.0 - f t2 -is _ definitely a ;large hole or rupture.2

The-panel members were asked to reconsider the distributions they provided
~

in light of this redefinition. of the hole size. Soma . of _ them adjusted

5.1-1-

_



. - - . . - - - - - - . . - . - .- . ~ ~ - ._.. - - ..

; |

I3

V
|

1

! b
, i

| theirdistributions for this or for some other reason. The failure mode
j " Catastrophic Rupture" (CR) was added at ~ the time; of elicitation. The

!- containment failure implied by this failure mode is complete-failure of a -i

| substantial portion of the containment pressure boundary with possible
disruption of the piping systems that penetrate _ or are attached to the'

- containment wall. No similar gross structural failure is implied by.the
'

..upture" failure mode,.

<

|
| Summary of Results

i
'

1 The three panel members considering this issue all a6 reed that the three
| cases could be considered together since the' pressure rise times were slow

enough that the effects were all static. It was pointed out to the experts'

that the development of a leak would not arrest the pressure rise for cases-'

'

i 1 and 2, but they did not choose to provide separate distributions for
i these two' cases. However, some of the experts allowed for the possibility *

that the development of a leak would not ~. arrest the pressure rise by
,

providing rupture and CR - probabi_11 ties for - pressures greater than - the*

2 pressure for_which they. thought the development of a leak was-certain_ The
.

i experts further agreed that there was no need to _ differentiate between
caseu on the basis of temperature. The temperatures described were all Icw

,

j enough that there was no appreciable structural effect, i.e., no
i significant changes in material properties. Two of the experts based their

*j conclusions on an analysis of the mid-section of the cylindrical-portion-of
the containment (hoop failure); the reinforcing and concrete details-in the.

| cylinder basemat junetion area ' were such that both .of -them ruled out' the '

? possibility of shear failure in that location. The third expert, however,
[ considered that shear failure was ~ of impor'tance, and made his analysis
; accordingly.

!_ Since the fission products are released. aboveground for a hoop failuie of-

| the cylinder and belovground for. a shear failure at the cylinder-basemat
junction, source terms for the hoop and . shear- rupture . mode will differ

"

significantly. Thus, the modes need to be considered: separately during the'

containment analysis. It was c'onsidered unnecessary-though to introduce a
fif th mode to distinguish shear failure by leak, c since leak failure -at

, ,

; vessel breach is not expected to be risk dominant. -All forms'~of leak'(hoop
and shear failures) are binned together.,

;

i The joint probability (deasity) distributions of the thrce _ experts are
;- given in Tables 1 1 thrcugh 1 3_. Based on- a hoop strain analysia, Expert A - '

'

concluded that failure wou1d probably-occur between 120 psig and 145- psiS;;
-

.

Half of his probaility lies - between 130- and; 140 - psi 6 The -leak failureC

modre- was judged more ' likely : to occur 'at . the' lower ^ pressures o and - rupture
the ' hi her' pressures. Expert B ' :. analysis -led him itomore likely at 6

p conclude that the failure would be a leak _in the cylindrical portion of the1
containmentL or < a leak or a rupture at the cylinder-basemat junction. |He

' placed the _ bulk of - his hoop failure - probability faround the pressure at'

! which e the tendons reach their ultimate strength,' 136 L psig. The highest
, probsb!11ty. of ' shear failure also lies in the ~ 125 to .150 psig range _.
!- Expert C concluded that hoop failure was certain . to occur between 128- and -
'

137 psig, and that - leaks and ruptures are much more 'likely than.

.
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catastrophic ruptures. The initial failuro will probably be a small liner jtear, which will increase in length if development - of a leak - does not
arrest the pressure' rise.

Table 14 gives _the aggregate distribution. Table 15 gives the
probability (density) of failure and the joint probability for the four
failure modes. The marginal probabilities of failure are 0.48 for leak,
0.18 for hoop rupture, . 0.05 for shear rupture, and 0.29.'for catastrophic
rupture. The three experts's opinions were aggregated as_ explained in the' '

I next section. The median of the average distribution is about 133 psig,
and most failures at this pressure result in a leak. The 5% - and 95%
failure pressures are-94 psig and 170 psig, respectively. Figure'l 1 below
shows a plot of the aggregato cumulative probability dish:tbution for
failure pressure with the individual experts' distributions,

1. 0 -
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Figure-1-1. Zion Containment Failure Pressure.
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2 Table 1 1
Expert'A-

j ;

i-
Conditionni Probabilities-for,,lgilure Mode

Cumululative
.,

.Ruprure . Catastrophic'-Pressure Failure Rupture,

(r.s i gi Probability _Le ak .... @2P.21. (ShearY -Ruoture .'

-

! 50 0.000 1.000 0.000 0,000 0.000
60 0.000 1.000 0.000 0.000 0.000- |

!

| 70 0.000 1.000 0.000 0.000 0.000 )
80 0.000 1.000 0.000 0.000 0.000 l

'

! 90 0.000- 1.000 0.000 0.000 0,000- ]
| 100 0.010 1.000 0.000 0.000 -0.000t '

j -- 110- 0.020 1.000' O.000' O 000 0.00:
4 -120 0.220 0.670-- 0.280 0.000 =0.01

130 0.420 .0.460 0.380 0.000 t0.160'
140 0.900 0.130 0.340 0.000 0.530.
150 1.000 0.000. 0.000 0.000. 1.000
160 1.000 0,000 0.000 10.000 l.000-
170 1.000 -0 000 0.000 0.000 1.000-

.

180 1.000 0.000. -0.000 0.000' 1.000 ,

190 1.000 0,000 -0.000- .0.000 l'000.

200- 1.000 0.000 0.000 -0.000- 1.000.
225 1.000 0.000 0.000- -0.000 1.000 .

_ -

w

9

Y

-
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Table 1 2
Expert B

-

Conditional Probabilities for Failure Mode
Cumululative

Pressure Failure
, Leek- (Hoon) -(Shear) Ruoture_,

Rupture- Rupture Catastrophic
(psigl Probabill,ty

50 0.000 1.000 0.000 0.000 0.00060 0,010 -0.980- 0.000 0.020- 0.00070- 0.030 0.960 -0.000 0.040 0.00080 0.075 0.946 0.000 0.054 0.000-90 0.130 0.938 0.000 0,062 0.000100 0.190 0.930 0.000, -0.070 0,000
110 0.300 0.920 0.000 0.080 0.000-120 0.400 0.910 0.000 0,090- 0.000130 0.515 0.880 0.000 0.120 0.000140 0.630 0.840- 0.000 'O.160 0,000'150 0.740 0.790- -0.000 0.210 0.000160 0,800 0.750 0.000 0.250 0.000170 0.867 0.680 0.000 0.320 0.000-180 0.920 0.630' O 000 0.370 0.000190 0.960 0.590 0.000 -0,410 0.000200 0.977 0.550 0.000 0.450 0.000225 1.000 0.500 0.000 0.500 0.000

.
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Table 1 3-
Expert.C

,

-
,

N

;- Condi,tional-Probabilities for Failure Mode _

Cumululative;
~

Pressure Failure Rupture Rupture _ Catastrophic
(psig) Probability- Leak (11000) (Shearl,- Ruoture

4

50 0.000 1.000 . 0.000- 0.000 0.000
60 0.000 1.000 0.000 0.000 =0 000

| 70 0.000 . 1,000 0.000 0,000 '0.000 -;

I 80 0.000 1.000 0.000 0.000 0.000'
i 90 0.000 1.000 0.000 0.000 0.000
3 100 0.000 1.000 0.000 0.000- :0.000.
| 110 0.000 1.000 0.000 0.000 0.000

120 0.000 1.000 - 0.000 0.000 0.000
t- 130 0.260 0.970 0.030 0.000 0,000
| 140 1.000 0.060 0.300 0.000 . 'O . 640 -
4 150 1.000 0.000 - 0,000 0.000-- 1,000:

160 1.000 0.000 . 0.000' O.000 J1.000*

; 170 1.000 0.000 0.000 0.000
, --.1'. 000

' - 180 1,000 0.000 0.000 0.000
'

:1,000

| 190 1.000 0.000 .0.000 0.000: -1.000- ,

200 1.000 0.000 0.000 0.000 1,000
,

| 225 '1.000 0 000 - 0,000 0.000 1.000

i-

i

:

|

.

S

,

'

.

4

'
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Table 1-4
Aggregate

Conditional Probabilities for Failure Mode-
Cumul.

Pressure Fail. Prob. Rupture Aupture Catastrophic
(osic) Prob. Derisity Leak (Hooo) (Shear) Runture

50 0.000 0.000 1.000 0.000 0.000 0.00060 0.003 0-003 0.980 0.000 0.020 0.000-.

70 0.010 0.007 0.960 0.000 0.040 0.00080 0.025 0.015 0.946 0.000 0.054 0.00090 0.043 0.018 0.938 0.000 0 062 0.000100 0.067 0.024 0.940 0.000 0.060 0.000110 0.107 0.040 0.927 0.000 0.073 0.000120 0.207 0.100 0.750 0.187 0.030 0.03)130 0.398 0.191 0.775 0.146 '0.024 0.055140 0.843 0.445 0.156 0.289 0.010- 0.545150 0.913 0.070 0.414 0.000 0.110 0.476160 0.933 0.020 .0.750 .0.000 0.250 0.000170 0.956 C.023 0.680 0.000 0.320 0,000180 0.973 0.017 0.630 0.000 -0.370 0.000190 0.986 0.013 0.590 0.000 0.410 0.000200 0.992 0.,006 0.550 0.000 0.450 0.000225 1.000 0,008 0.500 0.000 0.500~ 0.000

t

-
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i Table 1-5
!, Zion Static Failure-Pressure
; Joint Distribution for Containment Failure Pressure-and Mode-
|

Joint Probability for Failure Pressure and Mode

Pressure Rupture Rupture Catastrophic'

(osic) Leak (HoopL (Shear) Ruoture MargingL_
.

50 0.000 0.000 0.000' .0.000 0.000. ,

i 60 0.003 -0.000 0.000 0.000' O 003
; 70 0.007 _0.000 0.000 0.000__ 0.007

80 0.014 0.000 0.001 0.000 0.015-

i 90 -0.017 0.000 0.001 0.000 - 0.018-
1 100 0.023 0.000 0.001 0.000- 0~024
j 110 0.037 0.000 0.003 0.000 0.040
! 120 0.075 0.019 0.003 0.003 0,100
'

130 0.148 0.028 0.004 0.011 0.191
4 140 0.069 0.129 0.004 0.243: 0.445

150 0.029 0.000 0.008 0.033 0.0702

160 0.015 'O.000 0.005 0.000 0.020-
170- 0.016 .0.000 0.007 0.000 0.023,

180 0.011 0.000 0.006 0.000 0.017.;
' 190 0.008 0,000 -0.005 0.000. 0.013-
| 200 0.003 0.000 0.003 0.000- 0.006. '

225 0.004 0.000 0.004 0,000 0,003

Marginal 0.47s 0.176 0.055 0.290 1.000 <

|-
-

4

!'

.

)

-

I
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Method pl.Aggngation j

The desired form for - the results of . each expert was a . table of ' cumulative _|
failure probabilities for increments of 10' psig as .shown- in Table 1-1, .- l

When an expert provided cumulativo probabilities-for a-range cf pressurer,
the average cf the cumulative probabilities for two adj acent ranSes was-

assigned to the pressure- which divided- the. ranges. For example, if'an
nrpert assigned a cumulative probability of 0.10 to failure in the pressure
range from 60 psia to 70 psia, and a cumulative probability of 0.20 to
failure in the pressure range from 70 psia to 80 psia, then a cumulative
failure probability of 0.15 would be assigned to 70 psia. Interpolation,

was used to fill in other values. A similar technique -vas used for the
conditional probabilities for the four failure modes. Where an expert had
not considered a failure mode the probability associated with each pressure-
level was taken as zero.

To determine the aggregated cumulative failure probability at pressure i,
p(avg,1), the average was used:

P(avg,1) - ( p(1,1)-+ p(2,1) + p(3,1) ) / 3-
'

.

where p(j,1) is the cumulative probability for _ f ailure at pressure c i
provided by the j th expert. The aggregate cond!tional probability for.
failure mode m at pressure i, c(avg,1,m), was calculated by:

.

c(avg,1,m) - ([p(1,1)-p(1,-i-1)) * c(1,1,m) +-[p(2,1)-p(2,1-1))'* c(2,1,m)

+ (P(3,1)-p(3,1-1)] *.c(3,i,m) ) / 3 / [p(avg,1) .p(avg,1-1)]

where c(j ,1,m) is the conditional probability - of expert 'j for failure mode
m at pressure 1. At the lowest pressure, as for all other pressures, the
values sum to one--since they are conditional probabilities they must addt

to one, even if the - event on which they - are conditional han tero
probability. This method weights the conditional probability - for each
expert by the probability dencity at the pressure 1. The probability
density is the first derivative of ~ the cumulative 'p robab ility . The
backward difference approximation is used- for; the . derivative. The sum of
the weighted conditional probabilities is normalized Lby * the difference of

_the aggregated cumulative probability.

| For the purposes of the Zion accident progression analysis, _ a' joint.
l distribution of failure mode ~ dnd pressure is of greater _ utility yin the

| sampling process than the probability _ of a. given failure mode condirional '
| on failure pressure. Table 1-5, which gives the probability (density) of

failure and . the joint p.robability for the four failure' modes ,- was.
calculated from Table 1-4 using:

_p(m.i) - p(i).p(m|1)

where p(m,1) is the joint distribution of failure mode m at-pressure 1,

p(i) is-the probability density at pressure i and p(m|i) is the conditional
probability _of failure mode m given pressure 1.

.5.1 9
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Export A's Elicitation

Containment Failure at Zion-

Description of Exnert A's Felignale/ Methodology-

Expert A based his conclusions on.. an analysis of - the mid-section of the
cylindrical portion of the containment. His study of-the drawings and the-
results of other analyses led him to conclude that this was the weakest
portion of the containment. His n ritaa references were the Sargent.&-y

Lundy (S&L) analysis ^4 .and the 1/6-scale model test at Sandia.^4 - As with
the other experts considering this issue, Expert A concluded that the three-
cases, described in Section 1,_were indistinguishable; the pressure rises _-
were slow enough that all the loidings were static, and the tetoperaturer,
were well below those at which degradation of structural properties-occurs.
As the S&L analysis considered other failure locations,- such as the dome
and the cylinde- oasemat junction area, and concluded. that the worskest part

.

was the midsection.of the cylinder, Expert A- focused on t. hat ' failure made -
and considered the hoop stresses there in some detail, His estimate was
that this captured about 90% of the failure probability, Expert 3 used the
1/6-scale model test results to conclude . that, at 2% strain in locations
away from penetrations, the strain in the liner close to penetrations was
likely to cause a taar,

The occurrence of either a leak or a rupture precludes the later occurrence
of catastrophic rupture. Once a liner tear has developed, Expert A would
expect it.to expand in size as pressure increased.. This would make
catastrophic rupture very unlikely-once a liner tear or-leak had developed,
but the increase in size could change the . tear from a . leak to a rapture.-

Leaks are more likely than rupture at lower failure pressures, and rupture
! is more likely at the higher pressures.

Expert A concluded that the Zion containment was absolute 3y safa at 90
psig, and that failure was possible but: unlikely at 110 psig. He ' arrive <i

j at the 110 psig figure by calculating that general. yielding, of the robar
occurred at 120 psig- and - subtracting 10 psig for aging, unknoun-'

| construction defects, etc., to set this value for - the - lower -bound for
'

failure. LAs 1% hoop strain occurs at 132 psig and-2% hoop strain at 140-
psig, Expert A expected failure to occur in this pressure range-with a.high
probability, The strain in ; the rebar and the post-tensienedLtendons' is
about the same. When the tendon!. fall, the rebar, already highly stressed,
will also fail. At 4% strain. - catastrophic- rupture is very likely, but ;a
leak should have developed at lower pressures-in most cases The following
table gives Expert A's view of the response of . the containment to
increasing pressures.

5.1-13
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4 Pressure
! (esic) Resconse of the Cantainment
P

64 Loss of hoop prestress

: 70 Loss of vertical prestress

85 Concrete strength exceeded in hoop
direction

,

114 Liner yields
t

120 Hoop rebar yields, and concrete strength
; exceeded in the vertical direction

132- Strain in hoop tendons - 1%,

134 Vertical rebar yields, hoop strain-1;.
liner - 1%

,

:

140 Moop strain in liner - 2%

149 Ultimate strain (5%) in hoop tendons

4-

Results of Excert A's Elicitation,

Expert A provided the following table for the failure probability and mode
| of failure. It gives the probability (density) of failure and the joint
'

probability for three of the failure modes.

.

,

Joint Prob ability

Pressure Failurs Probability Rupture Catastrcphic.,

. _Lgsjg).,,,,, Densitv Leak moon) Ruot;ure
.

90 0.00 0.00 0.00 0.00
110-115 0.03 0.03- 0.00 0.00
115-120 0.10 0.08: 0.02 0.00,

.120-130 0.17 0.09: 0.06 0,02
E 130-135 0.25 0.10 0.10 0.05

135-140 0.25 0.05 0.13 0.07
140-145 0.19 0.01 0.03 0.15
145 150 0.01 0.00- 0.00 0.01-

|

,
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No column is shown for shear rupture since Expert A did not believe this
failure mode was credible.

The marginal probabilities of failure are 36% leak, 34% rupture, and 30%
catastrophic rupture. This table ' was converted into a - table of
cumulative failure probabilities with conditional probabilities for the
failure mode,

"onditional Probability

Pressure Failure Probability Rupture Catastrophic
(esig) Cumulative Lggh E gop)... Ruoture ,_

90 0.00 0.00 0.00 0.00
110-115 0.03 1.00 0.00 0.00
115-120 0.13 0.80 0.20 0.00
120 130 0.30 0.53 0.35 0.12
130-135 0.55 0.40 0.40 0.20
135-140 0.80 0.20 0.52 0.28
140-145 0.99 0.05 0.16 _.0.79
145 150 1.00 0.00 0.00 1.00

This distribution, based on ranges of pressures, was converted into
cumulative failure probabilities for 10 psig increments _(see Table 1-1),
as described above.

4

4
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Expert B's-Elicitation

Containment Failure at Zion

Description of B's Rationale /Methodolocv-
'

Expert B considered two failure locations, The first was at mid height
in the cylindrical portion of the containment. He judged that failure at
this location would always result in a leak.- The other failure location
was a shear failure at the point where the cylinder joins the basemat.
Failure - at this location could result in either a leak or a rupture.
Catastrophic rupture was deemed not credible.

Results of Exnert B's Elicitati2D

Expert B gave the following table of probability. density versus pressure
range for the hoop stress failure of the cylinder. The cumulative
probability was derived from ' the prcbability density, adjusted upward
slightly to account for the fact that the densities only summed to 0.95.

Pressure Probability Cumulative
(psie) Density -Erobability

75 100 0.05 0.05
100 125 0.15 0.20
125-150 0.40 0.60
150-175 0.20 0.80 1

175-200- 0.10 0.90
200-225 0.05- _0.95
225-250 0.05 1.00-

This. failure mode depends only on the tendon -yield . and the' ultimate hoopstrength. At the ultimate strength of . the , average tendon, the pressuredif ferential - is 136 psig. Expert B thought that his: midpoint f.11ure-
.pressureLshould be-around this value, As all tendons were tested, he toch
90% of 136 psig as- the pressure representative of the 20% to 25%: range offailure probability. Failure at these-relatively low pressures could' occur
because of construction defects, material defects, or deterioration of the
-structures as it ages. For the 75% to 80% failure probability range, he
added 30% to the 136-paig value to get 177 psig. He . then drew a ' smooth
curve through these points and estimated the values in the-table above.

5.1-17
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i Converting the table of pressure ranges =to specific pressures gives:
,

.
Pressure Cumulative Probability

tL ailure (Leak)L (psin) -p.f Cylind F

75 0.00,

# 100 0,13

; 125 0,42 -

150 0.73
175 0,90

1 200 0,98

| 225 1,00

4

For the shear failure at the cylinder basemat junction, both - leak and
; rupture are possible but catastrophic rupture is not etedible Expert 3

gave the following table of probability density versus pressure range for
,

this failure location, including conditional leak rupture probabilities,

i The cumulative probability distribution in the following table is derived
j from the probability density distribution,

j
i

Conditional Probability

Pressure. Probability Cumulative Rupture,

(osin) Density Probability Leak (Shear).

f 50-75 0.05 0,05_ 1,90 0,00

75 100 0,10 0,15 0,90 0,10

100-125 0.20 0.35 0.90 0.104

125-150 0,30 0,65 0.75 0.25,

150-175 0.20 0.85 0,40 0,60-

| 175 200 0.10 0,95- 0.20 0,80
'

200 225 0.05 1,00 0,00 1.00
,

$

. Failure at the junction o f . the cylinder and the basemat- is possible
! because of the shear discontinuity. at this location.;The likelihood of

'

' shear failvre depends on the . extent of cracking in the concreteL and the
i compressive- atress developed in 1 the concrete. -In the following - table,
, the parameter a represents ' the extent of concrete cracking: 0.1a -
! indicates - extensive cracking 1 and' a l', 0 indicates no cracking.-

Variations in a, the shear strength, and the tendon yield were-konsidered.
as follows:

Ouantity Low Middle . High
e

Parameter a 0.10- 0.25 1.00
Shear capacity 2(p ) 5 3(pe) 5 5(p ) 3-

Tendon Yield . 9 o y, a.y, 1. 3 o,y,4

Failure Pressure-

due to Base Shear
(psig)- 80 .102 160

5,1 18
,
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The distribution of probability density and failure- pressure ranges given
above was constructed based on these numbers. Rupture is more=likely at the
higher prassurus since the length of the failure is expected to be longerif it occurs at high pressure.

Cumulative Conditional Probability
Fressure Shear Failure Rupture
(osigi Probability

_ Leak (Shear)

50 0.00 1.00 0,00
75 0.10- 0,95 0.05

100 0.25 0,90 0,10
125 0.50 0.825 0.175
150 0.75 0.575 0.425
175 0,90 0.30 0.70
200 0.975 0.10 0.90
225 1,00 0.00 0.00

Finally, the cylindrical hoop failure table is combined with the shear
failure table to get one table that includes the effects of both failure
modes.

The total failure probability for a given pressure is the average of thecylinder and shear failure irobabilities. The conditional probabilities
for mode of failure (hole site) are averages weighted by the probabilities.
The equation used is similar to the one presented in the Liscussion sectionabove,

Cumulative Conditional Probability
Pressure Shear Failure Rupture
(osigl Pro ^oability Leak .. (Shear)

50 0.00 1,00 0.00
75 0,05 0.95 0.05

100 0.19 0,93 0.07
125 0.46 0.90 0,10
150 0,74 0.78' 0,22
175 0,90- 0.65 0.35

No - column is - shown for either hoop rupture or catastrophic rupture since
Expert B did not believe these failure modes were credible. Convertin 6 thetable based on pressure ranSes- to one for specific pressures by
interpolation produces the results shown in Table 1-2.

5.1-19
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i Expert C's Elicitation

-|z
Containment Failure at Zion >

-
'

:

i
|' Descriotion of Expert C's Rationale /Methodolorv =

t

i- .

- -

together since _ _he. felt - that the
.. _ ..

-- .

; Expert C considered - all- three cases '

'

i previous pressures are irrelevant and that the. terrperatures- are expected to
| be low. His main esphasis was on hoop-stress in the cylindrical portion of J

i the-containment, but noted that - bellows failure would be- expected' at 139
j: psig, which would result in a- direct release to - the - env!ronment. ' Liner-
; tears at penetrations might tesult in releases into the_ auxiliary building.
!

The folicwing table gives Expert C's:-: view of . rhe response :of the4

j containment to increasing internal' pressures:

| . Pressure
I (esimi Response of the Containment

i

47 Design Pressure.

54 Test Pressure-
75 Concrete Cracking:

120 Yield- Liner not Considered =4

*
128 -Failure--Liner not Considered
134 1% Strain--Liner Considered

-136 Penntration-Failure

i 138 . Failure--Linst Considered-

i ~139 Bellows Failure
140 Ultimate Strain (4%);

:

Expert C's; calculations showed that~ the linerL carries 14' psig. He would
_

'

subtract _1 psis for temperatures above 600*F-and would subtract 3.psig.for

j general uncertainty.
1 . -

{: The-lowest: pressure at which Expert C would expect to see'any significant

! chance ~ of - failure E is: at 128 psig,- ~ the pressure at Xwhich failure - is-

if predicted without-taking the strength of-the liner into, account. -Failure *

f- 'is assured by 137 psig. The failure distribution is narrow because; yield-

i -- in the hoop--tendons = starts at.134 psig-and_ deformation-'then-increases veryt
_

~

quickly with increasing pressure. Deformations -of 26 ini ~ are expected by;
~

143 psig.
4

:
4

.

4

h
.

- __
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Results of Expert C'_s Elicitation !

Expert C's distribution is contained in the following table:

i

Conditional Probability

Pressure Cumulative Rupture Catastrophic
_(esic) Failure Probability _Lggh (Hooo) Runture

120 0.0- 1.0 0.0 0.0-
128 0.2 1.0 0,0 0.0134 0.4 0.9 0.1 0.0 ,135 0.6 0.8- 0.2 0.0 '

136 0.9 0.6 0.3 0.1137 1.0 "0 . 4 0.4 0.2
'f

138 1.0 0.2 0.5 0.3339 1.0 0.1 0.4 0.5 ^

143 1.0 0.0 0.0 1.0 ;

No column is shown for shear rupture since Expert C did not believe this
failure mode was credible. The entirc failure probability is contained in
the range from 120 psig to 137 psig. The conditional probabilities .forfailure mode above 137 psig are interpreted to mean: that if a rapid
pressure rise results in peak pressures above 137 psig, these failure modeprobabilities apply.

If the Icak that develops is not sufficiently large to arrest the pressure
rise, Expert C felt that the liner tear would increase in size until the
opening was large enough to arrest the pressure rise. He was certain thata catastrophic rupture would not occur once a. leak'had developed;

'

catastrophic rupture occurs, then, only in the vet:y few cases where the
pressure exceeds 137 psig without a . leak developing. The table above wasused to construct Table 1-3

,

5.1-21

,.
_ _ _ _ _



!

.h

-

5.2 Issue 2. Containment Failure at Surry

Experts consulted: Joe Rashid ANATECH Research Corporation;- Richard
Toland, United Engineers & Constructors; Adolph Walser, Sargent & Lundy;
.loe R. Weatherby, Sandia National Laboratories.

Issue Descriotion

What distribution characterizes the failure pressures for static _ loading of~
the Surry containment? What conditional probabilities describe the failure
modes for each pressure?

i

The Surry containment is a cylinder with a hemispherical dome roof. Both
the cylinder and the dome are - constructed of reinforced concrete. The
foundation is a reinforced concrete slab. The containment is lined with.welded 0.25 in, plate _ steel. The containment is maintained below ambient
atmospheric pressure, at about 10 psia, during operation. -The design
pressure is 45 psig. The free volume is about 1,850,000 ft .3

Three pressure rise casos wore described in the original definition of the
issue:

1. Pressure spike at vessel breach,
2. Late deflagration, and
3, Late, gradual pressure rise,,

Typical rise times for cases 1 and 2 would be on the - order of a few
seconds. Typical rise times for case 3 ucu'.d be on the order of an hour.

-

While very high atmospheric temperatures might be observed for a fraction
of a minute. in case 1, the bulk temperature of the steel liner which forms
the pressure boundary is not expected to exceed 300 to 350'F.

The original . issue definition of a large hole or rupture was an opening
larger than 1.0 ft*, which resulted in-depressurization in less than about
2 h. A small hole or leak was anything smaller than 1.0_ fta,- which did not
result in depressurization in less than about 2 h. . A review of _this matter l

showed that large dry containments would depressurize. in 2 -h for holes
sizes on the order of 0.3 to 0.5 fta,- -Thus a'small hols-or leak should

- have been on the order of 0.1 ft ,- and' 1.0 f ta is definitely a lar6e hole-.2
-

or_ rupture. The panel members were asked to- reconsider the distributions
they provided in-light of this redefinition _of the hole' size.

_

_ Some-of themadjusted their distributions -for this or for some other reascn.
-4

The failure mode = "Catantrophic Rt.pture" - (CR) was added at ' the ' time 1 of .
elicitation. Catastrophic rupture simplies complete f ailure .of ay
substantial' portion _of ~ the containrtent pressure boundary, x with possible -
disruption of the piping systems - that penetrate 'or are' attachsd to _the
containment wall. No similar gross ' structural failure is implied by the" Rupture" failure mode.

5.2-1
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Steary of Resglta'

The four panel members considering this issue all agreed that the - three
4

J cases could be considered together since the pressure rise times were slow
r>nough that the effects were all static, it was pointed out to _ the experts
that the development of a leak t'ould not arrest the pressure rise for cases

i 1 and 2, but -they did not choose to provide separate distributions fo:t
these two cases. However, some of the ev.perts allowed for the possib_111ty'

that the development of a leak would not arrest the pressure rise by
providing rupture and CR probabilities for pressures greater than the*

pressure for which they thought the development of a. leak was certain;

The experts also agreed that there was no need te differentiate _ between,

cases on the basis of temperature. The temperatures stated were all lov-
| enough that there would ' be no appreciable structural effect; i.e., no

significant changes in material properties occur at the temperatures in
,

question.'

.

Failure location did not turn out to be _ important since any failure' ,

location except shear at the basemat-cylinder . junction' would resulr ' ca<

j direct path - to the outside. The reinforcing and concrete details in nis
junction' area were such that three of the four_ experts ruled out failure;in
this location. (The fourth expert did not specify failure location

*

explicitly.)

: The distributions of the four experts for the containment failure pressure
! and mode for Surry _ as received, are . given in ' Tables A-1,_ B 1, C-1, and-

D-1. Experts A and B gave cumulative failure probabilities and interval-. .

conditional probabilities for the mode of failure. l' heir distributions are*

shown in Tables A-1 and B-1, respectively. Expert A concluded that the
containment would fail between 120 and 150 psig His median _value was 135,

~

psig. At 145 psig, he viewed L leak, ruptore. . and - CR 'as _ about equally
likely. He allowed for pressurization above 150 psig by . rapid pressure -

' rise by shif ting his conditional failure mode probabilities' toward CR above
1' 150 psig.
i
j Expert B concluded that.the containment would fail between 70 and 165 psig,
; His median value was 120 psig. The lower ~end of his. distribution' allows
| for faulty cadwelds and liner tears due to stress concentrations - around
'

openings. He thought Se _ leak failure mode was most - likely if the
| containment failed b low 125 psig, the Erupture mode was most likely for ,

!. failure ber": -- 1T.i.and 155 psig, and CR was most ~1ikely above 155 psig, j
Although he . was certain that some - failure would cccur -by 165 . psig, . he - '

allowed for - pressurization above this value by. rapid pressure rise- by
shifting his conditional failure mode probabilities-toward certain~CR'above
-165 psig.

.

-Expert C gave joint interval probabilities, _or joint probability densities,
~

'
_

-as shown in second, third, and fourth columns of Table 'C-1. These values
werei converted . to total cumulative failure . probabilities with _interyc1
conditional probabilities for failure mode as shown in Table C-2. Expert C
was virtually certain _ that containment failure would occur between 125 and
165 psig, although he allowed a It p chability that the failure might occur*

as high as 200 psig.

.5.2-2--
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Table A 1
Surry Static Failure Pressure as Received from Expert A-

. -

Interval Conditional Pr.p -

Pressure Cumulative-Failure Failure Prob.
(nsic) Probability _,Dgnilty Lt.pi,. Runture Cat.Ruo.

60 0.000 0.000 1.000 0.000 0.000
65 0.000 0.000 1.000 0.000 0,000
70 0.000 0.000- 1.000 0.000 '0.000

~75 0.000 0.000 1;000 0.000 0.000

80 0.000 .0.000 1.000 -0.000- 'O.000-
85 0.000 0.000 1.000- 0.000 0.000
90 0.000 - 0,000 '1.000 0.000 0.000-
95' 0'.000 0.000- 1.000 10.000 0.000

100 0.000 0.000 - 1.000 0.000' O.000''
105 0,000 0.000 1,000- 0.000 0;000-

110 0.000 0.000 1.000 0.000- 0.000:
115 0.000 0 000 1.000- '0.000 0.000-,

120- 0.010 0.010- 1,000 0.000 0.000
125 0.167 0.157 0.8331 0.167 :0,000-

130 0.333 0.166 0,667- 0-333- 0.000
135 0.500- 0.167 0.500. 0.500- 0.000:

140 0.670 0.170 0.400- 0.433L 0;167,

145 0.830 0.160. 0.300 0.367 0,333-1

'150 1.000 0.170 0.200 0.300 -0.500-
155 '1,000 0.000 0.120 0.255 .0,625 <

160- 1.000 0,000 i0.070 0,180- 0.750
:165 1.000 0.000 0.040- 0.085 0.875
170 1,000. -0.000- -- 0.000= 0,000 1.000-
175- 1.000 0.000, 0.000 -0.000 1 000-

1 180 1.000 0.000- 0.000- -0.000I 1.000
185- 1.000- 0.000-- - 0.0003 0.000 1.000.-
190 1.000- .0.000- 0.000 0.000 1.000
195- -1.000 0.000-- 0.0007 :0.000 1.000-

200 1.000 0.000: -0.000 0.000- 1.000

5.2-3
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Table-B 1-
Surry Static Failure-Pressure as Received from Expert B-

_

,
'

_ Interval Conditional' Prob.
Pressure Cumulative Failure Fa'ilure Prob,
f usirL Probabilltv DU)1(ly IA ak Bunture Cat.R m -.-

60 0.000 0.000 1.000_ 0.000 0,000
65 0.000 0.000 1,000 0.000 0.000
70 0,001 0.001 1.000 0.000 0.000
75 0.010 0.009 0.950 0.050 0.000

80 0.020 0.010 0.900- 0.100 0.000-
85- 0.030 0.010 0.850- 0.150 0,000
90 -0.050 -0.020- 0.800 0,200- 0.000:
95- 0.110 0.060 0.767 0,233 0.000

100 0.180 0.070 0.733 0.267 10,000
105 0.250 0.070- 0,700 0.300 0,000
110 0.330 0,080 0.667 0.333 -0.000'
115 0.410 0.080 0,633 0,367 0.000

120 0.500 0,090 0.600- 0.400- 0.000
125 0,620 0,120 0.433 0.533 0,034-
130 0.740 0.120 -0.267 0.667- 0.066
135 0.850- 0.110 0.100 0',300 0,100.

140 0.900 0,050 0.083 0.750' O.167
145' 0,950 -0.050 0.067 '0,700 0.233
150 0,990 0.040 0,050 0.650. 0,300-
155 0.994 0.004 0,033 'O.500' 0,467-

160 0,997 0.003 0.017 0,350 0.633
165 1.000 0.003 10,0001 0.200- -0,800
170- 1,000' O.000 0.000 -0.100 0.900 -

175 '1.000 0.000 0.000 0.000- 1,000

180 1.000 0.000 0.000= 'O.000 1.000
185 '1,000 0.000. 0.000. ~0.000- 1.000
190 1.000 0.000 '0;O00- -0.000- 1.000- :{195 1.000 0,000 0,000- 0.000 1,000 )

a
200 1.000- -0.000 0.000- 10.000 1.000- -|

o
,
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Tabic 0+1. .

Surry Stati5 Failure Pressure as Received from Expert.C

Joint Interval Probability

Pressure- Failure Prob; Cumulative Failure
_fosic) _ Leak Ruoture Cat.Run. Density Probability

60 0.000 0,000 0.000 0.000 '0.000-
65 0.000 0.000 0.000 0.000- 0.000
70 0.000 0.000 0.000 0.000 0.000
75 0.000 0,000 0.000 0.000 0.000

80 0.000 0.000 0.000 0.000 0.000
~

85 0.000 0.000 0.000- 0.000 0.000E
90 0.000 0.000 0.000- 0.000 0.000
95 0.000 0.000 0.000 0.000 0.000

100 0.000 0.000 0.000 0.000- 0.000
105 0.000 0.000 0.000 0.000 0.000
110 0.000 0.000 0.000 0.000- 0.000
115 0.000 0.000 0.000 0.000 -0.000'

t

120 0,000 0.000 ~0.000 0.000- 0.000
125- 0.010 0.005 0.000 0.015: -0.015.
130. 0.020 0.010 0.000 .0.030 0.045
135 0.040 0.015 0.000_ 0.055 c. 0.100.

140 0.180 0.120 0.000 0.300 0.400;
145 0.110 0.-130 0.030. 0.270 0.670
150 0.060 0.090 -0.040 0.190- 0.860-
155 0.020 0,030 0.040 0.090 0.950 _

160 0,000- 0.005- -0.015 0.0201 -0.970-
165 0.000 0.005 0.015- 0.020 0.990-
170 0.000 0.000 0.002- 0.002 0.992
175 0.000 0.000 0.002 0.002 0.994

180 'O.000 0.000 0.002 0.002 10 ~. 9 9 6 -
185- 0.000 0.000 0.001 0.001 0.997.

L190 0.000~ 0,000 0.001 -0.001 0.998'
195 0.000 ~0.000 -0.001 0.001 .0.999

200 0.000 0.000 0.001 0.0011 1.000

Total 0.440J Oi410 0.150-

1
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2 Table D l'
Surry-Static Failure Pressure as Received from Expert-D:-

.

- . _ _ - -
-

^

I

[ Independent Fpilure Prob.
Pressure Cumulative Failure . Failure Prob,:-

: (usig) 1,e ak ' Ruoture _Qal Rup . Prob abili ty -- Density
|

1 60 0.000 0.000 0.000~ 0.000 0.000 *

!' 65 'O.000 0.000 0.000 .0.000 -0.000
| 70 0.000 0.000- 0.000- 0,000 0.000-

75 0.000 0.000 0.000 0.000 0.000--- i
1

i
! 80~ 0.020 0.000 0.000 0,020 0,020-

| 85 0.050 0.000 0,000. -0.050 -0.030-
: 901 0.075 0.000 0.000- 0.075- 0.025
! 95 0.125 0.000 -0,000' O.125~ 0.050
i-

100 0.200- 0.000 0.000 0.200 0,075 -!

,' 105 0-300 0.000 -0.000 0.300 0.100.

110 0.500 - 0.000 - 0.000- 0,500 0.200
| 115 0,850 0.000 0,000_ .0.850 0.350_

; 120 0.950 0.000: 0;000 0.950 0,100
'

-125 0.980 0,000 0.000 0.980 0,030-
i 130 1.000 0.000 0.000- 1.000 0.020
j- 135_ 1,000. 0.000- 0.000 1.000 -0.000

1 140 1.000 0.000 0.000 1,000 0.000.'

145 1.000 0.050 0,000 1,00 0,000-
| 150 '1.000 0.200 0.000 -1.000 :0.000
i 155 1.000 0.500 0.000 1.000- 0.000-
U

160 1.000 0.800 0.000 1.00d LO.000-
| 165 1,000 0.950 0.000 11,000. 0.000-

170- 1.000 1.000- 0,000- ,1,000- =0,000'
I 175 -1.000. 1,000- 0.000 -1;000 -0.000 i

180- 1.000 1.000 0.000 '1,000 '0,000' |-185 1.000- 1.000 0.000 -1.000 '0:000- 1

'190 1 000 1.000 0.000 1;000 0.000-

195 -1.000 1.000- 0.000 1.000' '0 D00-,

200L 1,000 1,000 .0.000 1,000 -0.000f
.-
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Table C-2
Joint Interval Probabilitien and Modifications to

Total Cumulative Probabilities-
_

_

Interval-Ccnditional ProbPressure Cumulative Failttre Failura Prob.
(nsic) Probability Density Leak ;gynintg. : Cat.Run -,

60 0,000 0.000. 0,667 0.333 0,000 -
65 0,000 0.000 0.667 0.333 0.000-
70 0.000 0.000- 0.667 0.333 -0.000
75 0.000 0,000- 0.667 0,333 0.000

'

80 0,000 -0.000- -0.667- 0.333 -0.000
85 0.000 0.000 0.667 0.333 0.000
90 0,000 0.000 0,667 0.333 0.000
95 0.000 0.000 0.667 '0,333 0.000-

100 0,000 0.000 0.667 0.333 0 000,

105 0,000 0,000 0,667 -0,333 0.000-
110 0,000 0.000- :0,667 0,333 50,000
115 0,000 -0.000- '0,667-' O.333 0.000

120 0.000 0.000 0.667- 0.333 0,000
125 0,015 0,015- 0,667= 0,333 0.000-
130 0,045 0.030- 0,667' 0,333 0.000
135- 0,100 0,055 0,727~ 0,273- 0.000

140 .0,400 0,300 -0.600- 0.400 .0.000145 0,670 0,270 0,407. 0,481 0,111
150 0,860. 0,190 0,316- 0.474 0.211155 0.950 0.090- 0,222| 0,333- 0.444.
160 0,970 0,020L 0,0^01 0.250- 0;750-
165 0.990 0,020 0 0 ' 0 -' 250- 10,750-,

170- .0,992- 10,002 0, . 00 -- :0,000: 1.000175 .0,994 0.0021 _0,000 - -0;000 :1,000-

-

.

.180 0,996 0.002 0,000r 0,000 1 00185-- -0,997 0.001- E0,000 0|000 1,000-
,

190 -0,998 0,001- =0.000- 0.000, :1.000:
195~ 0.999- .-0.001 0.000 0.000 l,'000

200- '1 000 _0,001 0.000f '0,000 1,000

-

)
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At 125 psig, he thought that failure was twice as likely to be rupture as
leak. At 165 psig he thought that CR was three tirnes as likely as rupture.
The three failure modes are approximately equal in the 150 to 155 - peig .
range.

Expert D gave independent failure probabilities for leak - and rupture as
shown in Table D-1. These values were converted to total cumulative
failure probabilities with interval conditional- probabilitiec ' for failure
mode as shown f n Table D 2- Expert D did not beliove . that catastrophic.

ruptures were credible at Surry. Expert D also believed that . only . leaks
were credible if the contaitunent failed below 140 psig, and that only

.

rupturec were credible if the containment failed above 140 psig. He also
was certain that a leak would develop by 130 psig.

Table 2-1 gives the aggregate distribution. The median failure pressure is
about 128 psig. Leak is the most likely failure mode - below that value.
Ruptura is the most likely failure mode if' the contaitunent fails around 135
to 150 psig. Above 155 psig, catastrophic rupture is the most _ likely _
failure mode. The method of aggregation used to form Table 2-1 is
described in the next'section. The conditional. failure probabilities. may
sum to 0.999 or 1.001 rather than 1.000 because of roundoff errors.
Although one of the four experts . believed that CR - was not a ciredible
failure mode at Surry, his failure probability density was zero for the
. higher failure pressutas. Thus, tt 'f= c ond i t ional probability 'of-

catastrophic rupture goes to 1.0 at the b ghest pressures.
/<,

Figure 2 1 shows the distributions of the four experts and the. aggregate
distribution for total cumulative. failure probability. There is -~ little_.
agreement _ among the experts. Note that Experts A and C concluded that
there is -little or no chanco of failure by 120 psig,- uhile Expert - D
concladed that failure is almost certain by 120 psig.

rigure 2-2 shows the distributions of the_ four experts. and the aggregate
distribution for the conditional probability of leak, . There - is general 4

agreement among the experts that if the containment fails at.the lower end
of'the pressure range, leak is the most likely failure mode. H

Figure 2-3 shows the diatributions of the four experts and the aggregate
' distribution for the conditional probability 'of rupture _ There is general
agreement among three of the experts that if: the containment fails 'near the-
middle of the pressure range, rupture is the most- 'likely failure ? mode .q
Expert D feltLthat rupture was certain-if the containment failed above 140
psig.

Figure 2-4 shows the ' distributions of the - four_ experts and the aggregate
distribution ' for the conditional probability .of _ catastrophic rupture.

~ There is general agreSment L among three of ' the experts that: if_ the
containment fails at.the upper end of the pressure range, CR'is'most;1ikely., * '
failure mode. Expert D did-not believe that CR was a credible failure mode
at Surry.

4

-
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Table D 2
Joint Interval Probabilities and Modifications to

Total Cumulative Probabilitica
. . . . - _ . _ _ . _ . -. _

_Interva1 CendiurnaLEnh.Pressure cumulative railuro rallure Prob.
j,psir)

, h ababi1itv ._ h ntitv .irAh RVEulLt Cat.Rup.

60 0.000 0.000 1.000 0.000 0.v00
65 0.000 0.000 1.000 0.000 0.000
70 0.000 0.000 1.000 0.000 0.000
75 0.000 0,000 1.000 0.000 0.000

80 0,020 0.020 1.000 0.000 0.000
85 0.050 0.030 1.000 0.000 0.000
90 0.075 0.02$ 1.000 0.000 0.000
95 0.125 0.050 1.000 0.000 0.000

100 0.200 0.075 1.000 0.000 0.000
105 0.300 0.100 1.000 0.000 0.000
110 0.500 0.200 1,000 0.000 0.000
|15 0.850 0.350 1.000 . 000 0,000

120 0.950 0.100 1.00? 0.< 3s 0.000
125 0.980 0.030 1.00, 0.000 0,.900
130 1.000 0.020 1.000 0.000 0.000
135 1.000 0.000 1.000 900 0.000

140 1,000 0 000 1.000 0.000 0.000
~14 5 1.000 0.000 0.000 1.000 0.000150 1.000 0.000 0.000 1.000 0.000
155 1.000 0.000 0.000 1.000 0.000

160 1.000 0.000 0.000 1.000 0.000165 1.000 0.000 0.000 1.000 0.000170 1.000 0.000 0.000 1,000 0.000175 1.000 0.000 0.000 1.000 0.000
'

180 1.000 0.000 0.000 1.000 0.006185 1.000 0.000 0.000 1,000 0.000190 1.000 0.000 0.000 1.000 0.000195 1.000 0.000 0.000 1.000 0.000

200 1.000 0.000 0.000 1.000 0.000
. . .

l

5.2 9
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lable 2 1
Aggregate: Surry Static ratture Pressure

Interval Conditions 1 Prob.
Pressure Curulative Failure 7ailure Prob.
_fon c) Probability Density Leak Rupture Cat.Run.i

60 0.000 0.000 1.000 0.000 0.000
65 0.000 0.000 1.000 0.000 0.000
70 0.000 0.000 1.000 0.000- 0.000
75 0.003 0.002 0.950 0.050 0.000

80 0.010 0.008 0.967 0.033 0.000
85 0.020 0.010 0.963 0.031 0.000
90 0 031 0,011 .0.911 0.089 0.000

.

93 0.059 0.028 0.873 0 127 0.000

100 0.095 0.036 -0.871. 0,129 0.000
105 0.138 0.043 0.876 0.124 0.000
lin 0.208 0,070 -0.905 0.095 0.000-
11s 0.315 0.107 -0.932- 0.068 0.000-

120 0.365 0.050 0.820 0.180 0.000
125 0.446 0.081 0.692 0.296- 0.013 e

130 0.530 0.084 0.544 0.432 0.024
135 0.613 0.083 0.405 0.562 0.033

140 0.743 0.130 0.485 0.444 0.071 .,

145 0,863 0.120 0.336 0.466 0.198
150 0.963- 0.100 0.240 0.418 0.343
155 0.986 0.023 0.214 0.340 0.445-

160 0.992. 0.006 0.002 0.263 0.735
165- 0.998 - 0.006 0.000 0.243- 0.757-
170 0.998 0.000- 0.000 0.000- 1,000

175 0.999 0.001 0.000 0,000 1.000;

180 0.999 0,000 0.000 0.000 1.000
185 0.999 0.000 0.000 0.000' 1.000
190- 1.000 0.000 0.000 0.000 1.000

-195 1.000 '0.000 0.000 0.000 1.000-

200 1.000 0.000- 0.000 0.000 1.000

I

W -

E
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Method of Atpre gation
s

Experts A and B gave cumulative failuro probabilities and inttrval
conditional probabilities for the mode of failure. Their distributionswere in the proper form for aggregation. The cumulative failureprobabilities are for all rnodes of containment failure. The distributionsthey provided were not for 5 psig increments, so interpolation has beenused to fill in values.

Expert C gave joint interval probabilities, or joint probability densities,
as shown in the second, third, and fourth columns of Table 10. The failure
probability density (FPD) column in Table 10 is the sum of the three jointinterval probabilities for each pressure. The cumulative failure
probability (CFP) column is formed by adding the FPD for the ' pressure
interval in question to the CFP for the preceding pressure interval; The
interval conditional probabilities for failure snode in Table 2C are formed
by normalizing the joint interval probabilities in Table 10.

Expert D gave independent cumulative' failure probabilities for leak and
rupture as shown in the second, third, and fourth columns of Table 1D. Thecumulative failure probability column in Table _1D is forn;ed by the -equation:

Cip(i) - 1. (1 Cn(i)) * ll C,p(i)) * [1-0,,(1))
_

for each pressure incervd i,

where

CFP(i) is the total cumulative failure probability for interval i;

Gn - the independent cumulative probability of leak failure
for interval i;

G,p - the independent e.umulative probability of rupture failure
for interval i;

and

G., - the. independent cumulative probability of cotastrophic
rupture failure for interval 1.

The internal conditional probabilities for f ailure mode in Table 2D are
formed ' f rom the total cumulative. failure probability - and the independent
failure probabilities. . The equation for the inte rval conditionalprobability for leak, Cn(i), is:-

Cn(i) - |(2- CFP(1)I CFP(1 1)) * (Gn(i) Gu(1-1))} /
[(2 - Gn(i) Ca(1 1)) * (CFP(i) CFP(1 1))) .

5.2-13
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The equations for the interval conditional probability f or rupture and CR
are analogous.

The agt,regation of the cumulative failure probability is a straightforward
averaging process. That is, the aggregate for the cumulative failure
probability for each pressure interval is the average of the values in
Tables A 1, B 1, C-2, and D 2. Note that the FPD is formed using the
backward difference of the CFP because most of the experts referred to a
pressure range by its upper bound.

For the interval conditional probabilities , the aggn gato is formed by
weighting each expert's interval conditional probability by the failure
probability density for the interval. The equation used is:

C(1,m) - [Cx(1,m) * D (i) + C,(1,m) * D,(i) + Cc(1,m) * De(i)A

+ Cp(1,m) * Do(i)) / (Da(i) + D (i) + De(i) + Do(i)]3

where

C(1,m) is the aggregate conditional probability for failure in mode m,
given that the failure occure in pressure interval i;

c)(1,n) to Expert j's conditional probability for failure in mode m,
given that the f ailure occurs in pressure interval i; and

D)(1) in Expert j's probability that the containment will fail
in pressure interval 1.'

This can be showr, to be equivalent to averaging the joint probabilities.
The proof is as follows:

Let

D(1) be the aggregate probability that the containment will fail
in pressure interval i;

J (i m) be Expert j's joint probability that the containment will
3

fall in pressure interval i and in failure mode m; and

J(1,m) be the aggregate joint probability that the containment will
fall in pressure interval i and in failure mode m.

Now

D(i) - (Da(i) + D,(1) + De(i) + Do(i)) / 4

and

J(1,m) - (J (1,m) + Je(1,m) + Jc(1,m) + Jp(1,m)) / 4.3

The relationship between the failure probability density, D, the joint
failure probability, J , and the conditional failure mode probability, C,

is:

5.2 14
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J(1,m) - D(1) * C(1,m).

This holds for each individual as well as for the aggregate. So

C(1,n) - J(i m)/D(i) = ([J,(1,m) + Js(1,m) + Jc(i.2) + Jo(1,m))/4)

/([0 (1) + Da(i) 4 De(i) + Do(i)) / 4 ) .4

Using the relationship between the density, the joint, and the_ conditional
probabilities for each expert this becomes

C(1,m) - [C (1,n) * Da(i) + Cs(1,m) * Da(1) + Cc(1,m) * De(i)4

+ Cp(1,m) * Do(i)) / [D ($) + O (I) 4 Oc(1) + D (k))A B D

as above.

Method of Determinine Containment Failure

Thia section dineusses the manner in which tho results of the olicitations
on this issue-will be used in the ever.r trees whien follow the accident -
-progression. For each observation in the sample, a. sampling scheme selects
a load pressure f rom a load distribution _ given by the Containment Loads
1anel and selecte a containment failure pressure from the aggregate curva-
g.iven in Table 2 1. The sampling scheme also selects a random numbe:c
betwten zero and one to be used to determine the mode of failure,

The lot.d pressure and the containment failure pressure are compared by a
user function in the e" int tree. If the load pressure is less than the
contalment failure' pressure, the containment does not fail. If the. load
pressure la greater tnan or equal to the containment failure pressure, the
co9tainment Sils. If the containment fails, the random number is used to
deter.nine the f ailure node. Consider the following example: the failure
pressure is 130 psig,'the load pressure is 135 psig, and pressure rise is
slow compared to the tice it takes a leak to depressurize the containment.
Since.a leak at 130 pcig vill arrest the pressure rise, the interval
conditional probability entries in' Table 2 1_ for 130 psig_ are used to
determine the f ai".ure mode. The interval conditional probability for leak
is 0.544, so if the random number is.less than 0.544 the failure mode is3

leak. The interval conditional probability for rupture is 0.432, so if_the-
ranfon ,uunber is between 0.544 and 0.976 (= 0.544 + 0.432) . the failure modeis rupture. If.the rand _om number exceeds 0.976,-the failure mode is CR.

If - the pressure rise is fast - compared to the time it takes a = leak to
depressuriae the containment, the determination of the failure _ mode is more
complicated. , Again consider ; the _ example in which the: failure pressure _ is .
130 psig _ and . the load pressure --ia 135 psig. If .a leak develcps at 130
psig, the prosaure will keep on rising. and a. rupture or CR may develop
between 130 and.135 psig. To determine the appropriate failure probability
density,.che portion of the distribution below 130 psig is discounted since
failure has occurred at 130 pr,ig. -Thus the density used to determine.if.an

.5.2 15
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additional rupture snay occur between 130 and 135 psig is not FPD(135) -

0.083, but FPD(135) / (1 - CTP(130)) -0.083 /(1 0. 530) _ = 0.177. The
conditional probability of additional ruptures forming between 130 and 135
psig is the leak probability at 130 psig times the conditional rupture
probability for the 135 psig interval times the appropriate failure
density. For the conditional probability, the average of the values for
130 and 135 psig is used: (0.432 + 0.562) /2u 0.497. Thus, the total

conditional probability of rupture, for rapid pressure rise with a failure
pressure of 130 psig and a load pressure of 135 psig, is:

0.432 + 0.544 * 0.497 w 0.177 - 0.400,

In general terms, this is:

R,p(1) - R,p(1 1) + Rn(1 1) * 0.5 * (C,,(1) + C,,(1 1))

* FPD(i) / (1 CFP(1 1))

whe re C,,, FPD, and CFP have been defined above .and R,, and Ra are the
interval conditional probabilities of rupture and leak for fast pressure
rise. _ This equation, and an anal o got.s one for R,,, the interval
conditional probability of catastrophic - rupture for fast pressure rise,

_

have been used to generate the values shown in Table 2 2. Af ter R,, and R ,
have been found, the remaining leak fraction is found from:

Rn(i) - 1 R,,(1) R.,(1) .

For a rapid pressure rise, a failure pressure of 130 psig, and a load
pressure of 135 psig, the conditional probabilities of' leak, rupture, and
CR are 0.494', 0,480, and 0.026, respectively, as shown on the appropriato
line in Table 2 2. To determine the mode of containment failure for fast
pressure riso, the random number is used as it is for slow pressure rise.
In our example with a rapid-pressure rise, a-failure pressure of 130 psig,
and a load pressure of 135 psig, if the randora number is less than 0.494
the failure mode is leak. If the random number is between 0.494 and 0.974
(- 0.494 + 0.480) the failure mode is rupture. If the random _ number
exceeds 0.974, the failure mode is CR.

Table 2 2 shows the failure mode probabilities for rapid pressure rise for
two failure pressures, 75 psig ' and 130 psig, for all load pressures.
Successive applications of the equation given above for ' R,p and the
an logous- equation for R ,_ determine the entries for each row based on the
row above and the entries in Tablo 2 1, Zeros have been entered for the
failure mode probabilities in Table 2-2 where the load pressure is below
the failure pressure as there is no containment failure in these cases. In

a few rows in Table 22, the - failure mode probabilities add to 0.999 or
1.001 instead of 1.000. This is due _to roundo,f f e rror.

Two questions may be asked about Table 2 2._ First, why do the failure mode
probabilities not go to the upper limit values shown in Table 2 1? Second,
why is there still a possibility of leak at 175 psig when Table 2-1 shows a
zero' conditional probability for leak at that pressure?

5.2 16
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Table 2 2
Surry Static Failure Pressure

Failure Mode Probabilities for Rapid Pressure Rise
.

I
Failure Mode Probtbilities railure Mode Pt2babilities

Load Pres. (Failurn Prob. - 75 paig) (Failure Prob. - 130 psig)
_(osici Leah. Rupturn _ Cat.Rup. .. Leak Ruoture . Cat.Ruo. >m

! 60 0.000 0.000 0.000 0.000 0.000 0.000 -

65 0.000 0.000 0 000 0.000 0.000 0.000
70 0.000 0.000 0.000 0.000 0.000 -0.000
75 0.950 0.050 0.000 0.000 0.000 0.000 :

80 0.950 0.050 0.000 0.000 'O.000 0.000 i
85 0.949 0.051 0.000 0.000 0.000 0.000 |
90 0.949 0.051 0.000 0.000 0.000 0.000 |
95 0.946 0.054 0.000 0.000 0.000 0.000

'

-100 0.941 0.059 0.000 0.000 0.000 0.000
>

105 0.936 0.064 0.000 0.000 0.000 0.000
110 0.927 0.073 0.000 0.000 0.000 0.000 '

115 0.917 0.083 0.000 0.000 0.000 0.000 '

120 0.909 0.091 0.000 0.000 0.000 0.000 ;
125 0.381 0.119 0.001 0.000 0.000 0.000
130 0.830 0.167 0.003 0.544 0.432 0.024
135 0.753 0.240 0.007 'O.494 0,480 0.026

( 140 0.613 0.367 0.020_ 0.402 0.563 0.035
145 0.444 0.497 0.059 0,291 0.649- 0.060 t
150 0.214 0.640 0.146 0.140 0.742 0.117 *

155 0.110 0.691 0.199 0.072 - 0.776 0.152 i

160 0.070 0.704 0.226 0.046 0.785 0,169
165 0.021 0.717 0.262 0.014 0.793 0.193

.

170 0.017 0.717 0.266 0.011 0.793 0.196 ' '

175 0.013 0.717 0.270 0.008 0.793 0.199

180 0.009 0.717 0.274 0.006 0.793 0.201
185 0.006 0.717 0.276 0,004 0.793 0.203 i
190- 0.004 0.717 0.279 0.003 0.793 0.204
195 0.002 0.717 0.281 0.001 0.793 0.206

200 0.000 0,717 0.283 0,000 0.793 0.207 i
..

9

k
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The first question inay be phrased: why don' t the entries for 180 to 200
psig in Table 22 show 0.0 for rupture and 1.00 for CR as in Table 2 17
The answer is that the results shown in Table 22 come from a much
different type of calculation. lor rapid pressure rise, the fraction of
leaks that are still Icaks at 180 psig, and for which an additional failure
is calculated at 180 pulg, are all CR as indicated in Table 2 1. Tabic 2-2
shous the results of working up in pressure from 75 and 130 psig to the
load prenreces shown in the left column. Ruptures are inuch more likely
than CRs up to 140 psig prnssure range. Thus, from 110 to 150 psig, where
the FPD in relatively large, a much largsr fraction of a leak fail .re is
converted to ruptures than is converted to CRs.

The second q. ation is: why is there a small but nonzero probability of
leak for 175 to 200 psig in Table 22 when Table 21 shows a zero-

conditional probability for leak for those pressures 7 The ronson for this
is that, of the leaks that occurred at 75 or 130 psig and are still leaks
at 175 psig, the fraction that has an additional failure at 175 psig fu
less than 1.00. There is still a small probability of f ailure above 175

psig, or 180 psig, etc. The nonzero entries for leak above 170 psig merely
indicate that the CFP has not gone to 1,000 exactly at 175 psig. As there
is some probability density above 170 psig, then there is some chance that
the leak will not be converted to rupture or CR at 175 psig, or 180 psig,
etc. Thus there are nonzero entries for leak above 170 psig,

.
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Expert A's Elicitation
,

i 1

Containment Failure at Surry |

Description.pf Excert A's Rationale / Methodology '

Expert A found the available information for Surry to be less than that
available for Zion, and would have preferred more information. Based on
the failure modes found to be important in studies of similar containments,
e.g. , Indian Point, A-1 Expert A considered four failure modes:

Itoop in the cylinder;
.

Iloop in the dome; '

Shear- at the cylinder basemat junction
penetrations.

Meridional failure in the' dome will be nimilar to the hoop failure and was
not considered explicitly. On the ba is se the detailed drawings and some '

calculations he made, Expert A concluded.that the cylinder basemat junction
was'a very strong region and ruled out failure at this location, lie looked

,

!

-briefly at the equipment -hatch, personnel airlock, pipe penetrations, and
electrical penetrations. lie concluded that they were sufficiently similar
to those at Zion that failure at one of those locations was ' of low enough
probability that it could be dismissed from further consideration.

The way the rebar was placed at the top - of the dome led Expert A to
question the strength of the dome at high stress levels. At low and medium
stress levels,_with the liner taken into' account for both the cylinder and
the-dome, the dome is stronger than the cylinder.

For the cylinder, the hoop stress can adequately be calculated by hand.
-Expert A got 119 psig, which agrees with the Stone & Vebster analysis.&2
This is the value for general- yield of .the - rebar. . This is the' lowest
pressure at which Expert A would expect to find any ~ chance -of failure: at
this pressure the cylinder wall has moved out 2 in.

Expert A then calculated that 24 hoop strain corresponded to 150. psig,
including tne. effects of strain hardening -of the rebar. At this level of

~

strain, he concluded that liner tear is certain at discontinuities such as

around penetrations and stiifener' plates. .Further concrete cracking at 2n-
general strain will have removed much of the liner support. At 24 strain,. s

; the cylinder wall has moved out 16 in.-

l-
Results gf Expert A's Elicitation

Expert A provided the following. table, which contains his views on-failuce
probability-and mode of failure:

5.2 21
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condtumLndabHLt1
Pressure

( ns i rl Qtrtulative Faili Probability Leak 32p191r Q_af d g 1 u m

119 0.001 1.0 0.0 0.0
127 0.25 0.7 0.3 0.0
135 0.50 0.5 0.5 0.0
142 0.75 0.4 0.5 0.1
150 1.0 0.2 0.3 0.5
170 1.0 0.0 0.0 1.0

Interpolation was used to create Table A1 (see page 5.2-3), which given
the probabilities for increments of 5 psig. The ettmulativt f allure curve
is essentially linear from 120 psig to 150 psig, and Expert A thour|ht that
this was a good representation of his conclusions.

If the leak that develops is not sufficiently large to arrest t.he pressure
rise, Expert A thought that the liner tear would increase in size, either
in length or width of both, until the opening was latge enough to arrant
the pressure rise. He was certain that it would not go to a CR once a leak
had developed. CR occurs, then, only in the very few cases where the
pressure has reached the 145 to 150 psig range withot:.t a ' Leak developing.
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Expert B's Elicitation

Containment Failure at Lutry

Egg.qription of Expert B's Rationnic/dethodology

Expert B based his analysis on the Stone & Webster study of the Surry
containment,82 studies of other plants such as Indian Point 2 and 3,82
Seabrook,8-8 and the 1/6th scale test at Sandia.8 ' Temperatures and
pressure rise times are such that all the cases can be considered together.
The expected leakage modes are small liner tears, hatch ovalization, and
penetration f ailures. The expected rupture modes are large liner tears,
hatch failure, and penetration failures. The expected burst or
catastrophic rupture failure mode is complete hoop failure of the robar.

Expert B's hoop membrane stress analysis showed the following:

Pressure o,
(usic) Ihgf1 Condition

120 57.0 Shell general yield, rebar yield
130 62.5 Cadweld minimum
144 70.0 Minimum rebar failure
166 82.0 Average rebar failure

Ersults.uf Exnert B's Elicitati2D

Expert B placed the lower bound of any type of failure at 75 psig. While
the bulk of the failure probability falls above 90 psig, some probability
has been placed below 90 psig to account for possible construction defects,
such as poor cadwelds of the rebar. Other sources of uncertainty are the
rebar placement in the apex of the dome, the hoop bars in the domo, and the
reinforcing around the equipment hatch. Failure could be expected to
result from localized strain in the rebars, which leads to liner tears. As
with the other panel members, i.e expects failures at low pressures to be
mostly leaks due to defects , liner tears, and such. In the riddle of the
failure pressure range ruptures predominate, and CR or burst failures occur
only for the upper end of the range.

Expert B provided the following table, which contains his views on failure
probability and mode of failure:

C,cnditional Probahj}ity
Pressure
(psig) Cumulative-Fall. Probability Leah Runture fat. Rupture

75 0.01 0.95 0.05 0.00
90 0.05 0.80 0.20 0.00
105 0.25 0.70 0.30 0.00
120 0.50 0.60 0.40 0.00
135 0.85 0.10 0.80 0.10
150 0.99 0.05 0.65 0.30 ]165 1.00 0.00 0.20 0.80 1

5.2 24
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Expert B allowed for the possibility of leaks as low as 75 psig because he
considered the possibility that some of the rebar cadwelds might not have
produced the proper strength and because of the reinforcing details around
some of the larger openings. Either of thes, might lead to localized ;

st ess concentrations which would result in liner tears at relatively low '

; pressures. Expert B thus placed half his probability of failure below 1

120 psig where shell and rebar general yield occur. 110- pointed out that
the Surry containment was constructed quite sorte time ago when construction
methods and quality control were not at today's standards. The failures [
below 120 psig are all leaks or large leaks (ruptures). Expert B does not '

think that catastrophic rupture is likely- unless the containment fails at
pressures considerably in excess of 120 psig.

.

The pressure range from 105 to 135 psig contains 60% of the failure
probability. Interpolation was used to genecate intermediate values from -|
the table above so that Table B.1 (see page 5.2 4), in 5 psig increments, '

could be constructed.-

i
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Expert C's E11 citation

Containment Failure at Surry

Dgs.griorion of Expert C's Rationale /Methodolony

Expert C based his conclusions on an analysis of the mid section of the
cylindrical portion of the containment. llis study of the drawings and the
results of vther analyses led him to conclude that this was the weakest
portion of the containment. Much of his conclusions about the leak mode
and liner tear come from the 1/6th scale model test at Sandia.c1 As with-

,the others considering this issue, Expert C concluded that the cases were !
I indistinguishable; the pressure rises were slow enough that all the loading

was static, and the temperatures were well below those at which degradation
of structural properties occurs.

Development of either a leak or a rupture precludes the later occurrence of
CR. Once a liner tear has developed, it is difficult to see how it could
be kept from expanding with a continued increase in pressure. Further,
additional liner tears may develop elsewhere. Distinguishing between leak
and rupture is difficult because_there is-a continuum of sizes,-and a-leak
may develop into a rupture as the tear increases in size. On the whole, CR

.

is quite unlikely, i.eaks are more likely than rupture ac the lower failure
pressures, and vice versa at the higher pressures.

r

Resultsaf Expert C's Elicitation

Expert C provided a table for the failure probability and mode of fail'ure *

t - for six pressure ranges. This table provides the probability (density) of
failure and the joint probability for the three failure modes - and takes
into account Expert C's uncertainty about the actual rebar properties.

|

Joint Probability
Pressure
(osic) Failure Probability Density- Leak Cat. Ruoture- bioture

120 to 135 0.10 0.07 0,03 0,00
135 to 140 0,30 .0.18 0.12 0.00-
140 to 147 0.40- 0,16 0.20 0.04-
147 to 155 0,15 0,03 0,05 0.07
155 to 164 0.04 0.00 0,01 0,03-
164 to-208 0.01 0,00 0,00 0,01

The marginal probabilities of- failure are 44% leak, -41% = rupture, and 15%'
CR. Interpolation was 'used to expand. this table to one with:5 psig
increments. The results'are shown in. Table C 1 (see page 5.2 5).

5.2 27
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Expert C was fairly confident that failure could be expected between
135 psig and 155 psig as 85% of his probability lay within that range.
Forty percent of the probability lay within the 140 to 147 psig range.
Within the range where failure was most likely to occur, leak and rupture
were approximately equally likely. The distribution was terminated at 200
psig, since the 994 value for the pressure rise did not exceed 200 psig in
any of the cases considered by the Containment Loads Panel.

5.2 28
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Expert D's Elicitation

containment Failure at Surry

Description of Expert D's Rationale / Methodology
i

Expert D's analysis led him to conclude that a leak was certain to develop
by 130 psig. At this pressure the- rebar has yielded considerably and
reached a strain of about it. lie would expect 'eaks to develop due to
dislocation at discontinuities.D*1 There is no possibility of a leak
developing at pressures below 75 psig. This value was -obtained by hoop
membrano stcess analysis assuming that the liner is at its yield stress of '

35 ksi. If the liner and the hoop reinforcement . are both at- their
respective yield stress, which is 55 kai t'or the reinforcement and 35 kai
for the-liner, the pressure would be 110 psig. Expert D took 110 psig to
be his median value for leaks. lie noted that the specified minimum yield
strength is 55 kai for the reinforcement and 35 kai for the' liner.

Expert D took- the lower threshold for. rupture to be 140 psig, which was
determined by a local effects analysis of the di scontinuity at the basemat-
. cylinder junction.oa lie expected that-a crack would open at this junction
for a substantial portion of- the circumference. Although the crack might
be very small, it would be long enough to depressurice the < containment in
less than 2 hours, lle concluded that rupture was certain when the main--

reinforcement reaches - its specified minimum ultimate strength. _ For - the
Surry containment, Expert D considered - catastroph!c rupture to be
impossible.

Eg.gults of Expert D's Elicitation

Expert D provided separate distcibutions 'for leak and for rupture. The
leak distribution'is.

'

Pressure (psig) 75 80 85 90 95 - 100 105 110 115. 120 -125 130
Cum. Distrib. Fn. 0.0 .02 ,05 .075 .125 .20 .30 .50 .' 8 5 .95 .98 1.0

This distribution has 75% of the leakage failure between 100 and I?O psig.

-The rupture distribution is:

Pressure (psig) 340 145 150 155 160 '165 173
Cum. Dietrib. Fn. o.O .05 .20 .50- .80 .95 1.0

This distrib'ution has 60% of the' rupture' failures between 150_and.160 psig.

These - independent distributions ~ for leak '~and- rupture were-used directly in
Table - D-1 (see page 15.2-6) . The distributions for---the ' leak and' rupture --

modes do not overlap.- Leakage modes occur bolow ,130 psig and rupture mode-
~

occur'above 140 psig. The region with no failures between the two' modes,
from 130 psig to 140_psig, is due to strain hardening, In other words, if
failure does .not. occur during rebar general- yield, 'then strain hardening
will put off. failure until about 155 psig.

-5.2 30 - -
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'
Expert D was confident that a Iwak would develop by 130 psig and that ,'

ruptures would occur only above 140 psig. If the develop; cent of a leak did
L ;not arrest the pressure rise, then Expert D concluded that the hole size j

vould increase, changing the failure mode frorn leak to rupture. 4

)

[
!

>

f

i .

I
h

!

|
;

i

i
>

f

k

._

I

|-

>

!

|

| -~ v

.

b

&

I

i
,

s

~
5.2-31

t

u. --- - - - . , , --n-enn,---,.u , -.-=,,,,..a. , -.., ,.:~Nnsw ws ,-- e w.v e n ser v s e e a n.,w,,e, n.e . . , , , , , . , . +- --+,nnr,-,,-w ,w

'



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

REFERENCES

D.1. Y. R. Rashid et al. , " State of-the Art Review of Concrete Containment
Response to Severe Overpressurization," Transactions of the 9th SMIRT
Conference, Lausanne, Switzerland, August 17 21, 1987.

D 2. R. A. Dameror. et al., " Analytical Correlation and Post Tast Analysis
of the Sandia 1:6. Scale Reinforced Concrete Containment Test," Fourth
Workshop on Containment Integrity, Arlington, VA, June 14 17, 1988.

i

5.2 32-
_

--_---_-_-__.e- - - - - - - - _ _ _ u.A -__ K - -



__ _ _ _ _ . _ . - _ _ . _ _ _ _ _ . . _ _ _. __ _ - _ _ . .__ ___ __ .__ _ _ _ _

|

>-

5.3 Inue L Peach Bgf,, tom containnut Failu m

Experts consulted: David Clauss, Sandia National Laboratories; Kam
Mohktarian, Chicago Bridge & Iron NA+ Cod, Inc.; Joe Rashid, ANATECH
Research Corporation

;
.

Jssue Descriotion

What are the plausible pressure terrperature induend containment failure
modes at Peach Botton? For the identified contaitment failure modes and -

for each pressure temperature loading case, at what pressure would the
Peach Bottom containment fail? *

P

The following sections on Background, Discussion,'and Context are reprinted
as they were presented to the Structural Response Expert Panel.

Background

Peach Bottom has a CE Mark I pressure suppression contairunent with a design
pressure of 62 psig. The Reactor Safety Study (RSS)34 analysis of the

,Peach Bottom containment predicted failure in the torus with a mean failure
pressure of 160 psig. Many later studios of Peach Bottom have referenced
th Ames Laboratory study 8*8 which predicted that the Mark I containment at
btowns Ferry would fail at the drywell knuckle (junction between thei

'

{ cylindrical and spherical sections) at 117. psig based on a 0.2% strain
criterion. Browns Ferry has a thicker, more uniform torus shell than Peach,

Bottom. The recently completed Chicago Bridge and Iron (CB&I) study 83
addressed global containment shell failure for a Mark I containeent
essentially identical to that at Peach Bottom Unit 2. CB&I found the first

| point on the containment to reach it membrane strain (failure criterion)
| was on the upper pertion of the corus at 159 psig. CB&I recommended

furthsr study of penetrations, personnel lock, equipment hatch, and drywellI

. head closure bolts to address the potential for-local failure. IDCOR hasi

postulated creep failure of the drywell shell in scenarios involving core
concrete-interactions (CCI) that-resu1* in drywell temperatures approaching
1200"F.

Four loading cases are:

Case 12 .The -containment is being . gradually pressurized.- Drywell-
.shell- temperature s are-less than - 500'F. This may occur
either before vessel breach or, given water cooled debris, after
vessel breach. No conta!nment leak has yet developed.

Case:2: At . the time of' vessel breach, the containment is rapidly
pressurized from a pressure Pht to a peak pressure Pp.

P r is in the 60 to 120 psig range. Drywall shell temperaturen areb

< 500"F during the pressurization No containment leak exists.

before vessel bre'ach.

5.3 1
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Case 3 The <ontainment is being gradually pressurized at high temperatures
(800 to 1200'F) as a result of sustained CCI af ter vessel breach. '

No containment leak han yet developed.

Case 4 The containment at low (near atmospheric) pressure as gases from
sustained CCI are vented through the suppression pool via a wetwell
leak or rupture; however, the temperature of the drywell shell is
increasing into the high temperature (800 to 1200*F) regime.

Ten failure modes and locations were identified by-the experts.

1. WLaW wetwell leak above water line with no bypass;

2. WLbW wetvell leak below water line with bypass;

3. WRaW wetvell rupture above water line with no bypass;

4. WRbW wet.voll rupture below water line with bypass;

5. CWR cat strophic watvell rupture;

6. DWL--drywell- leak to reactor building:

7. DVR drywell rupture to reactor building;

8. DWL .drywell head leak to refueling floor;

9. DWR drywell head rupture to refueling floor;

10. CDVR catastrophic drywell rupture to reactor building.

Discussion

The results will be used in the Accident Progression F.vont Tree (APET) in'
the folh. wing way.

1, Qua:Lth: For this time period did containment fail? For each
observation in the sample, the sampling pr, gram will select a-load
. pressure from the contair. ment load distribution; then it will-
select a failure pressure from the appropriato containment failure-
pressure distribution. :If the failure pressure is-less than the
containment load pressure, then failure occurs with 1.0 probability f
for that observation.

2. Questisn: What is tha containment failure mode and location?- For-

this question, there are two ways to reach the load pressure:E(1) a
slow pressure rise, and (2) a fast pressure rise. 1 For _the slow -
pressure rise , . rao sampling program ~ will select. a randota number
betwcon zero nnd one for each observation. The user' function will--

- compare - this number to the_- ordered . sum of the condittonal failure
-

mode' probabilities for the failure pressure = selected in the
-previous question. The failure modo corresponding to-the increment-

,

5,3 2
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that the random nutaber falls in will be chosen for that !

observation. For fast pressure rise, o,tly a rupture or ,

catastrophic rupture will preclude further pressure rise. The user ;

function calculates the conditional probability of che various j
modes over the interval between the selected failure and load i

F pressures. This is done in_the user function in the APET for each !

observation. The resulting conditional probabilities will be
;

; compared to a random nuriber as in the slow case and a failure mode
selected for that cbservation. ''

i

!

Accident ProgresAlan Event Tree Context |

A wide spectrum of failure sizes is conceivable, ranging frors very small-
leaks to large ruptures. Induced leaks that are too sm.$ 11 to preclude

'

further pressurization are considered; however, . because such small leaks
would not appreciably alter the accident progressler. or preclude larger
leaks or ;upture, small induced leaks are not very significant to risk. ;

consequently, the focus of this issue is to identify alternative modes for ;

larBor lesks or ruptures, with the terms leak and rupture defined as
follows: ;

'

A lagh is an opening that would arrest a gradual-containmeat_ pressure
buildup but would not result in containment depressurization within
2 h. A- gradual pressure buildup means a few pal .per hour and exctudes
pressure spikes a rising - f rois rapid reactor coolant system's-
depressurization, combustion events, steam spikes, and direct ;

containment heating. In the NUREG 1150 analysis for Peach Bottom.
| openings of size 10 in.2 to 1.8 ft2 are-classified as leaks.

A runture is an opening that would' result 1in rapid (<2 h) containment >

depressurization. For Peach Bottom, openings .in excess of 1.8 f ta are
classified r.s ruptures.

.

The review group is specifically requested to consider a = catastrophic ,

I rupture - that would eliminate major portions of the containment structures
(e.g., 1:Sth scale steel model) as a potential failure mode.

1
Based _on differences in the decontamination ' potential for radionuclide 1,

releases, the Peach Bottom APET distinguishes four location categories for !

containment failure! j

Cat, 1 Failure in the torus that does not lead to suppression pool bypass
(e.g., an: opening in the top of the torus);

Cat. 2 -Failure in theltorus that leads to suppressioncpool-bypass-(i.e.,
to draining of-tt suppression pool);-

Cat. 3 Failure. in the drywell resulting in flow to 'the reactor building
:(e.g, , failure ' in a downcomer);

t

Cat. 4 Failure in the drywell resulting : in flow- to the refuelin6
~

-bay (e.g., drywel1 head seal leakage).

'543 3
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The review group may, of course, identify more than one mode of failure -

corresponding to any of these broad location categories; however, from a
source term perspective at least chts level of delineution is required.

Pressurn-temperature-induced containment failure questions are asked in the
Peach Bottom APET for four different time regimes: (1) before uncovering i
the core, (2) before reactor pressure vessel breach when the containment
pressure buildup is fairly steady as steam and hydrogen are released from
the reactor vessel to containment. (3) immediately af ter reactor vessel
breach when a rapid containment pressure increasa is possible particularly
in high pressure meltdown scenarios, and (4) later, when a steady bui1Jup
in containment pressure is possible given either water cooled debris or
ccia. In the presence of-sustained CCIs, the containment temperature will
also increase steadily.

Based on severe accident pressure and tonperature loadings calculations
performed using codes such as MARCH, HAAP, MELCOR, and CONTAIN, drywell
temperatures may be divided in tr., the following two categories for the
purpose of assessing containment failure modes:

_

Mrd. T Drywell structure temperatures.are less than 500'F as would be the
case before or immediately after vessel breach.

High T Drywell structural temperatures are in the 800*F to 1200'F range.
This case is only possible after vessel failure,-with uncooled core
debris on the drywell floor.

Summarv of Resulta

Table 31 shous the aggregate results for cases 1 and 2. Table 3 2 lists
results used in the accident frequency analysis. Tables _ 3 3 and 3 4contain the aggregate results for case 3. Table 3 3' applies when the
drywell is at 800*F and Table --3 4 applies when the - drywell is at 1200'F.
The'results for case 4 are given in Table 3-5.

The aggregate results of this-issue'are also_used in the accident frequency
analysis of NUREG 1150. For certain sequences in which core cooling.is
still working but where containment heat removal ' has failed, the
containment pressure will continue to rise until failure occurs. In this,

, case, failure is certain, but we need to know if a -leak or rupture has
% occurred and if the- fission- products escape to - the reactor- building or- to

the refueling _ floor.

The ' results of the - slow - pressure rise case (cas'e '1) are - used ' in the
accident : frequency analysis.- The sum over- all leaks and: all ruptures at
-the failure' pressure selected:for locations in the reactor-building and the
refueling floor gives the conditional probability 'of leak versus rupture
and location. For the point estimate calculation the mean values are used.
For the Ills TEMAC runs, che cumulative - failure distribution ~ is_ sampled to
-select a failure pressure and then the ' conditional probability for that-

failure press,ure for leak versus rupture is-used to quantify the events for
that| observation..

5.3 4-

. .
. . . . . .

. .. .



- . - - - - - . . - . . - . . - - - - . - . . . _ . . _ . - . - - - . - , . - . _ - . - . - - . . - - --

litthod of Aprcutica
,

For each of the cases. the experta assessed failure probabilities vor :
slightly different ranges and their values had to be extrapolated both !
abOve and below their ksSessed range. In the lower direction, a failure .j

'probability of zero was assigned since these pressures were balow the
experts' lowest i'ailure pressure. The conditional probability of the
various modes was assigned the ar.mo value as those at the experts' lowest

' j
t

assessed pressure. In the upper direction, the experts' curves were
extended as described in each case.

I

For the aggregation of the experts' results in this situation, we need two- !

different pieces of data. First, we need to determine the failure pressure ;
3
~ and, second, the conditional probability of euch failure mode. Each l

expert's results were used to calculate a cumulathe probability of failure ;

curve. The aggregated cumulative failure probability was calc * Sated by i

simple averaging: )

PT(ave 1)-(p(1,1)+p(2,1)+p(3,1))/3 )
where -p(j ,1) - the j th - experts'' cumulative probability of failure at-
pressure i and PT(ave,1) - the aggregate cumulative probability of failure ,

;at pressure 1.

The experts' results were then converted into the - form of conditional
probabilities of the mth failure mode at .a certain pressure 1. The
a6gregated conditiot.2. probability of the mth mode at pressure 1 was
calculated by sfaple averaging:

;

! c(ave,1,m) - (c(1,1,m) + c(2,i,m) + c(3,i,m)) / 3
;

where c(ave,iem) - the aggregate conditional probability of the mth mode at |
pressure i, and c(j,1,m) - the conditional probability of failure of the
ath mode for the j th ' expert at ' pressure i, with - the following exception:

i

|- for pressures where the cumulative probability of - failure is zero, the ;

conditional failure modc probabilities are set equal to those for . the
*-lowest pressure for which the cumulative failure probability is non zero.

,

l

1
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Table ''

Peach Bottom Front-End InFreM lo. ,ases 1 and 2

--- .- . . -

Pressure- Cumulative' Conditional Probability of Failure at Presstte J

(esig) Probability
Leak LtRF LtRB Ruoture RtRF RtRB

90.0000 0.0000 0.8889 0 5556 0.3333 0.1111 0.0000 0.1111'

95.0000- 0.0050 0.8889 0.5556 0.3333 0.1111 0.0000 0.11111

100.0000. 0.0100 0.8889 0.5556 0.3333 0.1111 0.0000 0.1111

105.0000 0.0183. 0.8889 0.5556 0.3333 -0.1111 0.0000 0.1111

110.0000 0.0242 O.8889 0.5556~ 0.3333 0.1111 0.0000 0.1111'

115.0000 0.0357 0.8797 0.5523 0.3274 0.1203 0.0039 0.1163
120.0000 'O.0471 0.8706 0.5491 0.3215 0.1294 0.0078 0.1216
125.0000 0.0751 0.8614. 0.5457 0.3157 0.1386 0.0118 0.1268

.

Y 130.0000'- O.1095 'O.8523 0.4964 0'.3559 0.1477 0,0157 0.1320.
135.0000' -0.1556 0,8431 0.3722 0.4709 0.1569 0.0196- 0.1373'"

140.0000 .0.2220 .8342 0.4267. G.4075 0.1658 0.0172. 0.1486'
145.'0000 0.'3919' O.8128 0.1595 0.6533 0.1872. 0.0149' O.1723

^150.0000 0.5703. -0.7875 0.0971 -0.6904 0.2125 0.0125 0.2000

155.0000 0.6628 0.6409 0.1105 -0.5304 0.3591 .O.0101 0.3490.
160.0000 0.7539- 0.5779 'O.1816 0.3963 0.4221 0.0077 0.4144

165.0000: 0.8317 0.3236 0.1381 0.1855 0.6764 0.0067 0.6697

170.0000 0.9247- 'O.3332 0.1408 0.1924- 0.6668 .0.C057 0.6611

9175.0000 'O.96165 0.3048 0.1319 0.1730 0.6952 0.0116 0.6835

c180.0000 0.9964' O.2292 0.0925 0.1367 0.7708 0.0175 0.7532.-

185.0000 'O.9976 -0.4955 0.2434 0.2521 0.5055 0.0172 0.4873

.190.0000 0.9987 '0'.4444 0.2077 0.2366 0.5556 0.0170 '0.5387-

195.0000 .;0.9998 0.4614 0.2303 0.2306 0.5386 0.0167 0.5219

200.0000 0.9999- 0.5007 0.2897 0.2110 0.4993 0.0167 0.4827

205.0000 0.9999 0.4729 0.4063. .0.0666 0.5271 0.0167 0.5105
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Table 3 5
_ Case 4 Results

-

Mode of_ failure
_. .-

Expert -DVL , _.. DWHL DWR DWR Cp2B-

A= 0.05 0.00- 0.00 - 0. 00 -- -0.00
B 0.25 0.04 0.32 0.02 0.06
C 0.00 0.00- 0.00- 0.00 0.00

Average 0.10 0.013- 0.107 0.007 0.02

.

_.
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I
Expert A's Elicitation

Peach Bottom Containment Failure-

Descrit, tion of Exp_tre A's Rationale / Methodology
e

The Expert gave hi s, assessment :in the form of cumulative distribution
f ctions for each failure mode over the pressure range. For cases 1 and, Expert A provided the following information,

Pressure }Elgt, DWJ,, DyJik WRau 3EEhV DER
V

120 0 0 0 0 0 0
125 0 0 0 0

- -

130 .05 0 - 0 0 0
135 0 0- 0 0

- -

140 .2 0 .1 0 0 0
145 .5 0 0 0 0-

150 ,9 0 .2 0 0 0
155 .99 0 - .15 0 -0
160 1 0 ,5 _G 'O-

165 1 .8 0 -0
- -

170 1 ,2 ,- 5 0
175 1-

. _0
-

;05 0- - -

180 1 .5 1 ,2 0-

185 1 .8 1 .5 0-

190 1 .95- ,8 1 .8 0195 1 - - 1 . 9 5_ 0200 1 1 1 1 'O
-

202.5 1 1 1 1 ,05-

205 1 1 - 1 1 .25210 1 1 .95. -1- 1- ,5
215 1 1- 1-. 1 -

-

220 1 1 - 1 1- ,55.-
225 1 1 1 1--

-

-230 l' 1 1 l ,9-
-

235. 1 1- 1 1
-

-
240 1. 1 1 1 1 1

Comments on Cases 1 & 2-

1. Wetwell leak - no bypass (WWLaW)-Discontinuity - strains
_a t T-stiffeners reach 4% at 150- psig, From a criterion developed for

. MARK I failure limits.: this 4% strain is equivalent to a uniaxial
ductility limit _of 19% _. Because the general strain state .in the
far. field' regions of the shell at the - 50% probability (pressure - .

'
4

-

-145 . psig) is : at or- below . yield, this mode _ is predominantly a
leakage.- mode , . The .50% probability corresponding to 145 - psig is
based on the.- fact that a peak strain - of 3.5% _ is reached at that
pressure. ~ This _ is of..' the same order = of magnitude as ' strains-

measured in. EPRI containmenti experiments - where small, 1 to 2-in.,
5,3 15
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leaks occurred. .it the 20% probability (140 psig), the far field

strain is still elastic. Tharefore, if a crack initiates at a

pre sure of 140 psig, it will be arrested in the elastic mion of
the shell or by the adj acent stiffener which is about a f. sway.

2 is unlikely to develop.An opaning larger than 1.8 ft

2. Unlike location WLaW, the membrane strain is less dominant for
WLbV . However, it is still a local strain concentration. The
material fails at higher surface strain; hence, higher failure
pressures. This modo is likely to develop into a rupture mode very
quickly and is, therefore, not considered (see WRbW) . The crack
would unzip in the hoop direction where no crack arrest mechanism
exists.

3. For the DWL (at the downcomers), the highest surface strain is in
the drywell, but failure there would lag the wet well. Failure at

this location develops due to a bending strain. Because of the
constraining effect of the floor, the failure size could not grow
to a rupture.

4 For DWHL, a large uncertainty exists due to uncertainties in bolt
prc-load, bolt relavation, and degradation of the gasket material.
Up to 40 mil resiliency is estimated to remain in the gasket
material depending on age. Since gaskets are replaced periodically
and are not allowed to deteriorate, there is no reason to assume
that more than a 50% reducticn in resiliency can occur.

5. For WRaW or WRbW. rupture mode develops only if the WLaW crack
arrests too soon before leakage is large enough. The probability
distribution curve is sceeper in the early range of pressure for
WRaW due to the fact that failure could evolve very rapidly from a
point where the peak strain grows nonuniformly with pressure. For
WRbW , tha distribution function is symmetric about the midpoint
due to the facc that failure cannot be pinpointed to a point or a
small region, but could occur anywhere over a large area where the
peak strain would grow uniformly with pressure. This is a flatter
curve because: (a) the discontinuity at this location is not as
strong as at WRaW , and (b) the strain at this location is
predominantly bending unlike the WRaW case where the strain is
membrane. Failure by bending requires much higher surface strains,
hence higher failure pressurs.

6. For DWR (in the main body of the drywall near penetration), rupture
pressure of the nhiold wall it 240 psig with yielding of
reinforcement beginning at 200 psig. Drywell rupture occurs as a
result of the loss of the concrete wall back support. This loss of
support occurs in steges. First, the rebar in the shielding wall
begins to yield and deform with little additional load up to about
1.5% strain. This stage is followed by significant strain harden-
ing in the rebars and rebar deformation slows down significantly
until ultimate tensile strength is realizcd. When this occurs, the

rebar becomes unstable and deforms rapidly with a catastrophic
decrease in load carrying capacity. These stagou are reflected in
the shape of the probability distribution curve. The first S in

5.3-16

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _



. - _ - - -

:

[

this curve (200 to 210 psig) corresponds to the first stage or the
flat portion of the rebar stress-s train - curve and the second S
corresponds to the strain hardening portion of the rebar stress-
strain curve.

The cumulative failure probability by pressure i is formed by taking the
difference between 1.0 and the product of the success probabilities of each
mode and subtract from one:

p(j ,1) - 1 - (1 p(j ,1,m))* .*(1 p(j ,1,m)) .

For example, at 155 psig, WWLaW .95, DWL - 0, DWHL .2750, WWRaW .15,
and WWRbW - DWR - O. So PT(150) - 1 - (1 .95) * (1 0) * (1 .275) * (1 .15)*(1 0) * (1-0) - 1 .05 * .7258 * .85 .9692.

In order to calcula e the conditional probability-of failure at a specific
pressure, the followtng formula is used:

c(j ,1,m) -_ [(2-p(j ,1)-p(j ,1-1)) * (p(j ,1,m) p(j ,1-1,m))]/
1(2 p(j ,1.m) ,p(j ,1 1,m)) * (p(j ,1)-p(j ,1-1))] .

When the probability of-

particular mode goes to 1.0, its conditionala

probability is set to zero for all -higher pressures sincei there was no
chance of that failure _ mode occurring in that pressure' interval and then a
new total cumulative is calculated with the remaining failure modes. For
example: at 155 psig, c(WWLaW,150) - (2 .9692 .9200)L * -( 95 -90) /(2 .95 90) * (.9692 .92) .7510.

Linear interpolation between points and extrapolation at the high pressure
end-(by continuing with the conditionals calculated at the point whereLthe
last mode went to 1.0) is used to create Table A-1, which is then converted
to Tables A 2 and A-3.

Case 3 was divided into two subcases. -For case-3a, the.drywell structural
temperature is . 800*F and for case - 3b,- the temperature is 1200*F.- For case3a, Expert A gave the following information:

Pressure WLaU ..DWL_ DWHL

60 0 0 0
65- 0- 0 ..

70 0 0 -

75 0 0 -

80' 0- -0~ .1
85 0 0 -

90 0 0 .2
95 0 0 -

100 0 0
105 0 0 -

5.3 17
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;

!.
i 1

Pre s qur.9__ WLaW _ML_. DWHL,*

,

-110 0 0 .5 j

'

115 0 0 -

120 0 0 -

125 - - --

130 .05 .2 .8
135 - - -

;_ ,

140 .2 .5 't-

145 .5 .8 -

150 .9 .95 .95
155 ,99 - -

| 160 l' 1- t-

165 1 1 -

170 1 1 -

;

175 1 1 -<

180 1 1 1

i

- Comments for Case 3a: -

1. WLbW , WWaW , and WP.bW can not occur since temperature is at'

saturation in wetwell. -Failure will-occur first in the drywell due
to the high temperatures or same .as case 1 or 2 for WLaW.

,

2. For DWL (at the downcomers), the difference .with- case - 1 - is a
reduction of material strength (both yield and--_ ultimate)- due to
800*F. .A 25% redu: tion was assumed and the failure pressures were
adjusted accordingly.

3. For DWL, the gasket pas assumed to lose: all - its . resiliency. at
800'F.

The data inanipulation is similar to that in cases--1:6 2. The results are
shown in Tables A 4, A-5,.and A-6,-

For cases 3h and 4, Expert A gave the following tabular information for the
'

probability of drywell Icakifor four pressures for a range of temperatures:-

Pressure
(usic)

1

Temperature 5 1Q . 11. 90

800 0 0- -O- 0-

850- 0 - - .1
900- .0 0 .05 .6
950 0 - - -

1000 0 .05 .15 .8
1050 0 - - --

1100 0 .2 .5- '

-

11$0 0 .35 .95 -

1200 .05 .5 1 1

5.3-18
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For the 90 psig case, the failures are dominated by the behavior of the
material under high temperatures. Above 800'F_ the - material begins to

exh ib_i t thermal creep in addition to enhanced plas ti c flow. The
combination of high pressure (90 psig) and thermal sof tening causas - the
probability distribution curve to be' steep' in the initial stages of
temperature where accelerated thermal effects occur. For the low pressure

regime (<15 psig), the effects of high t.emperature described above become
more dominant in the high temperature range when the pressure is low. This
is reflected in a steep rise in the distribution curve in the 1000'F to
1200*F range. In both of these cases, the raterial proprties are assumed

to degrade by 90%.

For Case ''s, the 1200*F curve was used. For case 4, since the_ pressure is
nominal after other failures,.DWL .05 (i.e., 5 psig at 1200*F) wan used.

Tablos A-7, A 8, and A-9 contai.n the reruits of manipulating Expert A's

conclusions for case 3B.

|

|-
t
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.
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Table A 8
Expert A: Case 3B Data Conversion

a . -.

Pressure
Cumulative Faildre-troia) Independent Cunulative Fellure Probabilities for Hof.31 Probabilitiest AllWWLaw ,1% _.1 MIL WRaw WDJ DWR dM.2 * 8

5.0000 0.0000 0.0$00 0.0000 0.0000 0.0000 0,0000 0.050010.0000 0.0000 0.5000 0,0000 0.0000. -0.0000 0,0000 0,5000
15.0000 0.0000' 1.0000- 0.0000 0.0000' 0,0000 0.0000 1.000020.0000 0.0000 1.0000 0.0000 0.0000. 0,0000 0.0000 1.000025.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.C000 1'000030.0000 0,0000 1.0000 0.0000 0.0000 0.0000- 0,0000 1.0Co0

.

35.0000 0.0000 1.0000 0.0000 0,0000 0.0000 -0.0000 1.000040.0000 0.0000 1.0000 0.0000 0.0000- 0.0000 . 0.0000 1.000045 0000. 0.0000 1.0000- 0.0000 0.0000- 0.0000 0.0000 1.0000 -50.0000 0.0000 1.0000- =0.0000 0.0000 0.0000 0.0000 1.0000'$5.0000 0.0000 1.0000 0 0000 0.0000 0.0000 'O.0000 1.000060.000n 0.0000 1.0000' O 0000 0.0000 0.0000 0.0000'- 1.000065.0000 0.0000- 1.0000 0.0000 0.0000 0.0000 0.0000 1.0000'70.0000 0.0000 1.0000- 0.0000. 0.0000 0.0000 0.0000- 1.0000~75.0000 0.0000 1.0000 0.0000 0.0000- 0.0000 0.0000 1.0000
s.

80,0000 0.0000 1.0000-- 0.0000 0,0000 0.0000 0.0000 1.000085.0000 -0.0000 1.0000 0,0000 .0.0050 0.0000 0.0000- 1.000090.0000 0.0000 1.0000 0.0000- 0.0000 0.0000 0.0000 1.000095.0000 0.0000 1.0000 0.0000 0.0000 '0.0000 0.0000 1.0000100.P000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 1.0000105.0000 0.0000 1.0000 0.0000 0,0000 0.0000 , 0,0000 -1,0000.110.0000 0.0000 1.0000 0.0000 0.0000 0,0000 0.0000 1.0000115,0000 0.0000^ 1.0000 0,0000 0.0000- 0.0000: 0.0000- 1.0000 g
120.0000 0.0000 1.0000- 0.0000 0.0000 0.0000 0,0000 1.0000125.0000 0.0000 1.0000. -0.0000 0.0000 0. 0C00 -- 0.0000 1.0000130.0000 0,0000 1.0000 .0.0000 0.0000- 0.0000- 0.0040 1.0000.135.0000 0.0000 1,0000 0,0000 0.0000 0.0000 0.0000- 1.0000140.0000 0.0000 1.0000 0.0000 0.0000 .0.0000. 0.0000 1.000u145,0000 0.0000 1.0000 0.0000 0.0000 :0.0000- 0.0000 1,0000150.0000 0.0000 1.0000 0.0000 0.0000- 0.0000 0,0000 1.0000155.0000 0,0000 1.0000 0.0000 0.0000 .0.0000 0.0000 1.0000160.0000 0.0000 1.0000 0.0000 0,0000 0.0000 0.0000 1,0000165,0000- -0,0000 1.0000 0.0000 0.0000 -0.0000 4.0000 1.0000:170.0000 0.0000 1.0000 0.0000 0.0000 0.0060- 0.0000 1.0000125.0000 0.0000 1.0000 '0.0000- 0.0000 0.0000 0.0000 1.0000--180.0000- 0.0000 - 1.0000' O.0000 0.0000 f0.0000 0.0000 1.0000

s
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, _ . .. .. . .

.

_



. - . - - . . - , ~ . - - ~ .. . - . . .. . - - . - . .. .

.

-

*

b
.

.

| Table A-9
! Expert A's Conditional Probabilitics: Caso 3B j
|-
,

'

Pressure . -

(nsici Independent Cumulative Failure Ptchah111 ties for Modes ~ *

WlaW ._QE. . Mil,, EH]LgW WEhM., DVR

'

5,0000 0.0000 1.0000 0,0000 0.0000 0.0000 0.0000
j 10.0000 0.0000 1.0000 0.0000 0,0000 0,0000 0.0000-
U 15,0000 0.0000 1.0000 0.0000 0.0000- 0.0000 0.0000
t 20,0000 0.0000 1,0000 0.0000 0.0000- ~0.0000 0.0000-
!- 25.0000 0.0000 1,0000 0.0000 -0.0000 0.0000 - 0,0000

[ 30.0000 0.0000 1.0000 0.0000 0.0000 0.0000- 0.0000
i 35.0000 0.0000 1.0000 0.0000 0.0000- 0.0000 0.0000-
| 40,0000 0.0000 ~ 1,0000 0.0000 0.0000 0.0000 0.0000-
"

45,0000 0.0000' 1.0000 0.0000 0.0000 0,0000 0,0000

5 50.0000 0.0000 ~1.0000- 0,0000 0.0000 10.0000 0,0000~

h 55.0000 0,0000 1.0000 0,0000 0.0000- 0.0000 -0,0000
i 60.0000 0,0000 1.0000 0.0000 0,0000 0.0000 0.0000

'

|- 65.0000 0,0000 1.0000 0.0000' _0,0000 0,0000 0,0000-
70,0000 0.0000 1,0000 0.0000 -0.0000 0.0000 0,0000

75.0000 -0.0000 _1,0000 0-0000 0.0000' 0.0000 0,0000,

80,0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000,

y 85.0000 0,0000 1.0000 0.0000 0,0000 0.00001 0.0000-
90.0000 0,0000- 1.0000 -0.0000 .0.0000 0.0000 0.0000

1 95,0000- -0.0000 1.0000 0.0000- 0.0000 0.0000 0,0000-
100,0000 0.0000 1.0000 0.0000' 0,0000 .0,0000- 0.0000-#

105,0000 0.0000 1.0000 0.0000 .0.0000 0.0000 0~0000, .

}- 110,0000 0,0000 1.0000 0.0000 0.0000- _0.0000- 0.0000
! 115,0000 -0.0000 1,0000 0,0000 0;0000' 'O.0000 0.0000

120,00c^ 0,0000 1,0000 0,0000 0.0000 -0.0000 0,0000.4

125,0000 0,0000 1.0000 0,0000 0,0000-- 0.0000 0.0000-,

130,0000 0.0000 1.0000. 0.0000 :0 ~,0000 0.00001 0,0000'

| 135,0000 0,0000 1.0000 0.0000 0.0000 ~0,0000 0.0000
: ~140.0000; 0.0000 1,0000- -0.0000 0.0000 0.0000 7 0.0000 -|

145.0000 0.0000 1.00001 0.0000 -0.0000 0.0000' 0,0000: j
150,0000- 0.0000 li.0000- 0.0000- 0,0000 0.0000 -0.0000 j

; 155.0000 0.0000- 1,0000- 0.0000 0.0000 0.0000 '0,0000
'

160.0000 0.0000 1,0000- 0.0000 0.0000 0.0000 0.0000
165,0000 0.0000 1,0000- 0.0000_ ~0,0000 0,0000_ 0.0000-
170.0 0.0000 1.0000 0,0000- 0.0000- 0.0000: 10,0000

175.0 0.0000 1,0000 0.0000- 0.0000' 0,0000 0.0000
180.00.0_ 0.0000 1,0000 0.0000- 0,0000 0.0000; 0,0000

:

,

t

.

:
,
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Expert B's Elicitation

!- Peach Bottom Containment Failure

Descriotion of Enoert B ' dationale /Me thodolony

The Expert defined ten failure mode / locations and gave probability curves
versus pressure for each mode t'or each case. The values in each column are
joint probabilities of failure in each mode given no failure at lower
pressures.

For casos 1 and 2, Expert B gave the following tabular information:

Pressure (osie's

tb.de.a 90 lli. n:i_ ifiQ_ 110 1 10_ 12L
WLau 0.0 0.02 0.04 0.06 0.07 0.07 0.07

.

WLbW 0.0 0.0 0.02 0.03 0.05 0.05 0,05
WRaV 0.0 0.02 0.02 0.07 0.09 0.12 0.12WRbW 0.0 0.0 0.02 0,05 0.04 0.07 0.07CWR 0.0 0.0 0.02 0.12 0.16 0,35 0.38
DWL 0.0 0.01 0.01 0.03 0.06 0.06 0.06DWL 0.0 0.01 0. 0;' 0,05 0.08 0.12 0.14DWR 0.0 0,0 0.01 0.01 0.01 0.04 0.04
DWHR 0.0 0.0 0.01 0.01 0.01 0.05 0.05CDVR 0.0 0.0 0.0 0,0 0.01 0.02 0.02

Total 0.0 0,06 0.17 0.43 0.58 0.95 1.00-

Comments for cases 1 and 2:

No chance of failure until 90 psig based on engineering judgment.
.

_In the-rr.nge- from 150 to .180 psig, the probabilities - are~ based - onpressure

calculations-and reports which are-based on all' types of presuure vessels.
As the pressere increases there is more energy to tear the steel and, thus,there is a greats. chance for rupture. With;1ess stored energy, it is
possible to arrest a crack and maintain a leak. -For-Case 2, the: pressure-
-rise is slow enough to -be considered static and therefore is.the same ascase 1. In order to calculate the' cumulative failure probability, use theformula:

p(fail by pt) :p(fail by pt.3) + p(fail between p11 < p >
pi) * p(not failing by pi.3),.

The cumulative is then: PT(90)-0, PT(110) . 06, _ PT(13 5) 2198,
|{PT(160) .5553, PT(170)~.8132,-Pf(180) .9907,_PT(195)-1.0000.

-

The conditional probability of failure at pressure:1 in mode j is ~ the.
_ jprobability at pressure i for mode j divided by the total conditional at

pressure 1. |

5.3-79
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in order.to extend the-curves.on
..

: Linear interpolation between points and,
I the ' upper side, it was assumed that the conditional probabilities remain
<- fixed above'165 psig. The _ results for cases 1 and 2 are shown in Table
; B 1.
1

' Case 'l
'

,

j Expert B indicated that this case is more complicated due'to the effects.of
' te::pe rature . .To treat this case ; roperly, _ the expert stated that he voulds

need , pressure and temperature histories. The expert - divic'ed . the
j- temperature range into two regions centered on' 800 ' and 1200*F. For both

cases, the vetwell temperature is limited to the _ suppression pool-

3 saturation temperature (300.te 350*F). The expert indicated that when the
drywell temperature e.<ceeded - the wetwell ; temperature ,- there --was a greater4

' likelihood that failure would occur in the drywell.-

; For case 3a, Expert- B gave the following probabilities:
,

!

! -Pressure (noin)

i-

|s - 8odn LL- -21_ 115 lLL 1 10 MS _ -
,

I WLaV 0.0 - 0.0-- 0.0?- 0'.05 'O.06- 'O.06-
WLbW ' 0. 0 . 0.0 0.01 0.02 .0.03 0-03i'

.

| WRaw -0.0 0.0 0.02- 0.03 -0.06= 0-06.

WRbW 0.0 0.0 0.0 0.03 0.04 0.04
[ CWR 0.0 0.0 0.0- 'O 09 ~0,13 0.14

DVL 0.0 0.01 0.02 0.04 0.05 0.05.
'

DWHL .0.0 0.02 0.05 0.09 0.16 0.18
DWR 6.0 0.0 0.0 0.01 0,05 0.05

| DWHR 0.0 0.0 0.0 0.01 0.36 0.38:
CDWR 0.0 0.0 -0.0 :0.0 -0.01- 0.01

:

Total 0.0 0.03 0.12 0.37 0.95 1.00 3

:

{; The cumulative is - PT(75)-0 PT(95) .03, L PT(115) .1464,c |PT(135) .4622,'
"

PT(150) .9/31,:PT(165)-1.0.

L Case 3a assumes 800'F in drywell' and i 300*F _ in . wetwell. :The failure:
~

probability-is based on a one hour ~ exposure to 800'F. The yield strength:
..

[ at this temperature is - approximately 85% _ of that :at ambient temperatures.
Thei general trend is' an- increase . in the . probability E of failure with 'an-

: increase - in temperature . There: could be some cases, however, where h.tghert

. temperatures do not necessarily mean' higher Tallure| probability (e.g., the '<

thermal- growth of the- dryw' ell shell may help' if L the - shall impinges on the
'

concrete _ wallt- this is a secondary effect) . At : this' temperature, an+

increase in exposure time to 24 h would not' change. these prnbabilities.'

Interpolation was used to form Table B-2.
~

!

.

5.3 30c
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For case 3b, Expert B provided the following conclusions:

Pressure (nsic)
_

1191u 2.1._ G.9 .1Q '11 . .69. .

Wi,aw 0.0 0.0 0.0- 0.0 0.0
WLhu 0.0 0.0 0,0 0,0 - 0.0-
WRaW 0.0 0,0 0.0 0.0 0.0
WRbW 0.0 0.0 0' 0 0.0- - 0. 0.

CWR 0.0 0.0 0.0 -0.0 0,0-
DL1 0.0 0.01 -0,08 0,10 0.10
DWL 00 0.24 0.28 -0.30- 0.31
DVR 0.0 0.0 0.03 0.05 0.05
DWHR 0.0 0,0 0.23 0.50 0.52
CDWR 0.0 0: 0 0.0 0.02 0.02-.

Total 0.0 0.25 0,62_ 0,97 1.00

The cumulative is PT(25)-0, PT(40) .25, PT(50) ,7150, PT(55) .9915,PT(60)-1.0.

Case 3b assunos 1200'F in the drvwell and -350'F in _ the wetwell, Failure
will occur in the dryue11 at low'er pressures than those that could~' causeI

failure in the wetwell. Then yield - ntrength - at - this - temperaturel-isapproximately- 30% of t. hat at ambient- temperatures. The 'likely'. leakage
would be?at flange openings and ' degraded seals. -and gaskets. Failureprobabilities. are based on one hour of exposure. With124 h. of exposure,
the leak modes (6 and 7) may change to rupture. Given leak modes..in 1 h at

.

60 psig and additional exposure, these- will _ definitely change to .. rupture .
' -The change will occur.at 50 psig, However, a-leak w111 depressuriza the

containment in 2 h so no additional failure occura. .
+

shown in Table B-3.
- Case 3b results3 are

MODE 50 60
DWR- .2 ,2

'

DWHR .5 .5
CDWR- J J'

Total- .9 1

For case 4, Expert -;B provided' the following . probabilities . for _ different-
temperatures,

-

o.

q
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1 Hour 24.. Hours
Temperature ('F) Te mtie ra ture (' F)

1

.Eode kQ.Q ELQ EQQ 199.Q 1l02 120.0 19.Q.Q 12.QQ -

Db'L 0.0 0,1 0.18 0.2 0.22 0,25 0-24 0,3.

DWHL 0.0 0.0 0.0 0.0 0.03 0,04 0.0 0.15
DVR 0,0 0.05 0,08 0,13 0.25 0,32 0.17 0.3,

DWHR 0,0 0.0 0.0 0.0 0.01 0,02 0,0 0,15
,

CDWR 0,0 0.0 0,0 0.01 0.02 0,06 0.01 0.10
,

1

Total 0.0 0.15 0.26 0.34 0.53 0,69 0.42 1.0,.

Case .4 aseumes that containment failure han already occurred so that
! pressure is low and assesses that probability of additional failure due to.

high dryvell temperatures for exposure tin:es of 1 and 24 h. The composite
| probabilities at 900 and 1000*F - are based on high temperature analyses
J performed by the expert. At 1200*F, the failure mode will be catastrophic
| failure caused by thermal buckling, For this analysis the values at

1200*F for case 4 are used.

Sources of \!peertaint;y

| The expert indicated that the maj or sources o f uncertainty in his
assessment were uncertainties. in the material properties andE the-

uncertainty in fabrication details. For example, thete could be residual
stresses around welds or areas of local stress concentration which could

! affect the strength of the containment, For Case-3, the expert said that
to treat the problem properly, he would need the time histories nf pressure
and temperature. Not knowing these introduces some additional uncertainty-

into the results,

s

Some of the uncertainty for Case 3 could be removed if typical pressure and
temperature histories from thermal hydraulic codes could be supplied for
the n enarios of interest,.

i !

,

.
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Ex}mrt C's Elicitation

Peech Bottom Containment Failure

Descritdpa of INpf rt C's Ratiom.le/Methodolorv

Expert C lirnited him investigation to consideration of itembrane stress;
i.e., bending and thermal stresses were assumed to be self limiting, which
itnplied that they would not affect capacity. The meit.brano stresses were
based on calculations documented in References C1 and C2 with
extrapolations to higher pressuren based on the equations for teenbrane
stresses of various shells of revolution given in Reference C 3. Although
it was ignized that failure initiates due to strain concentrations at
design dorails, the equivalent free field equivalent membrane strain was
used to estimate the failure pressure. Based en the resulto of testing
scale steel containment models.C*es the following approximate criteria
were used.

No failure. The point at which membrane yielding of a steel plate
wetion is first calculated to occut when beam and ring stiffeners are
ignored.

1.o w probabillty of failure. General yield of section based on
axisymmetric finite element calculations which include stiffeners and

,
other local supports.

Median estimate. The point at which 1 to 2% equivalent strain arises
in some section of the torus.

High probability of failure. The point at which 5% equivalent strain
arises in some section of the torus.

Certain failure. The pressure at which membrane rtress in the weakest
plate section reaches the ultimate stress of the material. i

The failure size depends on the growth of the initial crack. It was
assumed that a crack is arrested only if it enters a region of plate
material that is still elastic as determined from the membrane streoses.

In the wetvell, the maximum membrane stress occurs in the 0. R4-in, plate
just above the waterline, and consequently this is where failure is most
likely to initiate. There is a small chance that a tear could initiate
below the waterline. At higher pressure, a greater percentage of the
wetwell plates are inelastic and an initial crack is more likely to grow;
thus there is a higher probability of rupture.

In the drywell, contact with the shield building, which could impart
additional strength to the shell, cannot be explicitly tchen into account.
To compensate for the effect of the shield building, the probability of
drywell shell failure at low strains was decreased corepared to the
assutoptions made for the wetvell. Since the membrane stress is uniform
over a number of large areas in the drywell shell, the failure size is,

5.3 36
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ir

almost sure to correspond to rupture (catastrophic failure was felt to be
precluded by interaction with the shield building). !

,

The Expert assessed all four cases together by giving failure curves versus
pressure for various tenparatures.

,

i

Vetwell Failure |

!
i

ggnditional Probability At Pressur.g
Failure,

friantyA Cum. Iailure t,t.,,figh ' _ WLn4 WLbV ,,,.hMV _ WRbW .
__

,

t

125 0.0 0.0 0.0 0.0 0,0 0.0 i

140 0.01 0.01 0.9 0.1 0.0 0.0 i

150 0.2585 0.251 0.8088 0.0916 0.0199 0.0797 I

i 165- 0.6307 .0.502 0.2251 0.0259 0.0757 0.6733-
'

170 0.9084' O.752 0.0904 0.0107 0.0452 0.8537
180 0.9955 0.951- 0.0904 0.0105 0.0 0.8991 i

260 1.0 0.999. 0.0 0.0 0.0' 1.0

Assessed temperature in wetvell will be in 400'F range for - all cases, ,

therefore, only one_ curve.
i

Drywell Rupture (DWR)

SE- 200*F 400'_E 600'F f.20'.E 1000'E 1200'r

0 155 150: 125 105 90 58
.25 175 170 155 -120 100 '60
.5 190 190 190 170 _ 10- 631

.75 240 240 250 200 120 66
''!

,

! 1 270 280 290 225_ 130 68 .

t
,

The 400'F, 800'F, and 1200'F curves were used for. cases 1 and 2, 3a and 4a,
and 3b and 4b,_respectively.

For' dryvell head failure. the expert . gave a -FORTRAN program - to calculate i

- the failure pressure based on his unce rtainty in: the underlying ps.:ameters:
'

DT - T(are flange temp) - T(ave bolt temp), Fi . applied mechanical
preload, ' S ' seal performance parameter. All other parameters were-p
considered reasonably well known..

>

,DT('F)
.

10 25_ 60_ 75 _ 87- '150- 200.
edf(<600) 0 .025- .25_ _ .50 _75 .975 1.0 - ;,

;

DT('F) 10 60 100- 120 150 165 200 ~ i
'

cdf(> - 600) 0 .125 .25 .50 75 .875- _1.0 :

- F (kius)' '75 95 100 107 125 Ji

cdf 0 .23 50 ,75 1.' O ;
'

'

5.3 37
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S (rnils) 0 6 12 15 25 35 40p
edt 0 .01 .25 .5 ,75 .999 1.0

S (mils) 0 6 8 10 15 40p

cdf 0 .05 .5 .95 .999 1.0

The FORTRAN prograta was inodified to allow an IJ15 sairple of one hundred for
DT, F , and S to be ur.ed to evaluate the probability of a certain size Icaki p

for different drywell terrperatures at dif ferent pressures, The results were
then analyzed to obtain the cumulative failure probability and the
conditional probability of Icah versus rupture at a te rope rature for the
various pressures. The FORTPAN prograin in listed below:

PROCPAM LEAKFEA
DIMENSION EF(12), EB(12), EBT(12), EPSF(12), EPSB(12),

; T(12), SIGY(12)
DIMENSION ALilS(5,100)
R t'Al. KF, KBE KBT, L 1A, IAMIN, IAMAX, LAINC, MULT1,

MULT 2 , h' ' .T 3 , NU,

C

C THIS PROGRAM CA14UIATEJ Tile LEAK AREA 0F A PREFSURE UNSEATING
C llATCll AT A GIVEN TEMPERATURE AND PRESSURE FOR AN LilS SAMPLE OF
C THE BOLT PRELDAD, Tile SEAL SPRINCBACK, AND THE DELTA T BETWEEN
C Tilt FLANCE AND Tile BOLT
C

C DATA FOR PilYSICAL PARAMETERS
C

C T - Tile FLANGE TEMPERATURE
C EF - THE EIASTIC MODULI FOR Tile FIANGE MATERI AL
C EB - THE ELASTIC MODULI FOR Tile BOLT MATERI AL IF THE PRESSURE
C IS LESS T}lAN THE BOLT YIELD PRESSURE
C EBT - Tile ELASTIC MODUL! FOR THE BOLT IT THE PRESSURE IS
C GREATER TilAN THE BOLT YIELD PRESSURE
C EPSF - TilERMAL STRAINS FOR FLANGS MATERI AL
C EPSB - TilERMAL STRAINS FOR BOLT MATERIAL
C SIGY - YIELD STRENGTilS FOR BOLT MATERIAL (IN KSI)
C

DATA T/ 70 , 200., 300., 400., 500., 600., 700., 800..
; 900., 1000., 1100., 1200./

DATA EF/ 27.906, 27.SE6, 27.4E6, 27.0E6, 26.4E6, 25.7E6,
; 24.8E6, 23.4E6, 21.8E6, 20.6E6, 18.3E6, 17.0E6/

DATA EB/ 2*31.5E6, 31.2F6, 30.9E6, 30.4E6, 29.9E6, 29.406,
; 28.8E6, 28,1E6, 27.0E6, 25.9E6, 24.5E6/

DATA EBT/ 7*200.03, 180.E3, )50.E3, 100.E3, 60,E3, 30.E3/
DATA EPSF/ 0., .00076, .00141, .00214, .00295, .00383,

; .00474, .00567, .00662, .00759, .00860, ,00962/
DATA EPSB/ 0., .00082, .00153, .00224, .00295, .00370,

; .00453, .00540, .00630, .00720, .00820, .00920/
DATA SIGY/ 105., 102.7, 99,, 95.5, 90.1, 83.8, 76.6, 73.6,

; 65.5, 58., 50 , 40./
OP EN (UNIT-20, F I LE ' LilS LEAYAR EA . OUT ' , STATUS ' N EW ' , FORM-

; ' F0Ff TATTED ' )
C
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C DETAUL1 DATA FOR PEACli BOTTOM DRWELL HEAD FOLLOWS
C

C N - THE NUMMER OF BOLTS
C A - Tile TENSILE AREA 0F ONE BOLT
C L - THE CRIP LENGTH
C R - THE FIANCE RADIUS
C THICK - Tile FLANGE THICKNESS
C IN - PO.t S SON ' S RATIO -
C

N - 68
A - 4.292
L - 36.
R - 19'4.
TilICK - 1.25
tN - 0.3

C

C READ UlS FILE
C

OPEN(UNIT - 55, STATUS 'OLD', FILE 'UIS.DAT')
DO I - 1, 100

READ (55,*) II, JJ, (AUIS(J I), J- 1. $)
END DO

C

C I40P DN FLANGE TEMPERATURE
C

10 DO I-2,12

TF - T(1)
C

C LOOP ON PRESSURE 5 PSIC INCRFMENTS
C

20 DO J - 50, 280, 5
PRES - J

C

C LOOP ON UlS SAMPLE
. _ _ _ . g

30 DO K -1,100
'

KF - 6.28*R*TilICK*EF(I)/L
IF(TF.LT 600.0) TilEN
DT= ALHS(1,K)

z F - ALHS(3,K)*1E3
S.- ALHS(4,K)*1E 3-
ELsE
DT - AUIS(2,K)
F AutS(3,K)*1E3n

S AUIS(5,K)*1E 3-

END IF'_
TB - TF DT

C INTERPOLATE MATERIAL FROPERTIES FOR BOLT AS NECESSARY
C

5.3 39
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40 Do II - 1,12

Ir(TB.LE.T(II)) THEN
11-11-1
12-11
COErl - (T-(12) TB)/(T(12) T(II))
COEr2 - (TB T(11))/(T(12) T(11))
EB1 - COEFl*EB(II) 4 COEF2*EB(12)
EBTI - COEFl*EBT(11) **C2*EBT(12)
DELTAEPS - EPSF(I) (COL 1F(;') +-

COEF2*EPS (17?'.

SICMAY - 1000.*(COEFi W '. I1) Mi evSI'iY(12))
KBE - N*A*EBI/L
KBT - N*A*EBT1/L
MULT1 - KBE/(3.16*R**2)
MULT2 - 1 + 2*NU*KBE/KF

l

MULT3 - (KBE+KF)/(KBE*KF*MULT2)
MULT4 - KBT/(3.14*R**2)
YPRES - (N*SIGMAY*A)/(3.14*R**2)
END IF

END DO
C

C CALCU1 ATE LEAK AREA AS A FUNCTION OF PRESS FOR VARIOUS 1ALUES
C OF DT, F, AND S,

C

IF(PRES.LE.YPRES) THEN
Z1 - PRES /MULT1

ELSE
'

Z1 - YPRES/MULT1 + (PRES YPRES)/MULT4
END IF
Z2 - MULT3*F

'

Z3 - (DELTAEPS*L)/MULT2
1A - (6.28*R)*(21 22 23 S)

C

C IF THE LEAK AREA IS LESS THAN ZERO THEN SET TO ZERO
C

I F( LA . LE . O . ) 1A - 0
C

C k' RITE THE VARI ABLES TF, PRES , IA
C

60 k' RITE (20, *) TF, PRES , IA
END DO
END DO
END DO
STOP

END

The result of running this program is a set of tables for each pressure
giving, for different temperatures, the cumulative distribution for leak
areas. For the case of an unsaturated pool a leak is < 4 in.2: for a
saturated pool a leak is less than 255 sq in. From these program output
tables, we can construct tables for a particular temperature showing the
cumulative probability of failure by pressure i and the conditional
probability of leak versus rupture. However, the expert said that the

5.3 40
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process by which failure occurs is that the area vill increase to the point
that it just releases the pressure and is, therefore, always a leak. So
only the curnulative failure probabilf ty was used with all failures assessed
es leaks except in the 1200'F cise when the failure pressure exceeded the
yield strength.

At 400*F At 800'F At 1200*F

Pressure Cum. Fail. Cum. Fall. Cutn . Fall. Lenk Rutiture

50 0.0 0.0 0.03 1.0 0.0
55 0.0 0.01 0.05 1.0 0.0
60 0.0 0.03 0.09 1,0 0.0
65 0.0 0.03 0.12 1.0 0.0

70 0.0 0.04 0.14 1.0. 0.0
75 0,0 0.07 0.15 1.0 0.0
80 0.0 0.09 0.18 '1.0 0.0
85 0.0 0.12 -0.21 1.0 0.0

90 0.0 0.14 0.24 1.0 0.0
95 0.0 0.15 0.32 1.0 0.0
100 0.0 0.18 0.42 -1.0 0.0
105 0.01 0.21 -0,46 0.93 0.07

110 0.01 0.24- 0.56 0.84 0.16
115 0.01 0.25 0.65 0.80 0.20'
120 0.01 0.30 0.70 0.35 0.65
-125 0.02 0.38 0.79 0.63 0.37

130 0.04 0.46 0.84 0.S7 0.63
135 0.05 0.52 0.90 0.23 0.77
140 0.09 0.60 0.95 0.11 0.89_
145 0.13 0.65 ' O .'9 8 0.05 0.95

150 0.15 0.70 1.0 0.0- .1,0
.155 0.19 0.75-
160 0.32 0.81
165 0.37 0.85

170 0.43 'O.90
175 0.48- 0.95
180 0.53 0.97#

185 0, 5 9.' O 98

190- 0.63 ~ 0.981
-195 0.67 1.0
200 0.73 1.0
205= -0.77 1.0

,
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At 400'F At 800'F At 1200'F

A 1sure_ Cum. Fall. Cum. Fall. [ym. Fail. lauth Rypture

210 0.81 1.0 - - -

215 0.83 1.0 - - -

220 0.84 1.0 - - -

225 0.88 1.0 - - -

230 0.91 1.0 - - -

235 0.92 1.0 - - -

240 0.92 1.0 - - -

245 -0.93 1.0 .. - -

250 0.93 1.0 . - -

255 0.95 1. 0 - - - -

260 0.96 1,0 - - -

The ' Expert C said that unless the maximum pressure exceeded the yield
pressure that the leak-area would-decrease if the pressure-decreased.3

In order to calculate the total cumulative failure probability _ curve and
the conditional proba'ailities,- the same method was used as for ~ Expert A.

-The three curven for votwell, dryvell, and drywell head were combined a.sd
conditionals calculated. Tin wetwell conditional was split _ in proportion

~

to the splits given by the expert. -Por Case 4, the expert's results~ imply
that no additional failure will occur since at least-50 psig is needed to
get failure and, in this case, the pressure will be near atmospheric.

Tables C 1 through C 9 contain the results of Expert c's elicitation.

_ _
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Table C 2
Expert C: Cases 1 and 2 Data Conversion

.

Pressure Independent Cunnlettve f ailure Cond. Probability of Wetwell Modes Olven
(talal Ptti.ntility f er 1rsitial tbdeg Wet 311 Fathre_

IVR h W- ..WL fM. WLl W .. WReW . WRtM

100.0000 0.0000 0.0000 0.0000 0.9000 0.1000 0.0000 0.0000
10$ 0000 0.0000 0.0100 0.0000, 0.0000 0.1000- 0.0000 0.0000
110.0000 0.0000 0.012$ 0.0000 0,9000 0.1000 0.0000 0.0000
11$.0000 0.0000 0.01$0 0.0000 0.0000 0.1000 0.0000 0.0000
120.0000 0.0000 0.017$ 0.0000 0.9000 0.2000 0.0000 0.0000
125.0000 0.0000 0.0200 0.0000 0.9000 ~0.1000 0,0000 0.0000
130.0000 0.0000 0.0400 0.0033 0.9000 0.1000 0.0000 0.0000
136.0000 0.0000 0.0$00 0.0067 0.0000 0.1000 0.0000 0.0000
140.0000 0.0000 0.0900 0.0100 0.0000 0.1000 0.0000 0.0000
145.0000 0.0000 0,1300 0.1343 0. 8 $ 4 4._ 0,09$4- 0.0100 0.0396
150.0000 0.0000 0.1$00 0.2$6$ 0.6069 0.0916 0.0100 0.0797
1$$,0000 0.062$ 0 1900 0.0626 0.6143 0.0697 0.030$ 0.2776
160.0060 0.12$0 0.3200 0.$066 0.4197- 0.0476 0.0!71 0.47$4
165,0000 0.1675 0.3700 0.6307 'O.22$1 0.02$9 0.07$7 0.6733
170.0000 0.2$00 - 0.4300 0.9084. .0.0004 0.0107-- 0.04$2. 0.6$37
17$ 0000 b.312$ 0.4600 0.9520 -0.0004 0.0106 0.0226 0.0764
180.0000 0.3730 0.5300- -0.09*$ 0.0004 0.010$ -0.0000 0.9991-
185.000U 0 437$ 0.$9M 0.99$9 0.0847 0.0006 0.0000 0.00$4
190.0000 0.$000 0.6300 0.9961 0.0791 0.0094 0.0000 0.0117
195.0000 0.$2$0 0.6700 0.9963 0.0734 0.00$$ 0.0000 0.9160
200.0000 0. S$00 . 0.7300 0.9966 - 0.0678 0.0079 0.0000 0.9243
20h.0000 0.$750 0.7700 0.9969 0.0611 -0.0072 0.0000 0.9306
210.0000 0.6000 0.4100 0.9972 0.0$6$ 0.0060 0.0000 0.9369
21$.0000 .0.62$0 0.8300 0.997$ 0.0$00 0.00$9 0.0000 0.9432
220,0000 0.6$00 0.6400 0.9978 0.04$2 0.00$2 0.0000 0.9495
22$.0000 0.6750 0.8600 0.9980 0.039$ 0.0046 0.0000 0.0$$9 =
230.0000 0.7000 0.9100 0.8983 0.0339 0.003e 0,0000 0.9622
23$,0000 0.72$0 0.9160 0.9966 0.0262 0.0033 0.0000 0.9685
240,0000 0.7500 0.9260 0.9980 0.0226 0.0026 0.0000 . 0.9746
24$.0000 0.7917 0.9340 0.9992 0,0169 0.0020 0.0000 0.9811
2$0.0000 0.8333 0.9410 0.9994 0.0113- 0.0013 0.0000 0.9474
2$$ 0000 0.67$0 0.9$00 0.9997 0.00$6 0.0007 0.0000 0.9937
260.0000 0.9167 0.9600 1,0000 0.0000 0.0000' O.0000 1.0000
268.0000 0.9563 0.9700 1.0000 0.0000 0.0000 0.0000 1.0000
270.0000 0.9702 0.9800 1.0000 0.0000 0,0000 -0.0000 1.0000
270 0000 1.0000 0.9900 1.0000 0.0000 0.0000 0.0000 1.0000

$.3-4 '
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$.4. Issue 4. Effect of Verwell Ruoture on ECCS Survivability and

'

ReactorBuildi.npInterrity at Peach Bottoy

Experts consulted: David B. Clauss, Sandia National 1.aboratories; Ken
Mohktarian, Chicago Bridge & Iron; Subir Sen, Bechtal Corporation. j

P

Jasue Descrintion
,

' This issue addresses two questione: (1) What is the probability of a
containment rupturo with enough kinetic - energy to sever emergency core
cooling system (ECCS) piping? and- (2) WM: la the probability of !

significant reactor building bypass given a rupture in the wetwell at Peach
'

Bottom?
i

This issue is very closely related to the P T induced containment failure

issue (Issue 3). The initial conditions for this issue are containment
failure in the torus and -a wetwell rupture (WR). or a catastrophic rupture

(CWR) failure mode (see Issue 3). Whether containment failure breaks the
ECCS lines is important in sequencos in which the containment fails before !
the onset of core damage. Whether wetwell rupture leads to reactor: i
building bypass is important in sequences in which -core devage occurs-

'

before containment failure because a potential source of decontamination
(the reactor building) could be eliminated.

There are three types of questions in.the accident progression tree (APET) +

that are relevant to this issue: ;

'
Q.uestion Tvoe 1: Is.the suppression pool drained before core damage? The

answers to this ques tion ' characterize the state of the
wetwell, Ther- are three ' s ta te s drainage: (a) >

'

suppression pool drained completely, . representing a.
catastrophic vetvoll failure; (b) suppression pool

,

depleted so that the water level is below the drywell '

vents, representing a failure -below the water level in
the torus . and; (c) no suppression pool drainage, the.
failure is above the water line and-is not catastrophis.

Ouestion TypA,l: After the suppression pool drainage question, the status
of the condensate : system piping,-the status of the
control rod drive - piping; and . the status of the high
pressure service. water piping are asked. The piping in-
each ' of the systems is either intact -or it is not.
(Success or. failure of these systems also depends on

'

issues other than:the one.being considered.) The review-
i group 'was askedi to provide the probabilities of

survivability of: the lines for .these - three systems given
a wetwell failure by rupture. '

Ouestion Tyne 3: What. isL the level of ~ reactori building breach / bypass
without 'a hydrogen burn? Four--levels of bypass .are

'

considered: -(a) no bypass--the standby gas ' treatment
system can handle all releases to the reactor building,

.

-$.4-1
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Continued (b) small level of bypass most of the release passes

through the reactor building, (c) large level of
bypass decontamination of the release is equivalent to
decontamination of releases that have gone to the
refuelin6 bay, and (d) complete bypass of the reactor
building. The review group was asLed to provide the
relative probabilities of the different Icvels of bypass
given a vetwell failure.

Sumary of Resulta

All three experts agreed that failure of the control rod drive (CRD) or
condensate piping is negligible. They also a gi ,d that only the
unreinforced portions of the wetwell could fail catastrophically and that
only catastrophic rupture could fail the piping high pressure service vator
(llPSW) residual heat removal (RilR) . There is additional structural
reinforcement in the ei ht sections that contain the downcomers. Expert A6
said that the probability of the llPSW RilR piping in the torus room failing
was a simple ratio of the number of sections of the torus facing the piping
to the total. This gives 4/8 - 0.50 for the probability of IIPSV line pipe
failure, since four of the eight unreinforced segments face the llPSV pipe.
Expert B said that the piping failed only if fragments were generated and
gave a 0.S probability of fragments. This gives (4/8)*. 8 - 0.40 for the
probability of pipe failure. Expert C, gave a 0.12 conditional probability
of pipe failure. Averaging these failure probabilities gives (.50 + .40 +
.12)/3 0.34 for the aggregated conditional probability of pipe failuro-

given a CWR.

The following tables give the probability of each reactor building bypass
level as given by each expert for the WR case.

Table 4 1
Probability of Reactor Building Bypass for WR--Expert A

Pressure (psig)
Bypass
tevel L & L 5 L Jg h jg jg

a 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
b 0.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0
c 0.0 0.0 0.0 1.0 1.0 1.0 0.5 0.0 -0.0
d 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.0 1.0

Values were linearly interpolated for the 6 psig case and linearly
extrapolated for the 50 psig case. Level "a" goes to zero from 1.0 at .25.

1
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Table 4-2 |
Probability of Reactor Building Bypass for WR.. Expert B i

!

i' Pressure (psig) i
Bypass !

L, eye L_ 0 J1 3 5 6 _. _10 ,,11., 1 }j j

a 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |
b 0.0 1.0 1.0- 1.0 1.0 0.75 0.575 0.40 0.0 t

c 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 !
Ld 0.0 0.0 0.0 0.0 0.0 0.25 0.425 0.60 1.0
:

, :
,

Values vore linearly interpolated for the 3, 5 and 15 psig cases.
,

i

Table 4 3
Failure Probabilities for Seven Cases for WR.-Expert C

!

a
Cange -

Bypass
ieye1 1 2. - 3 f,,,,,,, 5 ___ 6 7 !

a 0.70 0.20 0.80 0.30- 0.70 0 20 0.08 i

b 0.05 0.10 0.05 0.10 0.05 0.10 0 06 <

c 0.25 0.40 0.15 0.40 0.25 0.40 0.06
d 0.00 0.30. 0.00 0.20 0.00 0.30 0.80

a+b 0.75 0.30 0.85 0.40 0.75 0.30' O.14
'

P

L

Since-level "a" includes the blowout panels'for_this expert. '

1
! The cases for Table 3 were defined as follows:

'1. . For P-T casos' 1 and -2 (see issue 3) at 170 psig, the conditional
probability of reactor building leak levels for WRaW or WRbV.

i
2. For P.T cases 1 and 2 at.170 psig,' rhe conditional probability of !

~

reactor building icak levels _ for CWR',-- '

3. For P T' case.s 3a-at 150 psig and 800*F,- the conditional probability
of reactor building leak levels for WRaW or WRbW. ;

4,- For-PrT-cases-3a=at'150 psig and;800*F, the conditional _ probability
of reactor building leak levels for CWR,

5. For P T-cases 3b at 1200*F, _ the conditional probability . of_ reactor
building . leak levels - for- WRaW or WRbW,

6 .. For P.T cases 3b at '1200'F, the conditional probability- of ' reactor
.

building leak levela for CWR. *

5.4 3
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7. For P T case 4 at 150 psig and 800*F, t.be conditional probability of
reactor building leek levels for CWR (others are level a).

Some judgment was required to convert Expert C's results into the same form
as those of Experts A and B. There is no bypass up to .25 psir, when the
blowout panels on the refueling floor open. Then at 2 psig, flocr slabs
etc. start to go. At 3 psig structural failure reay begin. Frem HELCOR
runs for pesch Bottom, the pressure frorn WR is in the range of 3 psig so
we ta ke the results f rom cases 1, 3, and 5 to be at 3 psig. The CWR is in
the l ') psig range so we take the results of cases 2, 4, and 6 to be at 10
psig. Interpolato linearly bet. ween points and extent on upper sido by
letting Level "b" go to zero at 15 psig, Level "c" increase until 15 psig
then no to zero at 50 psig, and Level "d" increase to 1.0 at 50 psig,
Table 4 3 Js ther converted to Table 4 4 for Expert C.

Table 4 4
Probability of Reactor Building Bypass for WR Expert C

- _ _ . _ -- .

Pressuie (psitL
__. . . , __

Bypass
Leye1 _Q & _2 _)_ $ .A _19_ 1 _2]L J

a 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
b 0.0 1.0 1.0 0.75 0.62 0.56 0.30 0.0 0.0 0.0
c 0.0 0.0 0.0 0.25 0.203 0.314 0.40 0.525 0.450 0.0
d 0.0 0.0 0.0 0.0 0.086 0.129 0.30 0.475 0.550 1,0

_ _

Table 4 5 provides the aggregate results formed by averaging the probabili-
ties of the three experta.

,

Table 4 5
Probability of Reactor Butiding Bypass for WR Aggregate

Prescure (kPa)
Bypass
ktYtl 0 12 1J.J 20.7 J.L.1 ila.h fj,d 1.QM 137.8 344.6

a 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0
b 0.0 1.0 1.0 0.917 0.54 0.519 0.35 0.192 0.133 0.0
c 0.0 0.0 0.0 0.083 0.431 0.438 0.467 0.341 0.150 0.0
d 0.0 0.0 0.0 0.0 0,029 0.043 0.183 0.467 0.717 1.0

5.4 44
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Expert A's Elicitation

Effect of Vetvell Rupture nn ECCS-Survivability and Resctor
Building Integrity at Peach Bottom

p,escrintion of Exoert A* n Rationale /Methodo1204

Rationnie for Position on ECCS Survivability

Expert A felt thst the probability of a catastrophic rupture was extremelysmall, lie felt that a entestrophic rupture would definitely produce
fragments and that a noncatastrophic rupture would produce a pressurepulse, lie felt that the likelihood of a fragment L'ully penetrating the
reactor building wall was less than 14 so it is not included -in the
Expert's assessment.

1. The Expert felt that the most ?,ikely direction of the fragments is
radially outward from the containment- conterline. The ceiling of the
torus room is therefore an unlikely target.

2. The 2.ft-thick reinforced concrete ceilinga are an effective barrier to
misolles (fragments). Even if directed upwards, the fragments would
not fully penetrate the torus room esiling.

3. The CRD and condensate piping, which are loented above the torus room,
will never be in jeop.udy from the fragments produced in a catastrophicwatwell rupture.

4. The flPSV '' ~s are located along one side of the torus rootn and are not
protectec n the concrete wall. The Expert stated that_there are eighti
segments of the wetwell in which the wetwell is equally likely- to fail.
The chance that the wetvell will fail in the area of the llPSV lines istherefore about 4/8 (0.50),

tiefhod for Assensinn Probability of Reactor Buildine Bvvass

Expert A provided the. probabilities of reactor building bypass _ conditional
on pressure pulses in the. reactor _ building. He left the. calculation'of the
pressure pulses given wetwell rupture- for the- NUREO.1150 staff. The
probabilities of the reactor building bypass levels- discussed in the Issue -
Description are given in Table A 1 for_several equivalent static pressures.

5.4-7
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Table A.1
Descriptions of Equivalent Static Pressures |

.

Equivalent Static i. essure Reactor Building Bypass ;
'

(esic) Lgyel Coments
t

P,3* < 0.25 1.evel a Reactor building'

blowout panels '

open at 0.25 psig ;

!

P,3 < 3.0 Level a and -Same comment i

Level b
P

P,3 < 5 . 0 ~ Level b and concrete plugs and j

Level b' hatches in corner >

room-open
.

P,3 < 10.0 Level b' Some leakage tt
environment;-some-
to reactor building
blowout panels

P,3 < 20.0 -Level b' and Some chance of
Level d reactor building

structural failure
'

P,3 > 20.0 Level d Virtually certain-
,

of structural
failure ;

'P,3: equivalent static pressure (psig) in the recctor building. I

,

Level b': a new level-defined by the Expert. Concete plugs in _ tlie torus
roon lif t, -leakage ~ into the corner room, and hatches open there to the

2 2environment (abot.t 150 f t ) and to the reacter building (about 200 f t ).
For out analysis, _ this is equivalent to l ove,' c,-a large . bypass of _ the
reactor building.

_

Results of Expert A's' Elicitation

j Probability of Injection Line Faifure Due te Wetwe11 R6ergg,

14 The _ probas.111ty of failure of'. the CRD lines or. rhe condensate lines
5 ven rupture in the wetwell is. essentially zero (see preceding1

- section).

2. The probabilit/ _ of failure of - the llPS .waterline, .given a-catastrophic
- rupture in .the vatwell, is . .about 0. 50. 1This represents ' 4/8 :(see -'

l' - preceding section).
'

5.4 8
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Probability of Rosetor Buildine Bvnans Due to Verwell_ RuRutte
I

The probabilities of Levels a, b,'bi, and d are shown'as a function of
pressure in Table .A 2.

Table A 2 -

Probability of Reactor Buildinr. Bypass.'. Expert A !
\

Pressure (esic)

0 .25 3 5 10 15 20

Level a 1.0 0.0 0.0 0.0 0.0 0.0 0.0
level b 0.0 1.0 1.0 0.0 0.0 0.0- 0.0
Level b'=c 0.0 0.0 0.0 1.0 1.0 0.5 0.0
Level d 040 0.0 0.0 0.0 0.0 0.5 1.0 '

-
;

i

Expert A said to use linear interpolation for the transition from Level "b"
ab'" (between 3 and 5 psig) and for f.evel "b'" to "d" (betwoon 10 and 20to

psig). At 25 psig, Level a switches to Level "b" as the blowout panels '.

open,
,

To read the table: i

;

1. Below 0.25 psig -Level "a" occurs. I

2. Between 0.25 and 3 psig- Level "b" occurs.
,

'

3. Between 3 and 5 psig -a linear transaer from Le vel ' *b" to Level "b'"
.

; accura.
.

'
,

4. Betveen 5 and 10 psig -Level "b'" occurs.

5. Between 10 and 20 psig- a linear transfer from Level "b'" to Level "d"
occurs. '

6. Above 20 psig Level "d" occurs.

For example, at 15 psig there is a $06 probability that the reactor
building bypass level is Level "b'" and a 50% probability-that the-reactor
building bypass level is Level "d".

Sourcef_ of Uncertainty '

Fragments could impact _the concrete torus room ceiling and could decrease
the pressure capacity _ of . the. ceiling. The impact on side _ walls is
in.onsequential becaure they are below grade. The likelihood of fragments
directed vertically is small; this was'not accounted for _in the _ Expert's
elicitation.

.

5.4 9
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[nnrin.tiens vith 0ther Var 1.chlts

No correlations were specified by the expert for this issue.

Enggestions for Reducing Uncertainty

Additional inf ornia t ion on the reactor building structure sould help in
r e d uc i n r, the uncertainty in the building response. No explicit
calculations of renetor building structural capacity were made; capacity
was estittated based on design pressure and assessed safety nargin.

S.4-10
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Expert B's Elicitation

Effect of Votwell Rupture on ECCS Survivability and Reactor
Building Integrity at Peach Bottom

Descriotion of Exnert B's Rationale /Methodolony

in analyzing this insue, Expert B reasoned as follows:

1. The expected pressure at which the torus may rupturn was 130 to 150
psig or above.

2. Two time regimes were important before core damago and vessel
breach. The Expert said that the response of the torus will be-the
same- in these two cases since the temperature will be roughly the
same.

3. The piping that is of interest is:

-(i) HPSW to RHR discharge lines, covers one half of torus room.-

(ii) Condensate piping in steam tunne).

(iii) CRD linesi penetrate DU at 78', 112', 248'; and 292*.
4 Existing hatches in the torus room roof slab vent either into the

reactor building or directly to the outside.

5. Peach Bottom containment P.T failure. analysis (s.ee Peach Bottom P T
issue writeup) shows that the torus shell is thinner in.the upper
segment and that it will be near or at yield in the circumferential
direction when rupture is expected to occur. A crack is therefore-more likely to propagate. _

6. Any of the eight non ' aments may rupture.

7. With the crack propt.pting from the- stiffener location, along the
circumfetence, the thinner upper torus segment can fragment into
several pieces (worst case).

8 '. From physical considerations , weld detail etc., four to six
fragments are expected.- The weight of each fraguent will.be about
3000 to 4000 lbs.

9 Estimated velocity of impact.will be about 150 ft/s.

10. The kinetic' energy of the missiles is. smaller than the tornado
generated' automobile missile.-

11, The availabls concrete thickness (23 to 33 in.) vill be adequate to
withstand the missile at elev 135'-0".

5.4 11
;

. . . . . . . .
.. a

'



_ _ _ _ _ _ _ _ _ ____- _ _ _ - - _ _ _ _ _ _ _ _ - - --

12. The presence of steel beams on the bottom surface of the slao will
| deform the inissile , thus dissipating energy.

13. Missiles are therefore not expected to be able to reach the CRD and
condensate pipe locations.

r

14. HPWS/RHR line runs through the torus room and will be impacted if
the break occurs in four of the eight non vent segments.

15. The above calculations are based on decoupling pressure sffects.
~.

16. Because the torus area vents to the 135' 0" floor of the reacter
building (about 500 f t ), the reactor building will pressurize as2

the torus depressurizes. However, the increase in reactor building
pressure is not very well knosm.

17, Because of the vent to the outside (about 300 f tz) , part of tha
11ow will bypass the reactor building.

Etgult.g of Expert B's Elicitattor)

Expert B decomposed the problem in the following way.

Rupture locations are the non vent segments of the torus, of which there
are eight. Failure of any of the segments is equally likely. Independent
of location, the likelihood of fragments is four times that of no frag.
ments. The probability of fragments is .8, the probability of no fragments
is .2. Even with fragments, all failures ere ruled out except for impact
and failure of the HPSV/RIIR lines. The probability of impact - is non zero ,

oi y for four of the non vent segments near the piping. Given impact, the
* probsbility of failure )4 1.0. If there are no fragments, then failure of

the piping is agligible and the reactor building failure is dependent on
peak pressure and venting corsiderations.

Because of the lack of structural information on the reactor building, all
of the experts based _ their f ailure pressure distribution on their. general
knowledge of similar structures. The Expert said that the building was
designed to ro n,hly 3 psig and should be able to withstand up to 6 psig.
The probability'of failure was therefore:

Pressure
(esic) Probability of Failure-

.

0 0
6 0

10 .25
20 >.5
50 1.0

The .f eplication uf Expert 8's e15 citation was that this would be a gross
fallare of the reactor building and, that, this failure would resule in

5.4 12
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what we would classify as a Level "d" bypass. The Expert did no: considerthe blowout panels. Since no significant leak is possible-below .25 psig
when the blowout panols rupture, we can construct the following table tor
leakage level vs pressure:

Pressure

0 2 6 J_ J_ l
Level a 10 1.0 0 0 0 0
Level b 0 1.0 1.0 ,75 .40 0
Level c 0 0- 0 0 0 0
Level d 0 0 0 .25 .60 1.0

1

Where we have used .6 to represent the Expert's assessment of >.5 and used
our general knowledge of tha reactor building to fill in the lower portion
of the curve (i. e . , < '' psf g) .

Sources of Uncertainty

The Expert identified the fo11owin6 areas of. uncertainty:
1. Will the torus rupture be a large leakage or fragmentation of the

torus shell?

2. What will be the weight and velocity of the fragments?
3. What will be the pressure in the torua after the blowdown?
4 What will be the pressure-in the_ reactor-building?

Correlation with Other Variables

The Expert did not specify any correlation with other variables., '!

Suggested Methods of Rodt.eine Uncertainty

The Expert said that if more information could be obtained on the
structural strength of the reactor huilding, then the failure ' pressure
could be specified more precisely.

'i
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Expert C's Elicitation

Effect of Wetwell Rupture on ECCS Survivability and Reactor
Building Integrity at Peach Bottom

Determination of Expert C's Rationale / Methodology

The Expert tied his clicitation on this issue to his elicitation on the P-T
induced containment failure. He used the same c ses as before and the riame
failure modes and probabilities. For the catastrophic wetwell rupture
case, he then branched out to the casos for this issuo.

Results of Exo,qrt C's Elicitatign

For P-T Cases 1, 2, and 3 at 170 psig and < 500*F, the ' conditional
probrbility of failing due to CWR:

1. The reactor building only .18

2. The llPSW pipe oaly .04

3. Both reactor building and HPSW pipe .08

4. . Falling neither .70

For P-T Cases .1, 2, and 3 at 150 psig and < 500*F, the conditional
probability of failing due to CWR:

1. The reactor building only .39
'

2. The HPSW pipe only .03

3. Bech reactor building and HPSV pipe .09

4. Failing neither .55

For P-T Case h at 150 psig and 800*F, the conditional probability of
falling due to CWR: .<

1. The reactor building only .08

2. The HPSU pipe only .06

3. Both reactor building and HPSW pipe - .06

4 Failing neither .80-

5.4 14-
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For F T Cases 1 and-2 at 170-psig, the conditional probability of reactor
building leak levels for WTaW or WRbW is:

1. -Level a .70-

2. _ Level b .05

0. Level c .25

4. Level d .00

For P-T Cases 1 and ~ 2 at 170-psig,_the conditional probability of reactor
building leak levels f or CWR is:

1. Level a .20

2. Level b .10

3. Level c .40-

4. Level d .30

For P-T Cases 3a at 150 psig end 600*F, the conditional probability _ of
reactor building leak. levels for WRaW or WRbW is:

.

1. Level a .80

2. Level b .05
5

3. Level c .15

4 Level'd .00

For P-1 Cases 3a at 150 psig and 800* F, the '' conditional probability- of -

reactor building leak levels for-CWR is:

1. Level.a .30

2. 14 vel b .10

3. level' c .40

4. Level d .20-

For P-T Cases 3b at|1200*F, the conditional probability of reactor building
_ leak levels _' for kWaV or .WRbW is :

1. Level a .70

2. 14 vel b - .J5~

3. Imvel c .25

4. Level-d_- 0.0

-5,4-15-
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For P T Case 3b at 1200'F, the conditional probability of reactor building- !'

leak levels for CWWR is: I
;-

{ 1. Level a .20
,

2. Level b ,10

i 3. Level c .40

j 4. Level d .30

; For P-T Case 4 at 150 psi 8 and 800'F, the conditional probability of
i reactor building leak levels for CWWR (others are Level "a") is:
i

| 1. Level a - .08 '

2, Level b 06
.

! 3. Level c ' .06

4. Level d - 0.80

Because of the bicwout panels to tne outside on the refueling floor and to
the turbine building, there will'always be some bypass for WWR, Therefore,
the Expert's Level "a" is really Level "b" for the purposes - of our modeling
of this issue and the two results for-"a" and "b" will be added together inthe aggregation,

lources of Uncertainty

Expert C suggested that more information on the structural strength of-the
reactor building would-enable him to reduce the uncertainty on the_ reactor
building failure pressure for the different scenarios.

Correlation, with Other-Variables

No correlations were specified ty the expert.for thig issue.
;

I

!

Sugeested Methods for Reducine Uncertqhjty.

Obtain more information on the. reactor building-structure.

5.4-16
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5.5 Lgste 5: Containment Failure at SeouoyahJue to Static Pressurs

Experts consulted: David Clauss, Sandia- National Laboratories; Kam
Hohktarian, Chicago Bridge & Iron; Don Wesley, IMPELL.

Inge Description

The issue is: what distribution characterizes the failure pressures for
static loading of the Sequoyah Containment? what conditional probabt;ities
describe the failure modes for each pressure?-

The Sequoyah ice condenser containment is in the shape of a cylinder with a
hemispherical dome. There is an outer building constructed of reinforced
concrete, but this issue concerns only with the- pressure boundaryi The
pressure boundary is located within the concrete shed structure and is a -

free standing steel shell with external stiffeners. The - founaation is a
reinforced concrete slab, _ and the steel shell is embedded in . this slab.
The design pressure is 10.8 psig, The free volume-is about 1,200,000 ft .3

The contain e r consists of three compartments: the lower compartment which
contains the RCS, steam generators, etc.; the ice condenser itself; and the
upper compartment, which contains the polar crane and little else.

_

Three pressure rise cases were described in the original definition-of the
issue:

1. Rapid pressure -increase at vessel breach;
2. Late deflagration;.and
3. 1# 3 gradual pressure rise.

Typical rise times for cases 1 and 2 would be on - the order of a - few
~

seconds. While rery high atmospheric temperatures: might be observed - for a
fraction of a minute -in - case 1, the bulk temperature :of the sreel liner
which forms the pressure boundary is not expected to exceed 300 ~ to 350 r
for any of th9 cases. Containment: failure due to detonations-is considered-
in another issue.

It is' necessary to distinguish between| failure locations - that would bypass
the ice condenser aad those which would not. Failure of the dome, or of
the equipment hatch, creates a path |from -- the upper compartment to the
environment, which does not-bypass the-ice condenser. Failure-in the ice
condenser itself is assumed to create-a bypass, but 60?-of.the containment
wall is' not occupied by + the ice condenser, and = failure in this segment
would not bypass - the - ice - condenser. Failure at the cylinder basemat
-junction: is below the ' bottom of the ice condenser, . and opens a path ~ from
the lower compartment to the . outside', bypassing ' the ice . condenser
completely. .The concrete building surrounding, he steel ,shell is not
considered to-be a significant barrier as its pressure capability is,less
than that of the steel shell,

l
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i- . The - original issue definition of_ a -large hole or rupture was .- an opening
larger than 1.0 fta, which resulted in- depressurir ation in less than about.

i 2 h. A small hole or leak was anything smaller than 1.0 fta, which did not*
result in depressurization in less'than about 2 h. A review of this matter
showed that large dry containments would - depressurize in 2- h for holes

; sizes on the order of 0.3 to 0.5 f ta. Thus a small hole or leak should2 have been on the order of 0.1 f ta, ar.d 1.0 f t2 is definitely a large hole
or rupture.,

;-
| The failure mode " Catastrophic Rupture" (CR) was added at the time of
j elicitation. The containment f ailure implied by - thia failure - mode is
2 complete failure of a . substantial portion of the contaiteent pressure-
) boundary, with possible disruption of the piping systems that penetrate or
; are attached to the containment wall.- catastrophic rupture is judged -to

always result in bypass of the -ice condenser. No gross structural failure-
is implied by the " Rupture" failure mode.,

:

{- Summary of Results

; The three panel members considering this issue all ' agt eed that the three~

cases could be treated together since. the pressure = rise times ' were - slow
enough that structural response could be considered static. liowever, they _
stressed that the pressure rise time and the ultimate -load in the absence
of failure must be considered , in determining the failure mode since the :$ development of a leak will _.not arrest the: pressure rise for events with'

,

fast rise times such as deflagrations and direct containment heating. -Two,

, of the three concluded that high temperature ' conditions , ($_00. to 600'F):
warranted separate consideration. One expert identified a separate failure

, mode for the higher temperature range. Itowever,-there was confusion in the
}- initial issue statement as to the exact meaning - of the temperatures given
i there. The temperatures in the 500 to - 600'F rango _ are transitory air
; temperatures in _ the upper - compartment, _ not bulk -' temperatures - of- the
f structural steel shell. The , surface temperatures |of < the "shell may reach

these temperatures briefly, but -_ the average - temperature . in - the membrane
-

never exceeds 300 to 350'F. Thus the - high ' temperature results were - not,

needed, and were not utilized.

*

- The distributions of=the three experts, in the form received, are1given in-
Table 5-1 for Expert A, Table 5 2_.for. Expert B, . and Table 5-3 ' for Expert C.,

i These tables were transformed into a common form for aggregating._.These are
;- Tables 5-4, 5+5, and 5_-6. .The' data manipulations requiredfare discussed in !the next-section. -Note that the conditional probabilities'for failure mode

- are interval probabilities,; that is, they apply only for failure 1:in Tthe7

interval between the
line.

_ pressure indicated - and the _ pressure Lon the previous

Expert . A concluded that the containment would fail by either catastrophic,.

rupture of the cylindrical shell : or buckling' of the c'quipment hatch.- He
provided independent cumulative failure probabilities for. each location .as

- shown in Table 5-1. Failure of the' shell -wo'uld - always be ? a Leatastrophic
,

_
_

n
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rupture, which bypasses the ice condenser. Buckling of the-equipment hatch:
would always be a leak. Because of the location of the hatch, this ' leak
does not bypass the ice condenser, Expert A thought that the median
pressure for_fa'ilure of the shell was_80 psig, whereas hatch buckling would
only_ reach a cumulative probability of 10% at 120 psig._. Thus, Expert A's
conclusions were heavily weighted toward catastrophic rupture.

Table 5 1
Sequoyah Static, Failure Probabilities for Expert A

__

Cylinder Shell _ Hatch Buckil ED

Pressure Cumulative Conditional Prob. Cumulative- Conditional
.(nigl- Failure Proh Catastrophic,,J, m Failure Prob. Prob. teak

20 -0.000 1,000 0.000 1.000
25 0.000 1,000 0.000. 1,000

30 0.000 1,000 '0,000 1.000
35 0.000 1,000 0.000 1,000

40 0.000 1.000 0.000 1,000
45 0.000 1.000 0.000 1,000
50 0,001' 1,000 0.000 1.000
55 0,010 1,000: 0.000 1,000

60 0,035 1.000 -0,000- 1,000
65 0.100 1,000 0,000 1,000
70 0,210- 1,000 0,000 1,000
75 0,340 1.000 0.000- -1.000

80 0,500- 1.000- 0,001- 1.000
85 0.630- 1,000 0,010 1.000

.90 0,760- 1,000 0.020 1,000
95 0,840 1,000' 0,033 1,000

100 0.920 '1,000 0,047= 1,000
105 0.960 1.000 0,060 1.000
110 0.980 1,000 0,073 1,000
115 0.990- 1,000 0,087- 1,000-

120 1,000 1.000 0,100 1,000.

__

Expert B thought that the containment could fail by rupture ; of- the cylin.
._drical shell, ovalization of the hatch flange, or failure of the anchorage
system . (see Table 5-2). He provided - independent 1 distributions for each
location, For each location, , he _provided conditional probabilities for
failure mode, For rupture of the shall, his median failure pressure was 60.-
psig. For shell' . f ailure , he _was _ certain that tho - mode would be rupture
below 50 psig and catastrophic _ failure above 55 psig. It was assumed that
the shell ruptures would be randomly . distributed in azimuth. As the ice _

5,5-3-
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i Table 5 2
i Sequoyah Static. Failurn Probabilities for Expert B
1
i
*

cv11nder Shell Hatch ovalitation Anchorare Failure

j Cumul. Cond. Cond. Cumul. Cond. Cond. Cumut. Cond. Cond.
. Pressure Failure Prob. frob. Failure Prob. Prob. Failure Prob. Prob..

hglil IIsh Burture Ett.R.;n. Preb. Liit Ibis 12Lt Preb- he Eas.t.u.s

; 20 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000
2S 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000*

30 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000
+ 35 0.00$ 1.000 0.000 0,000 1.000 0.600 0.000 1.000 0.000
1

40 0.006 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000.

43 0.006 1.000 0.000- - 0.000 1.000 0.000 0.000 1.000 0.000
50 0.010 0.600 0.200 .0.000 1.000 0.000 0.000 1.006 0.000,

; SS 0.100 0,300 0.700 0,000 1.000 0.000 0,000 1.000 0.000

60 0.500 0.000 1.000 0.000 1.000 0.000 0.000 1.000. 0.000
63 0.620 0.000 1.000 0.010 1.000 0.000 0.100 1.000 0.000

a 70 0.750 0.000 1.000 0.990 0.800 0.200 0.250 1.000 0.000
75 0.90J 0.000 1.000 0.999 0.200 0,800 0.500- 0.700 0.300

60 0.990 0.000 1.000 0.009 .0.000 1.000 0.600 0.J u . 0.700
., 6$ 0.992 0.000 1.000 0.999 0.000 .1.000 0,850 0,000 1.000
3 90 0.994 0.000 1.000 0.999 0.000 1.000- 0.900 0.000 1.000'

95 0.993 0,000 1.000 1.000 0.000 1.000 0.930 0.000 1.000

100 0,996 0.000 1.000 1.000 0.000 1.000 .0.960 0. C's 0 1.000
*

'

105 0.997 0.000 1.000 1.000 0.000 1.000 0.990 0.03h 1.000
llo 0.996 0.000 1.000 1.000 0.000 1.000 0.995 0.00A 1.000
111 0.999 0.000 1.000 1.000 0.000 1.000 0.999 0.000 1.000

*

1;J 1,000 0.000 1.000 1.000 0,000 1.000 1.000 0.000 1.000
.

4
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;
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condenser occupies _ 300* of the . outer _ wall of the -containment, five-sixths
of the shell ruptures will occur in the ice condenser and will therefore
bypass it, while one sixth of the shell ruptures will not bypass the ice
condenser._ Expert B was certain that ovalization of the hatch flange would-
cause containment failure between 65 and 70 psig. As the size of the
opening depends directly upon the expansion ' of the shell, _ which in turn
causes the ovalization of the flange, _ he was ' certain it would be a leak
below 70 psig and a rupture above 75 psig. For anchorage failure, Expert
B's median failure pressure was 75 ' psig. _ He was certain that the mcde
would be leak below 75 psig and -catastrophic- failure above 80 psig. All
anchorage failures will bypars the 4ce condenser.

Expert C provided joint cumulative failure ~ probabilities for the five
failure iodes directly, as shown in Table 5-3. His median failure pressure
is about 54 paig. At the lower failure pressures all failure modes are
possible, but at the higher failure pressures the predominant failure mode

_

is CR.

Table 5,3-

Sequoyah Static. Failure Probabilities for Expert C-

Joint Cumulatine Probabilities

Pressure Leak Leak Rupture Rupture Catastrophic All-
(osin) No Bvoagg Bvoasa No Bvoass Bvoass Ruoture Modes

20 0.000 0.000 0.000 0.000- 0.000 0.000
25 0.000 0.000 0.000 0.000 0.000 0.000
30 0.015 0.025 0,005- 0.010- 0.000 0,055
35 0.030 0.050 0.010 0.020 0.000 0.110

40 0.035- 0.055- 0.020 0.060 0.005 0.175-
45 0.040 0.060 0.030- 0.100 0.010 0.240
50 0.040 0.065 0.100 0.130 0.025 -0.360
55 0.040- 0.070' O.170- 0.160 0.040: 0.480

60- -0.040 0.070 0.190 0.180 -0.170 0.650
65 0.040 -0.070 0.210 0.200 -0.300 0.820
70- 0.040 0.070 0.215 0.205- 0.380- 0.910
75_ _ 0.040 0.070 0.220 0.210 0.460 1.000

80 0.040 0.070 0.220 0.210_ 0.460 1.000.
85 0.040 0.070 0.220: 0.210 0.460 1.000
90 0.040 0.070- 0.220 -0.210' :0.460 1.000
95 0.040 -0.070 0.220. 0.'210 0.460 1.000

100 0.040- 0.070 0.220 0.210! 0.460 1.000"
105 0.040 0.070 0.220 0.210: 0.460 1.000
110 0.040- 0.070 0,220~ 0.210 -0.'460 1.000
115 0.040 0.070 0.220 0.210 0.460 1.000
120 0.040 0.070- 0.220 0.210 -0.460 -1.000

5.5-5
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Table 5 4',

i Conversion of Expert A's Elicitation Values froin Table:5 1
t
i

4

Interval Conditional Probabilities
- Cumulative -Failure-

{ Pressure Petluto Prob. Leak Le ak . Rupture Rupture ' Catastrophic..
j .frein). Probability Dypsity No Byeens- Pyrass .f2.1%C311 Pyee p s _. P ort ure
I

'

!- 20 0.000 0.000- 0.000 0.000' O.000 0.000 1.000. , ;
25 0,000 0.000 0.000 0.000 0.000- 0.000 1.000

$ 30 0,000 0.000 0.000 0.000 0.000 0.000 1.000
'

35 0.000 0,000 0.000 0.000 0.000.- 0.000 1.000 .

! 40 0.000 0.000! 0.000 0.000 0.000 0.000 1.c0 e .
!- 4$ 0.000 0.000 0.000 0.000 0.000 0.060- 1.0 so
| $0 -0.001 0.001 0.000 0.000 0.000 0,000 - 1 t 00
i SS 0.010. 0.009 0.000 0.000,- 0.000 0,000 1.0w0

-.

j 60 0.035 0.025 0.000 0.000 0.000- 0.000 1.000
j 6b 0.100 0,06$ 0.000 0.000 0.000. 0,000 1.000
1 70 0.210 0.110 0.000 0,000 0.000 0.000- 1.000 -
j 75 0.340 - 0.130 0.000 0.000 0.000 - 0.000 1.000
i
: 60 0.501 0.360 0.004 0.000 0.000- 0.000 0.W96
| 85 0.634 0.133 0.029' O.000 0.000 -0.000- 0.971
s 90 0.765 ~0.131 0.023 0.000- 0.000- 0.000 0.97 7 -~

.95 0.845 0.060 0.032 0.000 0.000 0,000 0.968
4

s

j 100 0.924 0.078 3.021 0.000 z0.000 0,000 0.979
[ -- 10$ 0.962 0.039.- 0.020 0.000 - 0.000' O.000 0.960"

110 0,981 0 019 0.021 0.000 0.000. -0.000 0.979 - *

115 0.991- 0.009 0.022 0.000 0.000 -0.000 0.976,

120 1.000 0.000 0.022 0.000 0.000- 0,000 0.978..

1
,

0

4
o

4

i

a.
4-

1

1

$

e
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' Table 5 5
Conversion of Expert B's Elicication Values from Table 5 2

Interval Conditional Probabilities
Cumulative Failure

Fressure failure - Prob.. Le ak . Lenk Rupture Rispture Catastrophic
>

h1 [ @ )1111I Density No Pyress, Pyeets No P nese J gir L Rueture

20 0.000 0.000 0.000 0.000 0.167 0.833 '0.000
25 - 0.000 0.000 0.000 0.000 0.167 0.833 0.000
30 0.000 0.000 0.000 0.000 1.167L 0 833 0.0004

35 0.005 0.005 0.000 0.000 0.167 0.833 0,000

40 0.006 0.001 0.000 0,000 0.167 0.833
~

0,000
45 0.004 0.002 0.000 0.000 0,167 0.833 0.000
50 0.010 0.002 0.000 0.000 0.133 0.667 0.200 -
55 0.100 0.090 0.000 0.000 0.050 0.250 0.700

60 0.500 0.400 0.000 0.00( 0.000 0.000' 1.000
65 0.661 0,161 0.043 0.435 0.000 0.000 0.$22 -
70 0.098 0.337 0.622 0,119 0.156 0.000 0.103
75 1.000 0.002 0.004 0.428 0.018 0.183 0.367

80 1.000 0.000 0.000 0.131 0.000 0.!39 0.231
85 _ 1.000 0.000 0.000 0.000 .0.002 0.960 0.038 -

'

00 1.000 0.000 0,000 0.000 0.002 0.060 0.03895 : 1.000 0.000 0.000 0.000 0,000 0.000 1.000

100 1.000 0.000 0.000 0,000 0.000 0,000 1.000105 1.000 0.000 0.000 0.000 0.000 0.000 1.000110 1.000 0.000 0.000 0.000 0.000 0.000 1.000'115 1,000 0.000 0.000 'O.000 0,000 10.000~ 1,000
120 1.000 6.000 0.000 0.000 0.000 - -0.000 '1.000

h

-

A
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Table 5 6.
Conversion of Expert C'a Elicitation Values from Table 5 3

f n t e rv s 1 'Condi t ion s 1 Prob abi li t i e s
Cumulative Tailure

Pressure Failure Prob. Lenk Leak Rupture Rupture Catastrophic
MAL Probability Deretty F.1 Pyt e s s., Pyress Ah A gg L hoture

,10 0.000 0.000 0.273 0.455 0.001 3.182- 0.000
25 0.000 0.000 0.273 0.455 0.001 0.562 0.000
30 0.055 0.055 0.275 0.455 0.091 .182 0.000
35 0.110 0,055 0.273 0.455 0.091 0.162 0,000

40 0.175 0.005 0.077 0.077 0.154 0.615 0,077

45 0.240 0.065 0.077 0.077 0.154 0.615 0,, |
*

50 0.360 0,120 0.000 0.042 0,583 0,250 0.11-,
55 0.480 0.120 0.000 0.042 0.583 0.250 0,125

60 0.650 0.170 0.000 0.000 0.118 0.116 0.765
65 0,820 0.170 0.000 0.000 0.110 0.116 0.765
70 0,910 0,000 0.000 0.000 0.056 0.056 0.689
75 1.000 0,000 0.000 0.000 0.050- 0.056 0.889

80 1,000 0.000- 0.000 0.000 0.056 0,056 0.889 .

85 1.000 0,000 0.000 0.000 0.0$6 0.056 0.880
90 1.000 0.000 0.000 0,000 0.056 0,016 0.689 -
95 1.000 0.000 0.000 0,000 0.056 - 0,056 0,680

100 1.000 0.000 0.000 0.000 0.056 0,056 0.889
105 1.000 0.000 0,000 0.000 0.056 0,056 0.889
110 1.000 0.000 0,000 0.000 0.056 0,056 0.689
115 1.000 0.000 0.000 0.000 0,056 0,056 0,689 -
120 1,000 0.000 0.000 0,000 0.056 0.056 0,889

|-
|-
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Table 57 gives the aggregate distribution. The three individual
1 d!stributions were aggregated as explained in the next section. The median

of the average distribution is about 64 psig. The 5 and 95% failure-
pressures are about 39_ and' 95 psig, respectively,- At the very lowest
failure pressures, leak is the dominant - failure mode, Above the median
failure-pressure, catastrophic rupture is the dominant failure mode.

Figure 51 shows the cumulative failure probability for static failure
pressure at Sequoyah for the three experts who considered this issue and
tho aggregate. Figures 5-2 through 56 are plots of the conditional
probabilities for the five failure modes. These plots do not have a smooth
monotonic appearance since each expert thought that each failure mode was
most likely to occur in a different pressure range.

Table 5-7
Aggregate Static Failure Probabilities for Sequoyah

Interval Conditional Probabilities_.
Cumulative Failure

Pressure Fo11ure Prob. Leek Leak Rupture Ruptuto Catasttophictrein), ProbaM11tv Density No Byrase _ Bvcena No Pyrets Berens Ruoture

20 0.000 0.000 0.273 0.45) 0.091 0.182 0.00025 0.000 0.000 0.273 0.455 0.091 0.182 0,000
30 0.018 0.018 0.273 0.455 0.001 0.182 0.00035 0.036 0.020 0.250 0.417 0.007 0.236 0.000
40 0.060 0.022 0.076 0.076 0.154 0.619 0.07645 0.083 0.022 0.075 0.075 0.154 0.822 0.07550 0.124 0.041 0.000 0.041 0.571 0.255 0.13355 0.197 0.073 0.000 0.023 0.340 0.240 0.397
60 0.395 0.198 0.000 0.000' O.034 0.034 0.93365 0.527 0.132 0.018 0,177 0.020 0.050 0.70470 0.706 0.179 0.090 0,07S 0.107 0.009. 0.41975 0,780 0.074 0.000 0.004 0.023 0.024 0.950
60 0.033 0.054 0.004 0.600 0.000 0.000 0.99665 0.670 0.044 0.029 0.000 0.000 0.000- C.97190 0.922 0.044 0.023 0.000 0.000 0.000 0.97795 0.948 0.027 0,032 0,000 0.000 0.000 0.960'
100 0.975 0.026 0.021 0.000 0.000 0.000 0.979105 0.967 0,013 0.020 0,004 0.000 0,000 0.980110 0.994 0.006 0.021 0.000 0.000 0.000 0.979115 0.997 0.003 0,022 0.000 0.000 0.000 0.978120 1.000 0.003 0.022 0.000 0.000 0.000- 0.978

5.5 9
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de_thod of Acerecation

Some manipulation was required to get each expert's elicitation values into
the form of Tables 5-1, 5-2, and 5 3, so_they could be combined to-obtain
Table 5-7. The -distributions the experts ' provided were not for -5 psig
increments (the actual values provided are given below) so interpolation
has been used to determine probabilities for the 5 psig increments.

Converting the results of Expert A from Table 51 to Table 54 was
straightforward since he had only shell and hatch failures,; and the shell
failures are always catastrophic failure and the hatch' failures are al*eays
leak--no bypass. The Cumulative Failure Probability column in Table 5 4 is
formed by the equation:

CFP(i) - 1- - ( -1 G,3(1) ) * ( 1 - 0 .(i) )3

for each pressure interval 1, where:

CFP(i) is the total cumulative failure probability for interval i;

G,3(1) is the independent cumulative probability for failure of the
-

cylindrical shell for interval i;
and

G ,(i) is the independent cumulative probability for failure of the3

hatch by buckling for interval 1.

Above 75 psig, the standard formula for converting independent distribu-
tions to interval conditional probabilities was used. It is:

Ca(i) - [ ( 2 - CFP(i) - CFP(1 1) ) * ( G ,(1) - G (1-1) ) ) /3 3

[ ( 2 - G .(1) G .(1-1) ) * ( CFr* (i) - CFP(1-1) ))3 3

for each pressure interval 1, where CFP(i), Geh(i), and 0 ,(i) have been -3defined above, and.

Ca(1) is the interval conditional probability for-leak - no- bypassfor interval 1.

The equation for the interval conditional probability for CR,- C ,(1), is
analogous. . The standard formulas did not give meaningful results for - 120
psig, so the - interval- conditional probabilities for the previous interval
were used.

Converting the results of Expert B - from : Table 5-2 to Table 5-5 was much
more-complicated-since Expert B provided independent distributions for each
location, and, for .each location, conditional probabilities _ for failure
mode. The Cumulative Failure Probability columns in Tables-5-2 and 5-5_are.easily formed from:

CFP(i) - 1 - ( 1 G,3(i) ) * ( 1 - G ,(1) ) * ( 1 - G,n(i) )3

5.5 13
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for each pressure - interval 1, where where CFP(i), - Geh(i), and Gn.(i) have
been defined above, and

'
.

; G,n(i) is the independent cumulative probability for failure of the-

anchorage for interval 1.,

The interval conditional probabilities were more difficult to obtain,
First the interval probability densities shown in Table 5-8 were obtained,

by backward differencing. Next the conditional probabilities in Table 5-2'

were used to obtain the joint - probability densities (joint on pressure*

interval, location, and mode) shown in Table 5-9. For rupture-no bypass
failure of the shell, the shell failure probability density from Table 5 8>

is multiplied by one sixth of the conditional probability- for rupture for

[ the shell (the third column) in Table 5-2 since only one sixth of the
i rsytures will-not bypass the ice condenser. The other columns in Table 5-9
*

are found analogously.*

,

The interval conditional probabilities shown in Table 5-_5 are : formed by:
' considering-similar failbro modes together without regard to location and

normalizing by the total density for that interval, 'There is only cne'

[ catastrophic failure column (shell) in Table _5-9,- so - the - entry ; in - Table
5 5, for a given pressure interval, is just the_ entry in Table 5 9 divided '

,

by. the sum of all the entries in that row in _ Table ' 5 9. There are two
columns for rupture bypass (shell and anchorage) in Tabla 5-9, - e,o _the entry,

j in Table 5-5 is the sum of both of rupture-bypass entries in Table 59
divided by the sum of all the-entries in that row in Table 5 9. Table 5 5-
has the results of Expert B in the proper form for averaging with the

'

.

; results of Experts A and C.

Expert C gave joint cumulative probabilities for pressure and failure modes
as shown in Table 5-3. The All Modes columi, which is thelsum of the five,

columns to the left of it, is therefore the cumuistive-failure probability,

shown in Table 5 6. The Failure-Probability !>ensity column in Table 5-2 is
the backward difference of the cumulative failure probability. The
Interval Conditional Probabilities in Table 5-6 are ' formed by considering
the joint probability densities. That is, the backward differences -of the

entries in Table 5-3 are divided by the total Failure Probability Density,
the second column in Table 5-6, to get the Interval Conditional
Probabilities in Table 5-6.

i
I
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Table 5 8
- Interval Probabilty Densities

Failure-Probability
Density

Pressure Total Cumulative
(psic) Fa'ilure Probability Shell Hatch Anchorage

20 0.000 0.000 0.000 0.000
25 0.000 0.000 0,000 0.000
30 0.000 0.000 0.000 0.000. .

35 0.005 -0.005 0.000 0.000

40 0.006 0.001 0.000- -0.000
45 0.008 0,002 0.000 0.000
50 0.010 0.002 0.000 -0.000
55 0.100 0.090 0.000 0.000

60 0.500 0.400 0.000 0.0001
65 0.661 0.120-- 0.010- 0.100.
70 0.998- 0.130 0.980 ~0.150
75 1.000 0.150 0.009 -0.250

80 1.000 0.090. 0.000 0.300
85 1.000 0.002: 0.000- 0.050
90 1.000 0.002 0.000 0.050
95 1,000- 0.001 0.000 0.030-

100 1.000- 0.001 0.000 0,030
-105 1.000 0.001 10.000 0.030-
110 1.000 0.001- 0.000 0.005 -
115 1.000 0.001 0.000 0.004
120 1.000 '0.0011 0.000 0.001

r
J
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Table 5 9 |

Expert B's Joint Probability. Densities

Shell Joint Failure Hatch Joint Anchor, Joint
Probability Density Fail. Prob. Dens. _ Fall. Prob. Dens.

Pressure Rupture Rupture Catas. Leak Rupture Leak Rupture
_f osi r3 No Bvonsa _3ygg31 Ruoture No Bvoass No Bvoass Bvnass Byvans

20 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ;

25 0.000 0.000 0.000 0.000 0,000 0.000 0.000
30 0.000 0.000 0.000 0.000 0,000 0.000 0.000
35 0.001 0.004 0.000 0.000 0.000 0.000 0.000

40 0.000 0.001 0.000 0.000 0.000 0,000 0.000
45 0.000 0.002 0.000 0.000 0.000 0.000 0.000
50 0.000 0.001 0.000 0.000 0.000 0.000 0,000
55 0.005 0.023 0.063 'O.000 0.000 0.000 0.000

60 0.000 0.000 0.400 0.000 0.000 0.000 0.000
65 0.000 0.000 0.120 0.010 0.000 0.100 0.000
70 0.000 0.000 0.130 0.784 0.196 0.-150_ _0.000
75 0.000 0,000 0.150 0.002 0.007 0.175- 0.075

80 0.000 0.000 0.090 0.000 0,000 ' O .' 09 0 - _0.210
85 0.000 0.000 0.002 0.000 0.000 0.000 0.050
90 0.000 0.000 0.002 'O.000 0.000 0.000- 0;050
95 0,000 0.000 0.001 0.000 0.000 0.000 .0.030-

100- 0.000 0.000 0,001 0.000 0.000 0.000' O.030
105 0.000 0.000 0.001 0.000' 'O.000 0.000. 0.030:
110 0.000 0.000 0.001 0.000 0.000- 0.000- 0.005
115 0.000 0.000 0.001 0.000 '0.000- 0.000 0.004
120 0.000 0.000 0.001 0.000 0.000 0.000- 0.001

t

-

The aggregation of the cumulative failure p,robability is a-straightforward
.

averaging-process. That is, the aggregate' values of the cumulative failure I
probability for each ; pressure interval- in Tables :5-4, -5 5', land . 5 6 -- are

-
'

summed: and divided by; three. For thc . interval' conditional _ probabilities,
-the aggregate' is formed - by weighting each expert's. ' interval conditional
probability by _ the failure probability - density - for the interval. .The-

.

'

equation used is:

C(1,m) - [L C (1,m) - * D (i); +; C (1,m) *[D (i)[+ Cc(1,m) * De(i) } ._ 4 -a 3 a

/ ( D (i) +- Da(i) +' De(i)1]|| A

where:

C(1,m) is_the-aggregate conditional. probability for failure in mode m,
given that the failure occurs in pressure interval i;
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C (1,m) is Expert _j 's conditional probability for failure- in _ mode m,3

given that the failure occurs in pressure interval 1; and

D (i) is Expert j's probability that the containment will fail3

in pressure interval.i.

This can be shown to be equivalent to averaging the . joint probabilities.
The proof is as follows: let

D(i) be the aggregate probrSility that the containment will fail
in pressure interval i;

J (1,m) be Expert j's joint probability that the ccntaine:ent will3

fail in pressure-interval 1 and in failer muds m; ed

J(1,m) 'oe the aggregate joint probability th.et the conrWnment will
fail in pressure interval i and in failuria mode m; and now

D(i) - [ D (1) + D,(i) + De(i) ) / 3-4

and

J(1,m) - [ J (i.m) + J,(1,m) + ht| m) -] ' 3.g

The relaticnship between the fr.ilure probtibility density, D, the joint
failure probability, J, and the'conditioral fu lure mode probability is:

J(1,m) _D(i) * C(1,m).

So

C(1,m) - J(1,m) / D(1) -- ( [ J (1,m) + Jn(1,m) + Jc(1,m) ) / 3 )-4.

/ ( [ Da(1, + Da(i)-- +. De(i) } / 3 )..

Using the relar bn=Up between the density , the joint, and the conditional
probabilities _ic each expert this becomes

C(1,n) -- [ Cr(1,m) * D (i) + Ca(1,m) * D,(i) + Cc(1,m) * De(i) -]_ 4

[ Dx(i) + D (1) + De(i) I/ 3

as above.

Method of Determinine Containment Failure

This section discusses the manner in which the results of the elicitations--
on this issue will be used in the event trees that follow the accident-

progression. For each observation in the-sample, a samplins scheme' selects
lead pressure L from a load distribution given by the Containment Loadsa

-Panel, and it selects a containment failure: pressure from the aggregate
curve given in Table =5-7. It also selects a random number between zero and
one to be used to determine the mode of failure.
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The load pressure and the centainment - failure pressure are compared by a
user function in the event tree. If_the load pressure is less than the
containment failure pressure, the containment does not fail. If the load
pressure is greater than.or equal to'the containment failure pressure, the
containment fails. If the containment fails, the random number is used to
determine the failure mode. Consider the f411owing example: the failurea

pressure is 65 psig, the load pressure it psig, and pressure rise is
slow compared to the time it takes a leak to depressurize the containment.
Because the occurrence 'of a leak will arrest the pressure rise, the
interval conditional probability entries in Table 5-7 for 65_ psig are used
to determine the failure mode. The interval conditional probability for
leak no bypass is 0.018, so if the random number is less than 0.018, _ the
failure mode is leak no bypass. The interval conditional probability for
leak bypass is 0.177, so if the rardom number is between 0.018 and 0.195 (-
0.018 + 0.177) the failure mode is leak-bypass. The other failure modes
are determined analogously. The following table gives the results for a
failure pressure of 65 psig:

Rangg for Random Nugjter,, Failure Mode__

0.000 0.018 Leak no bypass
0.018 - 0.195 Leak bypass
0.195 - 0.245 Rupture no bypass
0.245 - 0.295 Rupture-bypass
0,295 - 1.000 Catastrophic Rupture

In Table 5-7, for 65 psig, the conditiona,1 probability for catastrophic
failure is 0.704, not 0.705 as implied here. This difference is due -to
roundoff error.

If the pressure rise is fast compared to the time it takes -- a leak to i

depressurize the containment, the determination of the failure mode is more
complicated. Again consider the example in which the failure pressure is ;65 psig and the load pressure is 70 psig.

If a leak develops at 65 psig, the pressure will keep on rising, and a_
rupture or catastrophic failure may develop between 65 and '70 psig. To

_

determine the appropriate failure probability density for determining the
. probabilities of . ruptures and catastrophic failures = between_65 and 70 psig,
the portion'of the distribution below 65 psig is discounted since failure
has occurred - at f 5 psig. Thus , . the density used to determine - if an
additional rupture may occur between 65 -and 70 psig is not FPD(70) - 0.179,
but FPD(70)/( 1 CFP(65) )'- 0,179/0.473 0 378. The conditional- -

probability of additional ruptures forming - between 65 _and 70 psig is _ the
leak probability at 65.psig (0.018 + 0.177 - 0.195) times the appropriate
failure density times the_ conditional rupture probability for the 70 psig-
interval. For the conditional probability of rupture-no bypass , the -
average of the values for 65 and 70. psig.-(0.5*(0.50 + 0.107) - 0.0785)- is
used. Thus, the conditional- probability of rupture-no bypass for a fast
pressure rise, failure pressurs equal 65 psig,-load pressure'equ'al 70 psig
is:

0.056 - 0.050 +-0.195-* 0.378 * 0.0785.
5;5-16
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In general terms, this is:

R,n(i) - R,n(1 1) + ( Rtn(1-1) + Rn,(1-1) ) * 0.5 *

( 4(i) + Crn(1 1) ) * FPD(i) / ( 1 CFP(1-1) )

where:

R,o(i) is the interval conditional probability of rupture-no bypass
for rapid pressure rise for pressure interval i;

Rtn(i) is the interval conditional probability of leak no bypass
for rapid pressure rise for pressure interval i;

Rn,(1) is the interval conditional probability of leak bypass
for rapid pressure rise for pressure interval i;

CFP(i) is the cumulative failure probability for all failure modes
for pressure interval i;

FPD(i) is the failure probability density for all failure modes
for pressure interval i;

and

C,3(1) is the conditional failure probability for rupture no bypass
for pressure interval i.

Analogous equatiory, are used to find the interval conditional probabilities
of rupture-bypass (R,3) and catastrophic rupture (R,,) for fast pressure
- rise. The total remaining leak fraction (Rn) is then found from:

Ra(i) - 1 R,n(i) - Rg(i) R ,(i) .

The total Icak fraction is split among leak-no bypass and leak bypass by
the same ratio as the original conditional probabilitice for that interval.

Table 5-10 shows the failure modo probabilities for rapid pressure rise for
a failure pressure of 65 psig. The entry for rupture-no bypass-for a load-

pressure of 70 psig is 0.056 as calculated above.

Successive applications of the equations discussed above - determine the
entries for each row based on the row above and the entries in Table 5 7,
Zeros have been entered for the failure mode probabilities in Table 5-7-
where the load pressure is below the failure pressure. In a few rows of
Table 5-7, the failure mode probabilities add to 0.999'or 1.001 instead of:

'

1.000. This~is due to roundoff error in the program used to generate Table
5-10.

After studying Table 5-10 some' readers have inquired why the failure mode '

probabilities don't go to the upper limit values shown in Table 5 7. That
is why don' t - the entries for 100 to 120 psig in Table 5-10 closely
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resemble the entries for 100 to 120 psig in Table 5-7? The answer is that,

the results shown in Table 5-10 come from a much different type of,

calculation. For rapid pressure - rise, of the fraction of leaks that are,

atill leaks at 110 psig, and for which an additional failure is calculated
'

4 at 110 psig, 97.9% go to catastrophic rupture as indicated in Table 5-7.
, Table S 0 shows the results of working up ; pressure from 65 psis to the
# load pressures shown in the Icft column. Rupeures are non zero for 70 and

75 psig, so the rupture probability for 120 psig in Tablo 5 '10 cannot be

{ zero as it is in Table 5-7.
.

Table 5 10
| Failure Mode Probabilities for Rapid Pressure Rise *

Failure Pressure - 65 psig
1
3

-

1
5 Intervel Conditional frohebilities
4 Cumulative Failure

Pressure Failure Prob. Leak Leak Rupture Rupture Catastrophic
(rein) Prot'ab111 tv Dersity th . Pyre st P yr e e t,. No Pvvens Jypots . Rutture*

I
+ 20 0.000 0.000 0.000 0.000 0,000 0,000 0.000
a 25 0.000 0.000 0.000 0.000 0.000 0.000 0.000
j 30 0.010 0.018 0.000 0.000 0.000 0,000 0.000

3S 0.036 0.020 0.000 0.000 0.000 0.000 0.000

40 0.060 0.022 0.000 0.000 0.000 0.000 0.000
45 0.083 -0.022 0.000 0.000 0.000 0.000 0,000,

- 50 0.124 0.041 0.000 0.000 0,000 0.000 0.000
55 0,197 0.073 0.000 0.000 0.000 0.000 0.000-

60 0.395 0.198 0.000 0.000 0.000 0.000 0.000'

65 0.527 0.132 0,018 0.177 0.050 0.050. 0.704
70 0.700 0.179 0.122 0.023 0,056 0.053 0.746

| 75 0,780 0.074 0,001 0.116 0.050 0.053 0.7/1
'

80 0.833 0.054 0.087 0.002 0.059 0.n54 - 0.79g
65 0.678 0.044 0.066 0.000 0.059 0.054 0.622.4

| 90 0.9?2 0.044 0.043 0.000 0.059 0.054 0.945
95 0.948 0,027 0.029 0.000 0.059: 0.054 0.659

100 0.975- 0.028 0.014 0.000 .0 .0 50 - -0.054 0.673
105 0,937 0.013 0.007 0.000 0.059 C.054 ~ 0.880i

4 110 0,394 0.006 0.004 0.000 0.050 -0.054 0.884 :
115 0.997 0.003 0.002 0.000 0.059 0.054 0.666
120 1.000 0.003 0.000 0.000 0.059 0.054 0.887

.

-

a

$

4
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Expert A's-Elicitation

Containment Failure at Sequoyah Due to Static Pressure

pngrintion of hoert A's Rationale /Methodolorv

Expert A considered seven failure medes or locations,

1. Membrane railure of the Cylir. der
2. Membrane Failure of the, Dome
3. Bucklin5 of the Equipment Hatch
4. Personnel Airlock
5. Pipe Penetrations
6. Electrical Penetrations
7. Anchor Bolts.

Expert A ruled out failure of the dsme; since it is hemispherical and has
about the same thickness as the cylindar, it will be stronger than the
cylinder. Based on previous work and knowledge, he concluded that the
personnel airlock would not fail before the cylinder. Only local yielding
could be expected up te pressures well above the cylinder - failure
pressures, and the flexible seals can accommodate:what yielding may occur.

-

Since the IDCOR study showed ~ that pipe penetrations had high safety
margins, he did - not consider them ' further. The electrical penetrations
were also ruled out as a i'estinghouse study showed they were good to 100 -
psig or more at about 340'F. Thus, the lower bound for electrical
penetration failure is above the upper bound for membrane failure of the
cylinder.

Details of the equipment penetration reinforcement were not available for
revtew. Based on . experience with other free standing -steel containments.
Expert A expected the penetration reinforcement - to be somewhat over-

.

reinforced compared to the shell stiffener ' system away - frem maj or
penetrations. Also, the plate thickness is 5/8 in. ' to 11/16 'in, in thearea of the equipment : hatch. This is expected to result in a stiff area
around the penetration with strains significont.ly less than those in the
1/2-in, plate near the: spring line. Consequently, leakage from the-'

equipment penetration--hatch interface due to ovalization ' or other
distortion is not expected to be a controlling mode of failure.

Expert A considered cylinder membrane failure, equipment hatch buckling,
and anchor bolt failure in some: detail.

Based on the drawing of the anchor: bolts available to Expert A before the
elicitation meeting, he felt the ancher bolts were -likely to . yield at
pressu es comparable with those for which cylinder failure was estimated.

'

This would ' result f in leakage beneath the. steel : containment wall, | assuming
fracture of the weld between the containment wall and the. floor liner, At
the meeting he obtained a better detail drawins of the anchor chair area,
which showed that both bolt .nd chair were embedded.in reinforced concrete.
Based on this new information, Expert A decided - that anchor bolt failure
was negligible compared to membrane failure.

,

5.5-23
>

-'

s - - - 'W



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

'

Membrane Failure of'the Cylinder. Using Sandia's finite element-analysis
results and other similar analyses, Expert A concluded that the highest
stresses and strains in the cylindrical portion of the containment will
occur in the half-inch plate just-below the spring line. Using actual
matetial properties and smearing out the stiffeners, Expert A calculated a
pr/t st ess that was close to those obtained by the finite element analyses
and concluded that the onset of general yield occurred at 58 psig. Due to,

biaxial strain effects and gauge effects, Expert A considered it possible
that failure inight not occur until 10 - or even 12% _ strain was reached.
Hoo ver, he considered it much more likely that failure would occur between
1 and 5% strain.

Ryckline of the Eagipment He1.sh. The middle of the pressure range for this
failure mode is about 200 psig. This is based on Expert A's knowledge of
spherical cap tests and analyses. The range is quite vide, as the buckling
f.alure mode is associated with large variability. This is shown by the
experimental data. A*LA-2.A 3

Egsults of Exnert A',s Elicitation

MembraneJaj1ure of the Cvlinder. Expert A took the onset of general yield
at 58 psig to be the lower bound (2% probability) for his failure curve.
Assuming that failure was most likely around 3% strain, he got 80 poig as
his median failure pressure. Assuming a legnormal distribution gave the
following table for membrane failure of the cylinder:

Pressure (psig) 58 62 65 72 80 89 98 104 110
Cum. Distrb. Fn. .02 .05 ,10 .25 .50 .75 .90 .95 .98

The 2% failure at the general yield pressure allows for inaccuracies in the 3
modeling, variations in material properties, localized strain concentra-
tions, and unknown construction defects. . Membrane failure in the cylinder
is almost certain to be CR since the entire zone, including the stiffeners,
is above general yield. That is, the etiffeners will be in the plastic
region when the shell fails, so the crack will propagate right through the-
stiffeners. This was observed in Sandia's scale model tests.-

Buckline of the Eauinment Hatch. Based on the test results, Expert A
placed his 2% failure value at 90 psig, He took a lognormal distribution
based on 2% failure at 90 psig and 50% failure at 200 psig and got the
following table:

Pressure (psig) 89 104 120 153 200 260 330
Cum. Distrb. Fn. 02 .05 .10 .25 .50 .75 .90

The upper values are, of course, not relevant here since the cylindrical
shell is expected to fail well below 150 psig. Equipment hatch failure ~oy
buckling is expected to result in leakage since the tests showed - that

'
failure was due to either cracking-a weld-or distortion at the ed e of theS

5.5-24-
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hatch, both of which results in leaks in the tests. There is also a non. *

uegligible probability. that buckling can occur without causing a leak. The
leak resulting from hatch failure does not bypass the ico condenser since
the hatch connects the upper compartment to the outside.

E Ea11utt.Jio.dta. The curaui ntivo distributions of the pressures for
rr.emb rane failure of ti e cylinder and for equipment hatch buckling can be
combined to give the following table:

Pressure Cumulative Probability of railure
JML,,,,, Cylinder ,l[gtsh _ Both

58 .02 0.02
62 .05 0.05
65 .10 0.10
72 .25 0.25
80 .50 0.50
89 .75 .02 0.76
98 .90

104 .95 .05 0.95
110 .98
120 .10 1.00

Probabilities for hatch failure at 98 and 110 psig were not given. Inter.
polation was used to create a table of total cumulative failure probability
and cumulative conditional probability of failure mode for 5 phig incre.

By use of the probability density, this was then converted into aments.

table of interval conditional probability for mode as shown in Tabic A.1.

Expert A was fairly confident that failute could be expected between 65 and
95 psig since about 75% of his probability lay within that range. Within
the rangt where failure was most likely_ to occur. CR was almost certain,

since membrane failure of the cylinder was by far the most likely failure
-

mode. There are no rupture failures in Expert A's opinion.

5.5 2S
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;xpert B's Elicitationc
;

i !
Containment Failure at Sequoyah Due to Static Pressure '

:

Descriotion of Exoert.' . a P.ALionale/Methodolorv
'

Several failure locations were briefly considered and thou dropped from
further consideration. Failure of the personnel airic.ck was ruled out on !the basis of tests and analysis.s4 Failures of electrical penetutions '

were ruled out for the same reasons 08.5 8 No inform.; tion vu evallable, en
:

allow a reasonable evaluation of th penetrations equipped with bellows. '

(Most if not all of the mechanical ,.enetrations at Sequoyah are equipped
with bellows.) In the absence of test results or enough information to ;

perforrn a credible analysis, Expert B did not consider these expansion i
joints further. Thus, Expert B considered in detail three failure '!

locations and two temperatures for one . of them. He felt temperature was-
important only for. the membrane failure of the cylindrical portion of the ,

shell. #

Failure of the cylindrical shell always results in catastrophic ruptura-if- *

the failure pressure - is above the 60 psig range and always results in
rupture if the failure pressure is below the 50 psig range. Below 50 psig,.-

'

the membrane strenses in the entire shell are still elastic, thich provides '

some assurance that crack growth can be arrested. Above 40 psig, _large
areas of the shell have ' inelastic (plastic) stresses; there would. not be
sufficient strength in theso.. areas to arrest - crack growth, and crack I

propagation leads to catastrophic rupture,
,

initial failure of the equipment hatch always results in a' leak. However,
the leak area will increase rapidly if the pressure continues'to rise, If r

the pressure increases a ft . psig above the value which caused the initial #

| 1eak, the hMe area vill increase into the rupture _ region. Failure of the
anchorage systeta could result in either a leak or a rupture,1but:he judged
that even if a leak occurred.the size of the tear would eventually increase
so that a rupture would result,

hilure of the evlindrical sho11 will' always result in bypass of the ' ice
condenser if it is a catastrophic rupture.- It cylinder failure is a "

rupture, then - one sixth _ of them can.be expected . not to bypass the . ice
condenser Jince'there is 60' of.the containment wall which is not occupied
by ' the ice condenser.- Equipment hatch failure. does not bypass the ice
condenser due to the location of the-hatch,

'rAnchorage failure would'always result in' bypass of the ice condenser _if the
failure always : occurred at the cylinder shell junction, - since 'it .is below'
the-bottom of the ice condenser.E.However, anchorage failure may' result in

,

'

no failure, . or only a ~ negligible failure. - at . this location, Instead' the
anchorage failure tnay precipitate' -f ailure 'elsewhere in ' ' the shella
Anchorage failure will_ allow the shell to move up considerably, and this
vertical movement ray well result ~ in failure of the; cylindrical shel1~at-
some penetration: or ' stiffener plate where . there is resistance to this

upward motion _ Thus: it Is impossible t o say where the failure enight occur.
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This being the case, the anchorare failuren have been divided evenly
between bypass and no bypass of the ice rondenser.

Results of ExtgE3 Elicitation

thyltrant __Fa ilure of _the _Cylindtt. For f ailure of the cylindrical shell,

Expert li concluded that f ailure was tnost likely in the 1/2 in, plate just
below the spring line. For failure at this location, about elevation 771

ft, he gave the following results of his calculations

Br a n ts I p.1 1r.1

w nilatiye_frobabLlity 10JLE 10.Q'I B3122nsf 21_the Containrtent

0.00 32 35 Coneral yield ignorin6
stiffeners

0.05 43 53 General yield including
stiffeners

0.50 58 60 2% equivalent membrane
strain

0.80 72 72 5% equivalent membrane
strain

0.9's 80 80 10% equivalent memb rar.e
strain

1.00 95 96 Ultimate strain of
janterial

Expert B checked his calculations with those of the Ames Laboratoryb' for
the Sequoyah containment. When adjusted for inato rial properties and
teinpe rature , the comparison was good. The table above contains two values
for pressure; one at;uming the containment is around 300'F or lower and the
other as surnin<; the containment is around 500*F. The higher temperature
valuen have not been used because the bulk snetal ten.perature never reaches
500*F as explained above (see page 5.5 2). Membrane failure of the
cylinder is essentially certain by 80 psig for either teinperature,

Matsdtovalization. Expert B felt that hatch failure would occur due to
ovalization. Analytical predletions of hatch ovalization failure have
inat ched the test resulta very well.54 so there is little uncertainty in
this failure mode. This frilure inode occurs because the cylindrical
sleeve, which is welded to the ecntainment. shell, is distorted into an oval
shape as the shell inovos outward with increan.ing internal pressure. The
hatch itself keeps its circular shape. By 2.5 to 3% strain, the sleeve is
no ovalir.ed that the sleeve flange is coteplately inside the hatch flange at
the top and bottom and the sleeve flange is completely outside the hatch
flange at the sides. Thus, this type of failure is cotopletely independent
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of the gasket condition, and it will continue to grow in aree as the hoop i

strain increases. He was certain that this ovalization would result in ;

development of a leak when the free. field hoop strain in the cylindrical t

shell at the elevation (741 ft) of the center-line of the equipment hatch i

reached about 2.74. Expert B gave the followins table of cumulative |
probability of leak as a function of strain !

,

Strain Cumulative Failure Pressure i

(%) Probability (esir) ;,,,

;

2.4 0.01 66.7 ;
"

2.5 0.05
2.6 0.25 ;

2.7 0.50 3

2.8 0.75
3.0 0.90
3.2 0.99 70.2

At 300'F, at elevation 741 ft, the free fiold hoop strain is 24 at 65 psig !
and 5% at 78 psig, The pressures for the other strain values above may be ;

obtained by linear interpolation. -Thus, Expert B expects's leak-due to the - l

hatch ovalization to- occur _ around 68 psig and is certain 'it will have
developed by 70 psig. The leak will be. large enough to be denoted a ,

ruptare by the time 75 or 80 psig is reached. Catastrophic rupture will '

not result from this failure mode.
.

Anchorare. Failure.- Failure of the anchorage _ system affects centainment
inter,ri ty indirectly. As the bolts begin to yield', the knuckle could

| become distressed, leading to a leak, As significant yielding of the bolts !

occurs, significant vertical motion-- of the containment shell becomes
|increasingly probable. This motion is resisted by the penetrations, which

could lead to a rupture. The analysis of this failure mode. is- subject to
great uncertainty because it is indirect, i.e., it is based on the response !

i of a component, which is not part of the pressure boundary. '

for failure of the anchorage system, Expert B_gave the following results of
his calculations and a study by the Ames Laboratory:8-1

Cumulative Pressure
Erobnbility (esic) Responge ]

0.00 60 None

0.10 65 onset of yielding in. the '
bolts

0.80 8 0' - Bolts fail:-(nominal)
-0.95 100 t

1.00- 135 Anchor rings pull out of I

concrete
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Leaks resulting from anchorage failure occur at the knuckle and therefore
always bypass the ice condenser. The rupture failure could take place at
or around any penetration. In the absence of any further information, half
the ruptures are assumed to bypass the ice condenser and half are casumed
not to bypass it. t' allures at the lower pressures result in leaks and
failures at the higher pressures result in ruptures . The dividing line
between leak and rupture is around the 70 to 75 psi 6 range.

611 ThI.te Failure M o d e.g . A table listing the failure probability as a
function of pressure for 5 peig increments for all three failure locations
can now he constructed;

. Cylindit 1hf13 . .llAleh ra11ure Anehorage FAllurg
Press. Cum. Cond. Prob. Cum. Cond. Prob. Cum. Cond. Prob.
Ins i r.) Prob. Ibmi CR ErdL. Leah Rupt. Ed Leak Runt.

30 0.00 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0
35 0.005 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0
40 0.006 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0
45 0.008 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0
50 0.01 0.e 0.2 0.0 1.0 0.0 0.0 1.0 0.0
55 0.10 0,3 0.7 0.0 1.0 0.0 0.0 1.0 0.0
60 0.50 0.0 1.0 0.0 1.0 0.0 0.0 1.0 0.0
65 0.62 0.0 1.0 0.01 1.0 0.0 0.10 1.0 0.0
70 0.75 0.0 1.0 0.99 0.8 0.2 0.25 0.7 0.3
75 0.90 0.0 1.0 1.0 0.2 0.8 0.50 0.3 0.7
80 0.99 0.0 1.0 1.0 0.0 1.0 0,80 0.0 1.0

The hatch failures never result in bypass of the ice condenser. Leakage
failures of the anchorage always result in bypass of the ice condenser and
rupture failures of the anchorage are equally split between bypass and no
bypass. The cylinder failures which result in rupture are split 5 to 1 in
favor of bypass based on geometrical considerations. (Of the upper wall of
the cylindrical shell, 300* is within the ice condent.e r and 60' is not.
Failure within the ice condenser is assumed to result in bypass. Failure
is considered equally likely for all segments.)

By assuming that the failures at the three locations are independent, a
single table giving the total cumulative failure probability for all
locations as a function of pressure can be formed. Thu method used was
briefly explained in the Aggregation section above. The result is
Table 5 8. Table 5 8 and its derivation were reviewed by Expert B.

Rupture or catastrophic rupture is possible above tht pressure where hatch
ovalization leakage is certain because the pressure rise may be too rapid
t3 be arrested by this failure mode. The definition of a leak is that the
containment does not deprensurize to about atmospheric pressure in less
than 2 h. For pressure rises resulting from doflagrations or deflagrations
accompanied by direct heating, rise times on the order of a few seconds are
expected. For loads due to those events, a leak will not arrest the
precsure rise; pressure rise will be arrested only by development of a
rup;ure or a catastrophic rupture.

5.5-30 !
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Expert B felt strongly that the type of containment loading sha"Td tw taken
into account when using his evaluation of containment pe rfot.r. anes . His
primary concern was the treatment of leaks, and the possibility of leaks
increasing in area to become ruptures.- for the scenarios with a fast
pressure rise.

The conclusions of Expert B are shown in Table $ 2 through 5 5. His median
failure value is 60 poig. All failures at this pressure are catastrophic
ruptures since failure of the cylindrical shell is the only location at
which Expert B feels failure is possible at this pressure. Failuras below
50 psi 5 are certain to be ruptures since -Expert B did not believe leaks
wore a credible failure mode for failure of the cylindrical shell. Above
the 60 psig median pressure, leaks, ruptures, and catastrophic ruptures are
possible. Although this seems counter intuitive at first, it is a direct
result of Expert B's conclusion that the lowest pressures at which hatch
ova 11tation and anchorage failure could occur are higher than the pressures
at which she).1 failure is possible.

;

a

.I
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Expert C's Elicitation

Containment Failure at Sequoyah Due to Static Pressure

peserintion of Exoert c's Rationale /Methodolorv

Expert C considered all three cases to be equivalent, but did provide a
separate curve for the high temperature case. He considered five failure
modem separately:

Mode 1: Leak resulting in No Bypass of the Ice Condenser
Mode 2: Leak resulting in Bypass of the Ice Condenser
Mode 3: Rupture resulting in No Bypass of the Ice Condenser
Mode 4: Rupture resulting in Bypass of the Ice Condenser
Mode 5: Catastrophic Rupture.

Expert C felt that failure is most likely to occur in one of two locations.
In the upper compartment, failure was most likely to occur in the 1/2 in.-
thick steel of the cylindrical shell just below the spring line. In the
lower compartment, a crack in the weld at the point of embedment is the

.

likely failure point. This location is felt by Expert C - to be slightly
more likely than the spring line location. By 75 psig, general membrane
rtrains are such that failure will probably have occurred based on average
material properties. Use of actual material properties-may increase this
pressure by a few psig.

Expert C arrived at the above conclusione by establishing < the relative
potential for failure at varioue lo c a t i.on s . As indicated by IDCOR
Technical Report 10.1 (Reference C-1) and test data, mechanical and
electrical penetrations are not likely -to fail before general structural
failure. The etitical buckling pressure for the hatch cover was
calculated, and it was determined that * the hatch cover is not likely to
buckle at-pressures which will cause-general yielding in the--uger part of- ,

the cylindrical shell. Since the cover is pressure seated, no leakage due
to opening of the flanges is expected.- Design calculations 'and test
results indicate that the_ personnel airlock is significantly over designed
for internal pressure and the probability of structural failure of the
airlock is very remote. Again, the inner door'of the airlock is pressure-
seated and not likely to leak. The-vessel-anchorage _is also'over-designed
and not likely to be the point of first failure. The controlling failure
mechanism in the anchorage _ system would be -- the yieldin5 : of the - anchor -
bolts. _ Anchor bolts are expected to start yielding at pressures which are
so .swhat higher than _those which c mse general yielding of the upper part -
of the cylindrical shell.

Er. pert C relied on published results (keferences C 1 through C 5) as well
as his own calculations. . In addition,-he considered such practical. factors
as fabrication imperfections, material imperfections residual stresses,

-

etc. in determining how to distribute the- failure probabilities among .t he
various modes and locations. The , location and type ' of hypothesized
failures determined the breakdown-between bypass of the ice condenser and
no bypass of the ice condenser.,
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Results of Expert d's Elicitati2D

For 200 to 300'F. Expert C provided the following table giving the failure
probabilities by mode and the total:

Probability of Contaitynent Failure (200 to 300*F)

Pressure
(esig) .,.Eqdt.,.1 Md Mode 3 Mede 4 Eqdt.), All Modejl

25 0.00 0.00 0.00 0.00 0.00 0.00
35 0.03 0.05 0.01 0.02 0.00 0.11
45 0.04 0.06 0.03 0.10 0.01 0.24
55 0.04 0,07 0.17 0.16 0.04 0.48
65 0.04 0.07 0.21 0.20 0.30 0.82
75 0.04 0.07 0.22 0.21 0.46 1.00

This tabic gives exclusive joint curnulative probabilities for the five
modes. Interpolation was used to obtain the results for 5 psig intervals-

shown in Table C 1. The joint probabilities were converted to total
conditional probabilities by assuming that the total conditional
probability was proportional to the exclusive conditional probability.
These probabilities were then converted to interval cenditional
probabilities an shown in Table 5 6 by use of the probability densities.

For temperatures around 600'F in containment, Expert C calculated that the
yield strength of the steel would be considerably lower than the yield
strength at room temperature. llovever, due to warm strain nardening, the
ultimate strength of material is not much affected at these temperatures.
Considering these temperature offects on material properties, he provided a,

different table for the condition that the pressures will be concurrent
with a shell temperature of 600'F. This tabic contains a sixth modo,
thermal buckling, since Expert C concluded that this failure mode was
possible at 600'F wher, the internal pressure was at or only slightly above
ambient atmospheric pressure.

Probability of Containment Failure (600')

Pressure
IE11EL,. tlD i 1 liDJi d lia d d Rode 4 Mode 5 Pode 6 Allladtg

0 0.00 0.00 0.00 0.00 0.00 0.25 0.25
25 0.01 0.01 0.00 0.00 0.00 0.24 0,26
35 0.05 0.06 0.03 0.05 0.00 0.16 0.35
45 0.05 0.07 0.17 0,1/ 0.04 0.13 0.63
55 0.05 0.07 0.20 0.20 0.28 0.12 0.92
65 0.05 0.07 0.21 0.21 0.36 0.10 1.00

i
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presture increases since the internal pressure will tend to counteract the ;

The cumulative probability for the thermal buckling mode decreases as

thern al stresses.- '

| The conclusions of Export C are shown in Tables 5 3 and 5 6. The median of
!his failure distribution is around 56 poig. At.this pressure, rupture is

I the most likely failure mode. Expert C was virtually certain that the .

! containment would have failed by 75 psig. |
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S.6 Issue 6' Seouoyah Containment Failure Due to Detonation
,

Experts consulted: Charles Miller, City College of New York; Walter A. von
Riesemann, Sandia National Laboratories: Don Wesley, IMPELL.

,

Issue Descrinti2D

Vhat distributions characterize the uncertainty in containment failure due i
to detonations in the ice condenser, and what is the likely failure site? )
What distributions characterire the uncertainty in ice condenser bypass due
to mechanical displacement of the ice following a hydrogen detonation? The
variables elicited are the probability of containment failure and the
location of the failure as a function of applied impulse, and the
probability of Lee condenser bypass as a function of applied impulse.

Summary of Results

Expert A considered the following failure modes fcr the Sequoyah response
to detonation: (1) anchor bolt failure that results in a leak or rupture

near the base of the containment. (2) membrane failure in the containment
cylinder area, and (3) buckling failure of the cylinder due to detonation
at the top of the containment. In addition, the expert considered the
probability of loss of fce condenser function due to detonation in the ice
condenser,

The expert concluded that buckling wuuld not be reached before blowout of
the cylinder and provided distributions for the cnchor bolt failure
mechanism, membrane - failure of the containment cylinder above the ice

' condenser, membrane failure of the containment cylinder in the lower part
of containment, and loss of the ice condenser function.

Expert B analyzed the containment as an axisymmetric ring. For the wall of
containment above the ice condenser, a single panel was analyzed for
membrane and bending stress. Bending stress was _ found to be a minor

| contributor to failure and the plate was found to be fairly strong in

| bending action (wall above the range for hoop failure). For detonation
_only panel response needed to bewithin the ice conde .9er or upper plenum,

considered and the O.jert considered the membrane romponse of the plate.

The expert concluded that a path would be opened through the ice condenser i

under any datormtion conditions.

Expert C applied a ' simplified analysis method which, in essence, equates
the kinetic energy of .the structure to the strain energy. He noted that
tests conducted on . s teel -containments showed that failuro generally
occurred when the global strain reached approximately 26. Although the
steel _has a higher capacity in uniaxial tension - ths existence of biaxial
stress and tho' presence of strain risers reduce the effective capacity to
about 24. Other tests have shown that strain rate effects -(dynr.mic
loading) can increase the strength of ateels by a factor of 1.3. Other
variables that can affect the failure strain are the . yield _ streas of the

5.6 1 *
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steel, strain rate, strain to failure, effect of teroperature on rnachanical
propertios, and the loadin6 function. Based on those factors, Expert C
multiplied his best estimate (24 strain) failure impulse estimates by
factors of 0.41 and 1.97 to Bet approxitnate lower and upper bounds.

Expert C's calculations for the upper plenwn and for the ice condenser
differed mainly in the need to take the e f fec t of the insulating wall
panels into account for the detonations in the ice condenser. The impulse
needed to fail the steel shell was estimated as described above. It was
e s t. ima t e d that the honeycomb insulating panel would require a constant
pressure three times the design presourn to crush The crane wall consists
of at least 3 ft of reinforced concrete. Expert C calculated that the
failure i rtpul s e for the crane wall would be greater than that for the
containment shell.

All of the panel inert.bers provided inforroation in the sarno form, that 14,
t ables of curnulative failure probability as a function of applied irtpulse.
The cumulative failure probability correoponding to some impulse, 1, is the
probability that the structure will fall at or below the indicated impulse.
All three experts gave distributions for failure impulse in both the upper
plenewn and the ice condenser. In addition, Expert A provided a distribu.
tion for failure of containment via anchor bolt failure caused by a
detonation in the dome, and Expert B provided a distribution for failure in
the containment wall above the plenum. Ilowever , subcequent to elicitation
of the structural response experts: the centait-1 nt loading panel
de t e r roined that e detonation in the containment dome was not credible;
therefore, distributions based on detonations in the dome have not been
reduced, ponnibic failure of the containment &ue due to def*agrations in
the dorne is considered .nder Structural Issue 6- Contaitunent Failure atSequoyah Due to Static pressure.

The individual experts' distributions are shown in Tables 6 1 through 6 3,
None of the e x pe r t t, provided impulse values for the endpoints of their
distributions; these were derived by extrapolation and checked with the
experts. Table 64 and Figure 61 show the aggregate distributions for
failure of the upper plenum. Table 6 5 and Figure 6-2 shew the aggregate
distributions for failure of the ice condenser.

5.6-2
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Tabic 6 1
Distributions for Expert A
. - - - - -

Failure of Upper Plenum:
Impulse
(kPa.s) Cumulative Failure Probability

3.70 0.00.(Extreynisted)
4.48 0.02
5.65 0.05
6.90 0-10
9.45 0.25

13.45 0.50
16.07 0.75
18.62 0.90
20.69 0.95
22.76 -1.00 (Extrapolated)

Failure of Ice Condenser:
Impulse

_(kPa.si Cumulative-Failure-Probability
6.50 0.00 (Extrapolated)
7.93 0.02

10.07 0.05-
12.27 0,10
17.24 0.25
24.82 0.50
30.34 0.75
36.54 0.90
40,68 0.95
44.82 1.00.(Extrapolated)

|
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Tabic 6 2
Distributions for Expert B

.

Failure of Upper Plenum:
Impulse

__(kPa si Cumuls.11ve Failure Probability
0.46 0.00 (Extrapolated)
2.07 0.05
6.90 0.20

12.41 0.50
44.82 0.95
48.42 1.00 (Extrapolated)

Failure of Ice Condenser:
Impulse

,(kPa s) Cumulative Failure Probability

5.18 0.00 (Extrapolated)
6.90 0.01

13.79 0.05
20.68 0.11
27.58 0.25
34.48 0.50

C 41.37 0.72
48.26 0.89
55.16 0.95
62.06 0.99
63.78 1.00 (Extrapolated)

5.6 4
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Table 6 3
! i

Distributions for Expert C
!

)Failure of Upper Plenum!
Impulse
(kPa*si Cumulative Failure Probability

|
0.69 0.00 F

1. 38 0.01
!

;

3.45 0.50 -

6.90 0.90
10.34 1.00 t

Failure of Ice Condenser:
Impulse I
(kPa si Cumulative Failure Probability !

0.69 - 0.00
1.38 0.01
4.83 0.50
9.66 0.90

13.79 1.00
P

- -

|

-i

Tabic 6 4
Aggregate Distribution for Failure of Upper Plenum

,

Impulse
(kPa si Cumulative Failure Probability

4.600E 01 0,000E+00
6.900E 01 2.381E 03
1.380E+00 1.286E 02

|

|

2.070E.00 7.444E 02
L -3.450E+00 1.976E 01

3.700E+00 2.099E 01
4.480E+00 2.548E 01
5.550E400 3.221E 01
6.900E+00 4.000E 01 *

9.450E400 5.210E 01
1.034E+01 5.643E 01
1. 241E401 6.450E 01-
1.345E401- 6.715E,01"
1;6075+01 7.699EkO1
1.862E+01 8.287E 01

' 2. 069 E4 01 8.550E 01
2.276E+01 8.812E 01-
4.482E+01 9.833E 01
4.842E+01 1.000E+00- -t
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Figure 6-1. Failure of the Upper Plentun Due to Detonation.
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, Table 6 5
| Aggregated Distribution for Failure of Ice Condenser

f |-

Impulse !
_(kPa s) Cumulative Failure Probability4

6.900E 01 0.000E+003

1.380E+00 3.333E 03 !

4.830E+00 1.667E 01
5.180E+00 1.763E.01

|

6,500E+00 2.153E 01 '

| 6.900E400 2.290E 01
'

7.930E+00 2.642E 01 ,

9.660E+00 3.234E 01 '

1.007E+01 3.294E.01
,

1.227E401 3.681E 01 i
1.379E+01 3.986E 01
1.724E401 4.433E.01. 1

2.068E+01 4.912E 01 !
2.482E401 5.64E 01
2.758E401 6.250E 01

i3.034E401 7.000E.01

3.448E401 7.834E 01 '

3.654E+01' 8.219E.01 _ !

4.068E+01 8.827E 01
4.137E+01 8.928E 01

,

4.482E+01 9.350E.01
4.826E+01 19.633E 01-
5.516E+01 9.833E.01
6.206E+01 9.967E 01

l 6.378E+01 - 1. 000E400

>

e

5.6-7 -

.

m o-,esrn,---a e '! -c- - vr e-- w,L-e,-r-++ve, -'s u r- e,-r+-- + .m-.n-- srs- m'r-. e,---wm- ,m w- c -,a - -w~- .--w-v'-

'

- -



_

|

i.e - . ,c,

0.9 .

p

0. 8 -

y 0.7 -
_

s
S 0.6 -

i
E
.a 0.s - ,

e
j.

.E 0.4 - f

.9
a
h 0.3
d a = EXP. A

o = EXP. B
A = EXP. Cc.2 e = AVE,

0,1 -

F0.0 - , , ,
.

, , ,

0.0 10.0 20.0 30.0 40,0 $0.0 60.0 70.0
Impulso, KPo-Sec

Figure 6 2. Failure of Ice Condenser Due to Detonation.
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Expert A's Elicitation

Sequoyah Containment Failure Due to Detonation

Determination of Exoert A's R.ationale/Methodolorv

Expert A considered the same failure modes which he considered for static
failure plus panel failure of the ice condenser and buckling of _the
cylinder at its base. In particular, these modes are:

Anchor bolt failure. This mode results in a leak or rupture near the base
of the containment that produces _ ice condenser bypass. Static failure
occurs at about 135 psig and is controlled by brittle _ failure of the
concrete surrounding the anchor bolt chairs. This failure mode provided a
fairly tortuous leak path for fission products. The Expert had difficulty
estimating what the dynamic load factor would be, lie did not have an
accurate e s tiinate of the containment axial (vertical) frequency. An
estiinate of the frequency was developed which turned out to be in the same
range as the expected pulse (0.01.. to 0.003 s) . Dynamic- load factors can -
vary widely, Load f actors - of 1.25 to 1.5 can result from sharp pressure
spikes dropping off linearly (an essentially triangular pulse . shape) _or
faster. A square pressure pulse could produce a load _ factor of 2.0. On
the other hand load factors of'O.4 could occur when the pressure pulso
doesn't excite any of the_nntural periods of the-structure.

Once brittle failure of the concrete occurs, elastic deformations can occur-
in the bolts of about 0.3 in. There is also some probability of fracture
of the 3/8 in. fillet-weld of the liner _to the shell (estimated to be in:-

-

the range of 0.5). even for low strains in the bolts. Plastic failure of
the bolts could occur above the concrete failure pressure (about 135 psig).
This failure could occur without fracturing the bolts. The liner could
then fracture. At_that point it would only require.about 2 psig to lift-
the _shell . At higher pressures, a ductility of the range 10- to 15 is
expected, based on 13% strain in 8 in. gauge length. One can' derive (froin
Biggs) the peak pressure that the bolts could withstand from:

peak pressure - R/0,1 to R/0.35,

where R is the_ bolt resistance. The bolt strength was increased about 1,48
to 1.58 ebove the static strength predicted by. the equation above, based on
Kinney 6' Graham. ;This resul,ts in Table A 1..

{. Membrane' f ailuro in the containment-cylinder area. The Expert considered
both the impulse and strain energy-effects approach and the vibration.(DAF)
approach. . Both approaches yielded the same order of magnitude predictions.

e for _ radial (breathing - inode) detonations in the 1/2 in, containment _ wall
above the ice- condenser and the 5/8 in. Ice condenser wall, lie used the
same strain criteria for failure as in the atatic case but increased . the
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material strength (at the inedian of the distribution) to account for the
rapid strain rate effects. For the mid height region of the cylinder with
the 5/8 in, ice condenser-wall the Expert used the same failure
requirements ao for- failure in 1/2 in. material. His failure probability
curve for lower containment failure is sitnilar in shape to that for upper

-

containment failure. However, it is offset by a factor of almost two in
pressure. Tailure in the lover containment results in ice condenserbypass. His method resulted in predictions of failure shown in Table A 2
for failure in the upper cylinder _(1/2 in, wall). In the case of failure
in the containment cylinder Expert A was uncomfortable with having to
estimate his lower bound because there tend to be lower bounds ou some
paremeters such as material strength, etc. , that the tail of a lognormal
distribution does not appropriately characterize. Also, the level of
analysis on which the failure distribution was based probably does not
justify very low failure frequency estimates, ho6 normal distributions were
used for making his probability estimates for a variety of reasons. Since
material properties tend to be lognormal, he assumed the pulse duration was
lognormally distributed, etc.

Predictions for failure in the mid height to lower -part M the contairvient
are shovn - in Table A 3. Failure in the mid height to-lower part of the
containment results in ice condenser bypass. Membrane failures will alwaysresult in leaks.

The spherical dome of the containment has a somewhat lower DAF than other
parts of the containment, so containment failures will be controlled byfailure in the cylindrical sections.

Buckline f ail urg_g f the evlinder due to detonation at ' the :too of the
containment. The Expert made an estimate of the lateral frequency and
found that the DAF would be < 1 for wide frequency variations. The Expert
also checked the buckling strength using NASA SP 8007, neglecting pressure
strengthening. He assumed an impulse on a half- cylinder for several
assumed lengths over which the pressure acts. He concluded that buckling
would not be reached before blowout of the cylinder.

Expert A did not investigate dynamic buckling of the equipment hatch orelectrical penetrations.

In addition to the three-containment failure modes mentioned above. Expert
A considered the probability of loss of? ice condenser function due to
detonation in the ice condenser. Loss of ice condenser function was
defined as sufficient disarray of the ice baskets and th.s insulation panels-
to form a flow channel through the -ice - condenser for the. steam.. The Expert
called this failure ice condenser panel blowout, He based his results for
the estimated capacity of the Sequoyah--ice condenser on the Sequoyah final-
safety analysis report (FSAR)--information: a 9_psig design' pressure or 1.5-
x -- DAF - x 1.4 18.9 paig (for 1;4_ M.S. ) From an elastic 1. 5 DAF, he-

estimated that t/T - 0,5 to 2 and p - 10 20 for failure-
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where:

t - duration of the pulse
T - natural period of tha (elastic) system
p - ductility.

Table A.4 shows the estimated failure probabilities.

Results of Exogr1_A's Elicitation

The Expert expressed his failure probabilities in - terms of the reflected
pressure. The reflected pressure is typically 2.3 x incident pressure. He
translated reflected - pressure into impulse for pulse durations of 3 to
10 me . If the containment Loads Expert Panel predicts pulse durations
longer than 20 ms, his pulse durations should be lengthened.

The Expert's lower probability bounds were created by assuming the most
beni n conditions that he could imagine. He then calculated a median _from6
his estimate of _ the most likely conditions, assumed - a lognormal
distribution between the 2% probability and the median, and projected to
higher pressures.

The Expert provided probability distributions for three independent failure
modes wtch three independent _ locations. They are shown in Tables A 1 to-
A 3. The probability of loss of ice condenser function due to detonation
is given in Table A.4.

,

Table A.1
Anchor Bolt Failure _(Ice Condenser Bypass)

Leak Ru gure

Cumulative Reflected Pressure Impulse Reflected Pressure Impulse
Erchebt11tv (vste) (oste.s) (oste) fpsig.s)

0.02 125.0 T.25 185.0 1.0
0.05 138.0 1.26 250.0 ?. 0
0,10 150.0 1.27 315.0 2.0
1.25 170,0 1.28 470,0 3.0
0.50 200.0 1.3 750.0 4.0
0.75 260.0 1,32 1160.0 5.0
0.90 330.0 1.33 1790.0 6.0
0.95 380.0 1.34 2300.0 6.0
0.98 450.0 1.35

5.6 13
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Table A 2
Membrane Failure of the containment Cylinder

Containment Wall Above Ice Condenser
(No Ice Condenser Bypass)

Cumulative Failure Reflected Pressure Impulse Impulse
Probability (Leghi (psig) .fosig si (kPa s) '

O.00 3.70- +

0.02 65.0 0.65 4.48
0.05 88.0 0.82 -5.65
0.10 115.0 1.00 6.90

0.25 180.0 1.37 9.45
0.5 100.0 1.95 13.45
0.75 490.0 2.33 __16.070.90 780.0 2.70- 18.62

0.95 1000.0 3.00 20.69
1.00 22.76- -

.

Table A 3
Membrane Failure of the Containment Cylinder

Lower Part of Containment
(Ice Condenser Bypass)

Cumulative Failure Reflected Pressure Impulse Impulse
Erobability (Lenk) (osie) _Ing[g-gl (kPa n)

0.0 6.50- -

0.02 115 1.15 _7.93
0.05 160 1.46 10.070.10 210 1.78 12.27,

0.25 330 2.50- 17.24
0.50 560 3.60 24.82
0.75 940 4.4 30.34
0.90 1500 5.3 36.54

0.9f 1950 5.9 40.68
1.00 '

44.82-
-
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Table A 4
Ice Condenser Panel Blevout

'

(Loss of Ice Condenser Function)

Cumulative Failure Probability Reflected Pressure Impulse
(lenk) (usir) (esic+s),_, ,, , , ,

0.02 22.0 0.22
0.05 26.0 0.24-
0.10 30.0 0.26

"0.25 38,0 0.29

0.50 50.0- 0.33
0.75 65.0 0.34
0.90- 83.0 0.35
0.95 97.0 0.36-

- -1

In Tabics A 1 and A-3 the Expert's predictions have been extrapolated to 0
and 1.0 probability using a liner extrapolation from probability 0.02 and
0.95, respectively.

After subsequent discussions with the experts on the Containment Loads
Panel it van determined that it would be impossible that a detonation could
occur that would load the containreent anchor bolts. A detonation in the
dome of the containment would be required. Thus. che anchor bolt failure
mode was not incluh d ' in the calculation of containtnent failure "obabi-
lity. Also, at the suggestion of the Containment Loads Panel, . ECTR
calculations were made to deterintua the efficiency of the ice condenser-
when the ice baskets wore moved = aside to forta a flow channel. . They
indicated that even with L considerable disarray of :the . ice condenser
baskets, the ice condenser could maintain its function. Thus the Expert's
prediction of ice condenser failure - (which assumed that function was lost-
if the ice baskets were moved enough to form a gas flow channel) was not

.

used in-the plant analysis.

Sources of Uncertainty-

The sources of uncertainties in Expert A's calculation of membrane failure
in the lower part of the containment include: (a) material properties
(static- properties 'and strain. rate - effects), . '(b)- the location of j the
detonation (he usually assumed that the detonation occurred in= the. worst
place), (c) the duration of the impulse,= (d) the natural frequency of the--
rnodes .that are being - excited, and (e)- the ductility. or strain at which'
failure occurs.

5.6a15
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Eynested Rethods for Reducine Uncertaintv

Expert A's estimates of the ice condenace panel's blowout probabilities
would be inproved if he had more infore,ation about the panels than can be
found in the Final Safety Analysis Report. lie would like to have
structural drawings te see how the corrugated panels are welded together,
etc The e s tirea te s of failuve pressure are only order cf.nagnitude
estimates, lie couldn't calculate the dynar*1c amplification, so he used
what was in the FSARs and assumed fairly high ductilities for the steel
plate.

Correlations with other variables

Possible correlations with other variables being elicited were - not
discussed.

_ ___

1
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Expert B's Elicitation

sequoyah containment Failure Due to Detonation

Determination of Exo.gtt_B's Rati2Di.ltStilhodolofv

Expert B analyzed the containment as an axisymmetric ring, and 1 trot
considered the internal pressure to just cause yielding, which was
calculated as $4 psig, lie considered rer',;tances in the range of 40 to 7$
psig, pulse amplifcation factors of 0.5 to $, and pulso durations of 0.001
and 0.015 s. The rango of impulses calculated for the containment wall
above the plenum was 0.120 to 3.04 psi.s (0.83 to 2,10 kPa.n). Failure was
coutdored possible it' there were a strain of 24.

For the wall of containment above the ice condenser, a single panel was
analyzed for membrane and bending stress. Bending atress was found to be
unlikely to cause failure, and the plate was relatively strong in membrane
action; impulses of interest from 1 to 30 psi s, well above _ the._ range for
hoop-failure.

For the contents of the ice condenser, he concluded that the Sequoyah
FSAR's value of 1 psi with a factor of safety of _ three implied 3 pai for
yield of the structure. If a factor of - ten for inelast.ic rnsponse is
assumed, the structure could handle at most a dynamic pressure or 30-psi,
lie therefore concluded that, for almost any detonation, a path would be

.

.

opened through the ice condenser; about 12 baskets could be displaced with,
no difficulty.

For detonation within the . ice condenser or upper plenum, only panel
response needs to be considered (axisymmetric loading is not possible),- lie
considered the membrane response of the plate, with amplication.

This Expert considered the. effects of a detonation within the upper plenum,
allowing the upper et,d of the plenum to move outwards by a factor of five.
For detonation in the upper plenum, the pulso amplication factor for the
containment vall was reduced by a tacto of five for the. upper end, in the
middle region by a factor of four, and at the . lower end by a factor of '

three. The reasons for reducing the pulse amplification factors are that
reflections are less likely to occur.

5.6 17
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Etsylts of Expert B's Elieftation

Cantainment wall a% cia ienumf

i
( Side-On Impu se Side-On Impulse

(psi-s) (kPa-si Prp abilitv of Failurt
0.1 0.69 0.00
0.25 1.12 0.20
0.50 3.44 0.55
0.75 5.17 0.70
1.00 6.90 0.83
1.25 8.62 0.93
1.50 10.34 0.99
1.75 12.07 1.00

t

containment wall in upper plenum

Side-On Impulse Side On Impulse
(usi si (kPa-s) Probability of Failure

0.30 2,07 3.05
1.00 6.90 0.20
1.80 12.41 0.50
6.3 44.82 0.95

Contsinment wall in ice condenser

Side-On Impt+.lse Side-On Impulse
(nsi-s) (kPa-s) Probability of Failur,q

1.0 6.90 0.01
2.0 13.79 0.05
3.0 20.68 0.11
4.0 27.58 0.25
5.0 34.48 0.50
6.0 41.37 0.72
7.0 48.26 0.89
8.0 55.16 0.95
9.0 62.06 0.99

SpuItps of Uncertainty

The loading i.4 not at all well knovn. Neither the location of initiation,
nor the pulse shape, duration, and reflections are known at all. As a
result, the uncertainty band has to be very broad to cover all possible
loadings. Ot aer sources of uncertainty are the - resistance and the strain
at failure. There is great uncertainty about the structural details of the
ice baskets. However, the range of impulses from any reasonable detenation
is probably well above the strength of the baskets.

|
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Expert C's Z11;'tation.

Sequoyah Containment Failure Due to Detonation

,

Determination of Exnort C's Ration' ale / Methodology

Expert C noted that the fins 1 safety analysis report (FSAR) indicates that'
the walls of_the ice condenser are composed of corrugated steel insulating
wall panels designed to withstand 19 psig. The design concern was the case
where the pressures would be higher outside the ice condenser than inside
the ice condenser. As the FSAR states that the panels are "...attacheo to
the containment shall by studs welded to the shell," it appeared reasonable
that these insulating panels would also withstend 19 psig when the pressure
is higher inside the ice condenser than outside it.

These insulating panels do not extend into the upper-plenum. Thus the
calculation is different for a detonation -in the ice condenser proper than-

for a detonation in the upper plenum. The impulse from a detonation-in the
ice condenser would have to crush the insulating panel attached - to the
containment shell as well as. fail the shall itself. The impalse from a
detonation in the upper plenum would only have to fail the shell itself.
Wile the walls of the upper plenum are obviously insulated, there is no
indication that this insulation has any significant strength in itself.

Expert C assumed that the detonation could occur at any point in the_ ice
condenser or the upper plenum. He further assumed that only a single
detonation would occur and that the strength of the plenum itself is
negligible. A detonation in the ice condenser could cause failure of the
containment shell, the crane wall, or the ends of the ice-condenset. (The
ice condenser occupies 300* of the space - between the crane wall and the
steel containment shell. The " ends" of the ice condenser are the walls
that run from the crane wall to the containment shell at each end of the300* occupied by the ice condenser.)

| Due to the uncertainty in the definition of the - loading (spatial and
temporal), a sittplified method developed for weapons work was utilized. _ In

this method equates the kinetic energy of the structure to theessence,
strain enet g. The results - of this approximate method compared well with -
earlier calculations that utilized a different method.

Detonation in the Unoer Plenum. Examination of the sequoyah FSAR convinced
Expert C that the upper plenum has essentially no strength and that he need-
consider only the containment,shell. At the elevation of the upper plenum
the shall is 0.5-in. thick. The minimum yield' strength.for the-steel is'32
ksi; the upper bound is 47-ksi. On the basis ,of the testr conducted on
stee) containments, a global strain of 2% was considered to be failure.
Wile the material has a higher = capacity _ in uniaxial tension, due to
biaxial stress conditions, and, ~ more importantly, to - strain risers, . the 2%
value has been found to be reasonable. There is no effect on the materialproperties dae to temperature. Other tests have shown that strain rate -
effects -(dynamic loading) can increase the strength of steels by a factor-
of 1.3,
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The-impulse required to cause failure is calculated by-equating the_ kinetic-
energy to the strain energy. 1. imitations of thic_ technique are discussed
in Experts C'r, detailed notes. The calculated midpoint failure impulse-for
detonation in the upper plenum is 0.50 psi a. The factors that could modi--

fy this result are the -yield stress of the steel, strain rate, strain to
F ' Nre, effect of temperature on mechanical p roperties, and the loading

r. . The totol effect is that the "best estimate" results are multi--
-

i factors of 0.41 - and 1.97 to get approximate lower and upperf

ime of the detonation in the upper plenum, the-doors from the ice
r would be open. No attempt was made to calculate the effect of an

impulse on the ice baskets.

Detonation in the Ice Condenser. All sides of the ice condenser are made
of insulating wall panels made from corrugr.ted sheet steel. The panels are
designed for a pressure i f 19 psig. They are attached to the crane wall
and the containment shell. Three analyses were performed: (1) failure of
the wall panel and the convinment snell;_(2) failure of the wall panel and- -

the crane wall; and (3) failuce of only the wall panel... The-third analysis
applies to the failure of the ends of the ice condenser.

It appeared to Expert C chat the insulating wall panel would crush'like a
b neycomb material, that is, the pressure required to cause crushing _will
be constant, He estimated that three times design ' pressure would be
required to crush the wall panels.

For f ailure .- of the wall pat.a1 aad the containment -shell, ' Expert C
calculated a midpoint failure impulse of 0.70 psi-s, The factors that
could modify the results were taken to be the same as for'the detonation in
the uppor plenum. The containment shell is 0.-625 in, thick at'the-

s

elevrtion of the-ice condenser.

For failure. of the wall panel end the' crane' wall, the situation is
complicated by the fact that there is no description of ,the a reinforcing-
steel. in. the crane wall in the Sequoyah | FSAR. It is stated that the wall-
is designed for an internal p cessere of 12 psig and for . local jet 1 forces .of ;

100 to 300 kips. The minimum thickness of - the ' wall is 3.0 fti Based on-
this information, Expert C calculuted the failure impulse for the erane-
wall would be greater than that for the containment shell.

For failure of only the wall pendi, i.e. , the failure of'the' ends of-the-

ice condenser, Expert.C calculated a midpoint failure impulse of 0.35 psi-
Failure of the' ends of the ice condense.r would result-in bypass of thes.

ice condenser, but not containment failure. - How much function _ of the ice
condenser would be lost by failure ;of _ an end of the, ice condenser would
' depend _upon the exact failure location and size.

Effect of a Detonation on the Ice Baskelt. .The ice-basket are. cylinders
approximately 12 in, in - diameter and 12 ft = in _ length. Four. baskets are
joined to form a column 48 ft long. The sheet steel forming _ the wall of
the - baskets are perforated: the open area is 64%. There -is -- a lateral

.
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support for the baskets every 6 ft. This consists of a lattice frame. The
frame is supported by columns at the four corners of *he frame. The two
interior columns at the crane wall are attached to the wall while the two
outside columns next to the shell are free standing.

A detonation in the ice condenser away from the-lattice frames could cause
a considerabic radial displacement of the ice baskets. There is-approxi-
mately 2 in. between baskets, and a cumulative displacement of 16 in, could
occur. The -impulse required to deform the baskets is difficult to
determine due to the many variables, including the strength of the ice
basket when filled with ice, It was estimated that an impulse as low as
0.02 psi-s voald cause a large deformation. The uncertainties involved in
this estimate are great; there is no way outside of involved experiments or
calculations to refine this estimate.

References and details of his calculations are contained in Expert C's
detailed notes, which are not reproduced here.

Results of Exnert C*s E11 citation-

Expert C provided 1, 50, and 90% probability values for the impulse needed
to fail the containment due to a detonation in the upper plenum and for the
impulse needed - to fall the containment due to a detonation in the - ice
condenser. These values are listed in the table below. The 0 and 100%
values are extrapolations which account for other uncertainties and unknown
effects. These extrapolations were made by the project staff and approved
by Exper-c C.

For the impulse needed to fall the containment- due to a detonation in the
upper plenum, the midpoint value was obtained by using the estimate that a
2% global strain is equivalent to failure. The 1 and 90% impulses were
obtained by applying the modification factors described above, For the
impulse needed to fail the containment due to1 a detonation in the ice

i_ condenser, the midpoint value was obtained as described above based on a 2%
global atrain and the need to crush tha insulating wall panels. The-1 and'

90% impulsea were again obtained by applying the given nodification factors ;
'

tc the strain energy,

i
'

Best Estimate of the
Impulse Needed to Fail Containment

Cumulative. Datonation in the Uoner Plenum Detonation in the Ice Condenser
$robabiltly fusi-s) (kPa s) osi-r) (kPa-s)

0% 'O.10 0.69 0,10 0.69
1% 0,20 1.38 0.20 1,38'

50% 0.50 3.45' O.70 4;83
90% 1.0 6,90. 1.4 9,66

100% 1.5 10.34 2.0 13.79
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Epyrtes of Uncertainty

The three major sources of uncertainty in any structural dynamics problem
are: (1) the spatial and temporal description of the loading function; (2)
the design of the structural cr:mponents; and (3) the method (s) of analysis.
For this irsue, the usual .tethod of analysis was modified so that a failure
level was calculated instead of a response for a given load. However, this

does not completely eliminate the uncertainty with respect to the load. As
discussed in the section on calculations in the notes, the response
(failure level) obviously depends on the full description of the load
(spatial, direction, magnitude, pulse shape, etc.). The e f fec t on the
response has been estimated in the text.

Regarding uncertainty in the design of the structural components, a
complete set of design drawings for the containment shell was available.
Material proporties for the steel shell were also available, including mill
tests. However, only the details and drawings in the FSAR were available
for the design of the ice condensor components (wall panels, ice baskets,
and lattice frame). In particular, the details of the design of the wall
panels are sketchy. No "as built" drawings were available.,

Because of the lack of detailed design drawings and due to the nature of
the investigation, no detailed analyses were conducted. For example, a'

finite element analysis of the wall panels was not attempted. Rather, as
descri'aed in the Expert's notes, a simplified method of analysis was used.
This metood has been used succer.sfully in other applications, such as
weapons design. Expert C concluded that the use of this simplified method
was not a major contributor to the overall uncertainty.

J

s
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|- 5.7 13, sus - 7 : Containment Failure Due to Vetwell Detonations at Om.d
Gulf

Experts consulted: Charles Miller, City College of New York;. Subir Sen,
Bechtel Corp.; Donald Wesley, IMPELL,-

Issue Des,qylotion

Two separate questions were asked. The first was: "What is the
distribution that characterizes the uncertainty in the dynamic load. in the
wetwell required to produce _ failure of the containment for the Grand Gulf
atomic power plant?" The second was: "What . is the distribution that
characterizes the uncertainty in the dynamic load in the wetwel' required
to produce failure of the structure _ between the wetwell and the drywell,
above the suppression pool?"

The independent variables were initial leakage level in the drywell,
impulae generated ' by .the detonation and existing static pressure _ at _ the
time of detonation. Three-cases were initially defined.

Case 1: No existing Icakage .in the drywell and - the wetvell is at ambient
pressure at the time of detonation.

Case 2: The wetwell was - precondi tioned by a sustained static _ pressure<

before the detonation.

Case 3: There is an existing leak in the drywell at Levels 2 or 3, respec-
tively. Thus, the drywell has been preconditioned by damage due to
presrsure pulses before the detonation.

During discussion, the three experts. agreed that the' range.of impulses for-
which the existence of pre-exinting leakage at - Levels _-_2 or 3 made any
difference in the containment response was so small that pre exisitng
leakage could be ignored. Thus, Case 3 is ipdistin6uishable - from Case 1
and no separate results were obtained for Case 3.

The variable eluited is the probability of a failure at a given level.
Levels of failure are separately defined for- the . containment. leakage and-
for suppression pool bypass,

For the - containment or wetwell, failure , three levels of failure were
defined at first:

Level 1 is development of a leak which does . not. significantly exceed
the technical specifications, (Leakage leas than 0.5% per day.)_

Level 2 is a leak having an area of approxtmately 0.1.fta,

Level 3 is a leak sufficient - to depressurize the containment (area
greater than 1 ftz),
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It was later deternined that leakage near the design basis 1cvel was tiot of
interest and Level I was eliminated.

For suppression pool bypass or drywell failure, four levels were defined:

Level 1 is development of a leak with an area of approximately 0.017
2ft,

2Level 2 is a leak with an area of approximately 0.1 ft .

Level 3 is a leak with an area of approximately 1.0 ftz,

Level 4 is the drywell completely failed; the failure creates an escape
path with an area of approximately 10 ft2 or more.

Subsequent to the clicitation, the accident progreesion event tree was
altered to combine Levels 3 and 4, and Level 1 was eliminated.

All three experts indicated that failure probabilities for case 2 could be
obtained from the distributions for case 1 by application of the
interaction factor. Thus there were no separate results gi'ren for case 2.
Furthermore, case 2 was not used in the accident progression analysis. The
only time the static pressure would be large enough to significantly affect
the failure distribution would be during blackout accidento when the
su9pression pool has reeched saturation temperature. In this situation,
the vetwell will probably be inert due - to the high steam concentration.
Therefore, as case 3 was combined with case 1 and case 2 was not used, only
t.he results for case 1 ware aggregated.

htmmary of Results

Tables 7-1 through 7-3 contain th'e containment failure distribution for the
three experts. The aggregate distribution is given in Table 7 4 Tables
7-5 and 7-6 give the distributions of Experts A and B for wetwell failure
or suppression pool by pass. Expert C concluded that his distribution for
drywell failure (Table 7-3) applied to vetwell failures as well. The
aggregate wetwell failure distributions are given in Table 7-7. .

Expert A provided cumulative failure probabilities as functions of applied
impulse, and conditional probahilities of failure at Levels 1, 2, and 3.
The cumulative failure probability was corrected for elimination of Level
1. and the conditional probabilities for Levele 2 and 3 were renormalized.
After elimination of Level 1, Expert A's cumulative distribution did not go
to a high probability level. The distribution was linearly extrapolated to
unit probability. For drywell failure, Expert A provided separate
distributions for detonations originating in the wetwell annulus and the
done. Either ignition location is equally likely, so the two distributions
were numerically averaged. Table 7-1 shows Expert A's corrected
distribution for containment failure in the standard format. Table 7-5
shows Expert A's corrected distribution for drywell failure.

|

|
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Expert B also provided total and conditional distributions for each level. O

A distribution was given for drywell failure only, with the proviso that
impulse levels should be reduced by 40% for the containment wall. Expert
B's conditional probabilities for Levels 3 ano 4 were summed to give total e
probabilities for a combined Level 3 and 4 Tables 7-2 and 7-6 give the
failure distributions for Expert B. ,

Expert C provided separate distributions for failure at Levels 2 and 3. He
stated that he was unable ;. o distinguish between the drywell and
contaircent, and that the same distribution should apply to each. Expert
C's independent distributions for each failure level were converted to a
total cumulative failure probability, and conditional probabilities for
each level. Table 7-3 gives Expett C's converted results for containment

3 and drywell failure. Note that Expert C did not assume that Level 2 was
j more likely at low leveln and Level 3 was more likely at high levels, as

did the other experts. He apparently believes that Level 2 is
approximately twice as likely as Level 3 at all impulse 1cvels. The jumps
in the curves are a result of the numerical conversion to conditional
probabilities, and do not in.iicate an intention by the expert to vary the
cond!.tional probabilities.

3 Method.of Ancrecation

To make the aggregation simpler, all distributions were converted to
impulse at intervals of 2. 5 kPa-s . Linear interpolation was used to find
dependent variables between ' the impulse points given by the experts, and
points outside of the tange given by the experts were four.d by linear
extrapolation.

The total cumulative failure probabilities and conditional probabilities
Dr each level were aggregated by averaging probabilities for each impulse
i ove - . "'he results are shown in Tab 1cs 7-4 and 7-7 and Figures 7 1 and 7-2.
Fig, 3 7-1 shows the aggregate cumulative failure probability and the
aggregate conditional failure level probabilities for containment (wetwell)
failure. Figure 7-2 shows analogous information for drywell failure. The
r nditional probabilities for each lovel fluctuate because of the numatical
conversion procedure used'on Expert C's data. The quality of the
aggregated conditional probabilities can be improved if the mean value for
all impulse levels is used for Export C. The results of this smoothingprocedure are shown in Figures 3 and 4

The results from the three experts are qualitatively similar. Usually
Expert B assessed a lower strength than the other experts, and Expert C
assessed a higher strength, although there are exceptions for some cases
and some fractiles. Expert A was generally intermediate between Experts B
and C. The aggregate total cumulatiw .ailure curves are smooth and well
behaved. The aggregate distributions appear to be roughly log-normal in
shape.

5.7-3
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Table 7-1
Containment Failure: Distributions for Expert A

_

_Q.pndi*ional Prsbabilities
Impulse Total Cumulativo Failure

_(ich), Probability Level 2 Failure Level 3 Failure
_ _,

2.5 0.073 1.000 0.000
5.0 0.272 0.937 0.063

7.5 0.533 0.856 0.144
10.0 0.606 0.715 0.285

12.5 0.679 0.573 0.427
15.0 0.751' O.430 0.570

17.5 0.824 0.294 0.706
20.0 0.896 0.16 0.833

22.5 0.969 0.048 0.952
25.0 1.000 0.000 1.000

Table 7-2
Containtoent Failure

Distributions for Expert B

_

Conditional Probabilities
Impulse Total Cumulative Failure
(kPa s) Probability Level 2 Failure Level 3 Failure3

2.5 0.005 1.000 0.000
5.0 0.118 1.000 0.000
7.5 0.285 1.000 0.000

10.0 0.474 1.000 0.000
12.5 0.626 0.747 0.253,

15.0 0.766 0.459 0.541
17.5 0.841 0.000 1,000
20.0 0.907 0.000 1.000
22.5 0.941 0.000 1.000,

25.0 0.961 0.000 1.000
27.5 0.974 0.000 1.000
30.0 0.988 0.000 1.000
32.5 1.000 0.000 1.000

.

I

1
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Table 7 3 -|
Containment or Drywell railure

Distributions for Expert C

Conditional Probabilitien
Impulse Total Cumulative Failure
(kPa-s) _ J obability Level 2 Failurg Level 3 Failure

2.5 0.000 1.000 0.000
5.0 0.000 1.000 0.000
7.5 0.000 1.000 0.000

10.0 0,000 1.000 0.000

12.5 0.030 0.813 0.187
15.0 0.059 0.626 0.374
17.5 0.106 0.696. 0.305
20.0 0.154 0.765 0.235

22.5 0.217 0.721 0.279
25.0 0.279 0.67/ 0.323
27.5 0.339- 0.674 0.326
30.0 0.398. 0.671 0.329

32.5 0.453 0.678 0.322
35.0 0.507 0.686 0.314'
37.5 0.557 0.695 0.306
40.0 0.606 0.703 0.297

42.5 0.656 0.607 0.393
45.0 0.706 0.511 0.489-
47.5 0.747 0.498 0.502
50.0 0.788 '0.486 0.514

52.5 0.818 0.517 0.48355.0 0.849 0.548 .0.452
S7.5 0.872 0;594 0.407
60.0 0.895 0.639 0.361

62.5 0.913 0.639 0.361
65.0 0.930 0.638. 0.362
67.5 0.940 0.548-- 0.452-
70.0 0.950 0.457 .0.543

72.5 0.958 0.453 0.547
75.0. 0,966 0.449 -0.551
77.5 0.972 0.460 0.540-
80.0- 0.978' '0,470 0,530

82.5 0.983 0;536 0.463-
85.0 0.987 ;0.603~ 0.397-
87.5 0.991 0.637 0.364
90.0- 0.994 -0.670 0.330

i
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Table 7 3'-(continued)

Conditionni Pr.chabil.ities
Impulse Total Cumulative Failure-
(kPa si Probability Level 2 Failure Leyel 3 Failure

92.5 0.995- 0.560 0;440

95.0 .0,996 0.450 0.550
97.5 0.997 0.477 0,524

100.0 :0.998 0.503 0.497-
102.5 .0,999 .0.535- 0,465

Table 7-4
Containment Failure-

Aggregate Distributions

Conditional Probabilities
.

Impulse Totai Cumulative Failure
(kPa s) Probability Level 2 Failurg Level 3 Failung

2. 5- 0 026 _1,000 0 000
5.0 0.130' O.979- 0.021
7.5 0,273 0.932 0.068

10.0 0.360 0.846- 0.154

12.5 0.445 0.611E 0.389-
15,0 0.525 0.348 0,652
17.5 0,590 0.170 0,830
20.0 -0,653 '0,118- _0.882

22,5 -0.709 -0.076: 0,924
R25.0- 0.747 0;054 --0,946s
27.5 0,771- 0'.045 -0.955
-30.0 0.795 0.038 0.902

32.5= :0.818 0.034' 10.966-
35.0- 0,836 0.031 0.969
37.5- 0,852 -0.028 '0.972
40.0 0.869- -0.026 0.974'

O' ' =42.5- 0.885- 0.020- 10.980
45.0- --0.902 0.016- 0.984'
47.5: 0.'916 0.014- 0;986
-50.0 0.929- -0.013 0.987

52.5 - 0,940 :0.013L =0.987
55.0 0.950 '0,013: -0.987:
57.5- LO.957 0.013. 0 987;
60.0 0.955- 0.013, -0.987

.5 7-6
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Table 7 4-(continued)

Conditional Probabilities
Impulse- Tetal-Cumulative Failure
(kPn-si Probability- Leve1~2 Failure Level 3 Failure

62.5 0.971 0.013 0.987
65.0 0.977 0.012 0.988
67.5 0.980 0.010 0.990
70.0 0.983 0.008 0.992

72.5 -0.986- 0.007 0.993
75.0 0.989 0.007 0.993
77.5 0.991 0.007 0.993
80.0 0.993 0.007 0.993

82,5 0.994 0.007 -0.993
85.0 0.996 0.008 0.992
87.5- 0.997 0.008- 0,992
90.0 0.998 0.008 0.992

192.5 0.998 0;007 0.993
95.0 0.999 0.005 0.995
97.5 0.999- 0.005- 0.995-

100.0 0.999 'O.006 0.994
102.5 1.000 0.006 0.994

Table 7-5
Drywell Failure

Distributions for Expert A
_

Condi tional' Probabilities
Impulse Total Cumulative Failure

_LkPa-s) Probability Level 2 Failure Level 3 Failure

0 ' 79 '0.021:5.0 0.036 9
7.5 0.076 0.951 0.049

10.0 0.129 0.907 0.093
12.5: 0.180- 0.877 0.123

15.0 0.245 0.849 0.151
~

17.5 0.324 0.521' -0.179
20.0 0.404 .0.793 .0 207-
22.5 0.446: '0.778 -0.222

25.0 0.474 0.767. 0 233-
27.5 0.502 0.757 0.243
30.0 0;530 0.747 0.253-
32.5 0.558 0.737 0.263'-

5.7-7
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Table 7-5 (continued)
--

Conditional Probabilitigp
Impulse Total Cumulative Failure

_ QM ,jd, Probability L2 vel 2 Failure ]fvel 3 Failurg

35.0 0.583 0.725 0.275
37.5 0.595 0.707 0.293
40.0 0.607 0.688 0.312
42.5 0.620 0.670 0.330

45.0 0.632 0.651 0.349
47.5 0.645 0.633 0.367
50.0 0.657 0.615 0.385
52.5 0.669 0.596 0.404

55.0 0.682 0.578 0.422
.

57.5 0.694 0.559 0.441
60.0 0.707 0.541 0.459
62.5 0.719 0.523 0.477

65.0 0.731 0.304 0.496
67.5 0.744 0.486 0.514
70.0 0.756 0.466 0.534
72.5 0.769 0. 4l 6 0.554

75,0 0.781 0.425 0.575
77.5 0,793 0.404 0.596
80.0 0.806 0.383 0.617
82.5 0.818 0.363 0.637

85,0 0.831 0.342 0.658
87.5 0.843 0.321 0.679
90.0 0.856 0,301 0.699
92.5 0.868 0.280 0.720

95.0 0.860 0.259 0.741
97.5 0.893 0.238 0.762

100.0 0.905 0.218 0.782
102.5 0.918 0.197 0.803

105.0 0.930 0.176 0.824
107.5 0.942 0.156 0.844
110.0 0.947 0.142 0.858
112.5 0.952 .0.129 0.871

115.0 0.957 0.115 0.885
117.5 0.962 0.101 0.899
120.0 0.968 0.087 0.913
122.5 0.973 0,073 0.927
125.0 0.978 0.059 0.941

i
i
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Table.-7-6
Drywell Failuro:

Distributions for Expert B

Conditional Probabilities
Impulse Total Cumulative Failure
(kP1 si Probability Level 2 Failure Level 3 Failure

2.5 0.000 1.000 0.000
5.0 0.024 1.000 0.000
7.5 0.089 .1.000 0.000

10.0 0.183 1.000 0.000

-12.5 0.285 1.000 -0.000
15.0- 0.399 1.000 0.000
17.5 0.509 1.000 0.000
20.0 0.596 0.825 -0.175

22.5 0.688 0.708 0.292
25.0 0.766 0.459 0.541
27.5 0.811 0.000 2,000
30.0 -0.856 0.000- 1.000

32.5 0.901 0.000- 1.000
35,0 0.921 0.000 1.000
37.5 0.941 0.000 1,000-
40.0' O 955 0.000 1.000

,

42.5 0.964- 0,000- 1.000
45.0 0.972 0.000 1.000
47.5 0.980 0.000- -1.000
50,0 0.988 0.000- 1.000

52,5 0.996 0.000- 1.000
-55.0 1.000 ,0;000 1.000

-

)

.
-

0
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Table 7 7
Dryvell Failure

Aggregate Distributions

C. Aitional Pr>ba'lilities
1mpulse Total Cumulative Failure

_{hPa-s) Probability Level 2 Failurg Level 3 FailuIn

2.5 0.000 1.000 0.000
5.0 0.020 0.993 0.007
7.5 0.055 0.984 0.016

10.0 0.104 0.969 0.031

12.5 0.165 0.897 0.103
15.0 0.234 0.825 0,175
17.5 0.313 0.839 0.161
20.0 0.385 0.794 0.206

22.5 0.450 0.736 0 ?64
25.0 0.506 0.634 0.366
27.5 0.551 0.477 0.523
30.0 0.595 0.473 0.527

32.5 0.637 0.472 0.528
35.0 0.670 '0.470 0.530
37.5 0.698 0.467 0.533
40.0 0.723 0,464 0.536

42.5 0.746 0.426 0.574
45.0 0.770 0.387 0.613
47.5 0.790 0.377 0.623
50.0 0.811 0.367 0.633

52.5 0.828 0.371 0.629
55.0 0.844, 0.375 0.625
57.5 0.855 0.384 0.616
60.0 0.867 0.393 0.607

62.5 0.877 0.387 0.613
65.0 0.887 0.381 0.619
67.5 0.895 0.344 0.656
70.0 0.902 0.308 0.602

72.5 0.909 0.300 0.700
75.0 0.916 0.291 0.709
77.5 0.922 0.288 0.712
80.0 0.928 0.284- 0.716

,
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-Taule 7 7 (continued)

Conditional Probabilities
Impulse Total Cumulative Failure
(kPa-s) Probability Level 2 Failurs ' Level-3 Igilggg

'
82.5 0.934 0.300 0.700
85.0 0.939 0.315 0.685
87.5 0.945 0.319 0.681
90.0 0.950 0.324 0.676

92.5 0.954 0.280 0.720
95.0 0.959 0.236 0.764
97.5 0.963 0.238 0.762

100.0 0.968 0.240 0.760

102.5 0.972 I O.244 0.756
105.0 0.976 0.248 0.752
107.5, 0.980 0.280 0.720-.
110.0 0.982 0.313 0.687

112.5 0.984 0.319 0.681
115.0 0.986 0.325 0.675
117.5 0.987 0.268 0.732
120.0 0.989 0.210 0.790

122.5 0.991, 0.210 0.790
125.0 0.993 0.209 0.791-,

-t
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Expert A's Eiicitation

containment Failure Due to Vetwell-Detonations at Grand Gulf

Descrintion of Exnert A's Rationale / Methodology

Expert A first considered the strength of the containment due-to a static-
pressure, lie antimated the wetwell failure pressure to be between 40 and
75 psig, with a median (based on reported yield strength) of 56 psig. For
the structure between the drywell and the vetvell -which he considered to
be more uncertain.-he took low, median, and high values to be 30,-50, and
80 psig, respectively.

He then considered the responso of the structure to pulses with durations
of 1 to 15 ms, with low, median, and high values of containment strengths
and high and low " pulse amplification factors" of-3 and 0,1. _The lowervalue of the pulse amplification factor accounte for the fact that the
impulse in the aanular region between the wetwell' and drywell could not
possibly be axisymme tric , ! and therefore must- be less severe than the
axisymmetric case. For detonations above the drywell, the minimum _ pulseamplification factor was 0.5

Expert A then computed the response of a single degree of freedom system,
and calculated the impulse to give five times the yield deflection,

-

corresponding to approximately 2n strain in the liner. Because of strain
concentrations, 2% average strain would give much higher local strains, and
would be expected to cause failure.

Expert A performed analyses for three cases: _ failure in-containment above-
the drywell, due to detonation-above the drywell (Case-1A); failure of the
containment due to a detonation in the wetwell' annulus (Case -18) - and
failure of the drywell due to a detonation 'in the wetwell '~ annulus (Case10). o

Tho location of a detonation is _' uncertain. It is . assumed ' that - ignitionsites are equal" likely in the dorce above the drjwell and_ in the annulus
between the drywell and the contai:nment structure. For failure of the -
containment, therefore, the'overall cumulative distribution function (CDF)
is taken-to be the-average;of.the CDP for Cases la and Ib.

Case 1 was- calculated in detail. Case ' 2- can : be _ derived from Case 1 by-
-

multiplying impulse values: by the. f actor (1-P,/P )', where P, is the staticyp.ressure, and P la- _the pressure to cause yield. For Case--3, _ the Expert-y
believed-that any damage to the -drywell . would be - highly localized, and it
would be unlikely that the --damaged area would coincide with the area to
which impulse was applied. Therefore. Case 3-is_not distinct from Case 1.

.

1.evel 4 was ruled out for . the drywell, because the load would be-
compressive, and the Expert - did - not believ,e this level of damage was -
possible for compressive loading.

.5.7-17
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Results of Expert A's Elicitation

Expert A provided impulses _for five failure probabilities.for Cases la, Ib,
and ic as shown-in Tables A 1, A 2, and A 3. To extend these distributions

to 0 and 1.0 probabilities.-linear extrapolation.was used. However,-in no

the - Oth- percentile impulse allowed to be less than half the 5th-

case was
percentile impulse.

Table A 1
Case 1A Failure of Containment Akove Dryweli,

Due to Detonation Abovo Drywell

Conditionni Probability For Each Level

Side On Impulse Probability of
.

. _

(osi-si Failure __, Level 1 Level 7, Level 3
->

0.04 0.05 0.95 0,05 10.00-
0,5 0,25 0.50 0,50- 0.00
0.75 0.50 0.25 0,70 0.05:
1,00 0.75 0,10 0.80 0,10
'2,00 0,95 0,00_ 0,50 0,50

Table A-2
'

Case 1B -Failure =of Containment at Annulus,

Due to Detonation in the-Annulus

-Conditional Probability For Each (gvel
Side-On Impulse ' Probability of
. (uni s) Failure __ 1;evel 1 Level 2 -level 3

0.4 0.05- 0.95 0,05 - -0.00
2.0 0.25 0.50- 10.40, 0,10-
3,0 - 0.50- 0.10- 0.60- 0.30
5.0 0;75 0.00 :0,50: ,0.50

10.0 0.95 a0,00 0,20 0,80

-

El
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Table A 3
Case IC -Pailure of Drywell/Wetwell Structure

Due to Detonation in Vetwell Annulus

Conditional Probability For Fach Level
Side-On Impulse Probability of

(pJ -s) Failure Level 1 -Level 2 _ Level 3 Level 4i
__

0.4 0.05 0.90 0.10 0.00 0.001,0 0,25 0.60 0,40 0,00 0.001,5 0.50 0.20 0.75 0.05 -0.003,0 0.75 0,05- 0,85 0,10 0,00-
10.0 0.95 0,00 0.75 0.25 10,00-

To aggregate this -Expert's distributions with those of the other experts' ,
and te average his distributions 1. for Cases 1A and_18, it is necessary to-
develop independent CDFs for each failure 1cvel. The' probability densityfunction (PDF) is calculated from the CDF, _The average density.over an
impulse level "i" is

D(1-1/2) - (P(i)-P(1-1))/(1(1) 1(1 1)),

where:

D(1-1/2) is the probability density at the midpoint of the interval 1 1
to i;

P(i) is the probability of failure at interval i;

P(1-1) is-the probability of failure at interval ill;
I(i) is ' the impulse at interval 1, and

I i-1) is the impulse at interval- 1-1,t

The probability of failure in level m within the interval is the densityacross the interval, times the average conditional probability of failure-.in level m for the interval:

D(1-1/2,m) - D(1-1/2) * [Pr(F(1,m:F) + Pr(F(1-1,m:F)] / - 2,
where:

D(1 1/2,m) is the probability density of failure at the midpoint of the
interval i-1 - to 1, in level m.

Pr(Y(1,m:F) ' is the conditional ~ probability cof --failure at level m,interval 1, given that failure occurs at the interval.

3.7-19
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The CDP for failure in level m (independent of failure at all other levels)
is the integral of the density D(1,m) from the lowest to the highest level
of impulse. The independent CDFs for each level are then averaged for
Cases lA and IB. Also, the independent CDFs will be averaged with those of
the other experts to give aggregated CDFs for failure at each level. The
assumption of independence implies that the total failure ptobability is:

Pr - 1-(1-P )(1-Pg)(1-P ),3 3

where:

Pr is the total failure probability, that is, the probability of
failure at any level;

P is the probability of failure at Level 1, independent of all other3

levels;

P is the probability of failure at Level 2, etc.2

As a check on the calculations, the total probability of the independent
CDFs for each _ level must be equal to the total probability given by the
expert. Because the independent CDFs have been calculated using numerical
differentiation and integration--with the inaccura^1es to which these
processes are subject--the averaged CDFs will not usually be exactly equal
to the computed CDFs. A factor "k" was calculated, which, when multiplied
by the density for each failure level, mada the computed total CDF equal to
the original CDF at each point.

The independent CDFs are given in Tables A-4 through A 6.

Table A 4
Case 1A: Independer.t CDFs for Each Failure Level

Indenendent Failute Probabilities

Side-On Impulse Level _1_ Level 2 Level 3 Total
(Psi-s)

0.02 0.000 0.000 0.000 0.00
0.04 0.049 0.001 0.000 0.05
0.5 0.202 0.060 0.000 0.25
0.75 0.324 0.254 0.008 0.50
1.0 0.397 0.568 0.039 0.75
2.0 0.422 0.893 0.190 0.95
2.25 0.422 1.000 0.509 1.00

,

1

|
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Table A-5
Case IB: Independent CDFs for Each Failure Level

Indenendent Failure Probabilities

Side On Impulse Level l_ Level 2 __Lgvel 3 Total.

(nsi-s),

0.2 0.000- 0.000- 0.000 0.00
0.4 0.049 0.001 0.000 0.05
2.0 0.203 0.049 0.011 0.25
3.0 0.305 0.219 0.079 0.50
5.0 0.329 0.487- 0.273 0.75

10.0 0.329 0.729 0.724 0.95
11.25 0.329 0.760 1.000 1.00

Table A-6
Case IC: Independent C0Fs for Each Failure Level

Independent Failure Probabilities

Side-On Impulse Level 1 Level 2 Level 3 Total-
(nsi-s)

0.25 0.000- 0.000- 0.000 0.00
0.4 0.048 0.003 0.000 0.05
1.0 0.206 -0.055 0.000 0.25
1.5 0,335 0.241' O 008 0.50
3.0 0.388 0.575 0.039 '0,75'

10.0 0.398 0.906 0.119 0.95
11,75 0.398- 1.000: 0.168 '1.00-

The overall probability of containtnent failure is the average, by levels,
of-the-independent probabilities for Cases la'and lb. Figure A-l'shows the--

averaged failure probabilities for Levels 1 through 3, along with- the total;
cumulative failure probability. The ordinate -- on each- curve is the
probability - that the impulse required to cause failure of that level-
(independent of all other' levels) is no'greaterLthan the value of impulse
on- the ' abscissa. *nte ordinate for-the " total" curve : is the probability
that- the impulse required to cause failure at any: level is no greater than,
the value on the abscissa.

Table-A-1, for containment failure, is obtained from Tables A-4.and A-5 by
climinating Level 1, interpolating to obtain failure- probabilities for 2.5

.

kPa s, and combining independent distributions to obtian'a total cumulative
distribution and= conditional probabilities for failure level. Table A-5,
for drywell failure, is obtained analogously'from Table A-6.
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CONTAINMENT FAILURE BY DETONATIONS, GRAND GULF
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Figure A-1. Averaged Failure Probabilities for Levels 1 Through 3

Sources of Uncertaing

A major source of uncertainty is the description of the detonation. I f the
initiation point, duration, and reflections of the impulse were accurately
known, the structural response could be calculated with much less
uncertainty. There is also considerable uncertainty with regard to the
level of damage expected; however, this uncertainty is also less than the
uncertainty in the initial conditions.

S33grested Methods for Removinc Uncertainty

Because the major source of uncertainty is the stochastic nature of the
initial conditions, it is virtually impossible to make marked reduction in
the uncertainty.

I
l
1
|
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Expert B's Elicitation

Containment Faaure Due to Vetwell Detonations at Grand Gulf

Descriotion of ExnerJ; B's Ratigpale/Methoddpgy

Expert B considered five basic failure podes: (1) f ailure of the drywell
concrete, (2) failure of the drywell head, (3) failure of the drywell head
closure pins, (4) failure of the vacuum breaker pipes, and-(5) failure of
any other pipe penetrations. He worked from existing containmeat analysis
results, but he had no drywell analysis results or structural drawings. He
estimated concrete strength of _ the dryvell by- the same safety factors used -
for the containment.

Expert B concluded that vacuum breaker failure was unlikely because the
path that the pressure pulse must follow to the vacuum breakers is quite
tortuous. For a -detonation in the drywell,, the momentum of . the pulse would q

be absorbed in the two 10* elbows embedded in the concrete and.one.more 90' '

elbow in the piping. Although he had no detailed . description of the
valves, they are designed to withstand 35 psi pressure, so, in-his opinion,
failure from a detonation impulse is not likely. For.aJdetonation in-the
upper part of the wetwell, approximatelyLIO_'ft of 8-in.-Schedule 40-pipe
and valves are exposed to the pressure pulse in the containment atmosphere.

,

It would be more likely that a -detonation would fail the vacuum' pipes j
because of drag forces from - the detonation than by: a. reflected wave. '

However, this is not a likely possibility. the pipe is expected to hinge
near the slah and at a support. Large ductility. can- be mobilized (in his
judgment, 10 to 20) before pipe fracture. Very high pressures can be
tolerated, well outside the range of' credible pressures.

The Expert concentrated on the drywell wetwell Nall. Leak and. rupture
appear to be. controlled by the concrete. Simple hand.calculationsfof the

,

expected strain in the - drywelli liner wore conducted by. the expert : to
estimate the expected statici capacity and to estimate the - elastic
frequency. The. peak dynamic reflected pressures at-which leak was;-expected
to occur were translated to-impulse by assuming impulse'durationsLof_3 tot

10 ms with varying shapes; .He did _ include consideration of secondary:
impulses in calculating the impulse ~from peak dynamic: pressure. He looked
for_ places where the strain concentratestin the liner. ' Leakage could' occur-
as well- at other ' places but ductile . failure . there would lead : to . rupture.
He used conservative assumptions to form a lower bound. Leak was expected

-

from ductilities of about 3 to 8.

Expert _ B did not differentiate between probability of failure. at Level 2-

-and. Level: 3, both of which he classified as leakage. : Level 2 and-Level 3
failures . imply no. rebar failure _ and no = large hole in the concrete. An
example of a Level 2- failure would be a tear in the liner and a crack in
the concrete with a fraction of an.-inch width extending several feit in
length; This type of failure would be expected to occur most often' as- a
result of strain concentrations around penetrations.etc. An example of a
Level 3 failure would also consist of a tear in the liner and 'a narrow
concrete cracki but this time extending-over.a much greater length. This

5.7-23
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type of failure would be expected to occur away from areas of strain
concentration and would be expected to occur in the area of high average
hoop strains. A crack of this type could be expected to run over half the
height of the wall or more.

The Expert gave a separate distribution for rupture. Rupture pressures
were estimated by assuming a ductile liner, no controlling strain
conceutrations and an average strain of 4 to 5%. In order for the concrete<

to rupture, the rebar would be required to fracture before liner rupture.
Rupture pressures were estimated using the same pressure pulse assumptions

;. (i.e., translating a reflected pressure into impulse by assuming a 3 to 10
- ma pulse duration) but using higher liner ductilities of from about 5 to 15

to reach the expected reinforcing steel uniaxial strains required to cause
failuro.

11e ad failure was dismissed as a failure mode because there was no
possibility of a detonable mixture there. If there is a possibility of
getting detonable mixtures in the upper head of the drywell, he did make
estimates of the pressuras required to produce snear pin failure.

Expert B did not look at details such as hatches or electrical
penetrations. He expressed concern that some hatches could be one way
hatches and could unseat if overpressures are encountered in the unexpected
direction,

Expert B obtained his failure probability distributions for the containments
*

(wetwell) by taking his distributions for the drywell and redveing the
failure pressures down by 40%.

Finally, all the estimates were predicated on the assumption that the
impulse duration of the detonation would range from 3 to 10 ms. Changing
the pulse duration to 20 to 40 ms would require the Expert to take a closer
look at the structure vibration modes, since the dynanale amplification is a
non linear effect once yield is exceeded.

Re_sults of Expert B's ElicitatioD

Case 1

Table B 1 shows Expert B*s estimate of the probability of leakage in the
drywell due to concrete failure as a function of reflected pressure and
impulse. At the lower values of reflected pressure he expects a Level 2
leak, at the higher values of reflected pressure he expects a Level 3 leak
to re st.lt . The dividing line between Level 2 and Level 3 leaks is about
400 psig.
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Table B 1-
Drywell Leakage

Cumulative Failure
Probability for Reflected Pressure -Impulse to Dry Impulse

Leakare (nsfr) Well (usir si (kPa s)_

0.02 70 0.7 4.8
0.05 100 0.9 6.2
0.10 140 1.14 7.8
0.25 230 1.7 11.7
0.5 400 2.5 17.2
0.75 700 3.5 24.1
0.9 1200 4.7 32.4
0.95 1600 5.6 38.6
0.98 2300 6.9 47.6

Table B-2 depicts his estimate of the prot ities of rupture failure of
*he drywell. His rupture ' curve applies 'o Levels 3 and 4. Above a
reflected pressure of 2000 psig a Level 4 .ak would be more likely than
a Level 3 leak. Below'a reflected pressure of 1300 psig a Level 3 leak
would be-more likely than a Level 4 leak. There is no chance of a Level
4 leak at or below 800 psig.

Table B-2
Drywell Rupture

Cumulative Fail-
ure Probability Reflected Pressure Impulse to Dry Impulse to Drywell
for Runture (usir) Hell (esir-si -(kPa-si

0.02 300 3.0 20.7
0.05 410 3.5 24.7
0.10 530 -3,9 26.2
0.25 810 4.8 33,1
0.50 1300 6.0 41.4
0.75 2090 8.4 58.0
0.90 3200 11.4 78.7
0.95 4100 13.7 117.3
0,98 5600 17.0 132.5

In order to put these distributions into the required format for
aggregation with the other experts' distributions it was necessary to
separate the probabilities for the Levels 2, 3 and 4 failures and to extend
the distributions to 0 and 3.0 probabilities. The results are shown in
Table B-3. The impulse units have been converted to kPa-a in Table B-3.
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Table B.3
Conditions 1 probabilities of Drywell Failure <

- -- .- --- .

Conditic. ngl Probability
Cumulative Failure Impulse to

Probability Drvvellf. keg gl Level 2 . Level 3 Level 4,

0.00 3.91 1.0 0.0 0.0
0.02 4.83 1.0 0.0 0.0
0.05 6.21 1.0 0.0 0.0
0.10 7.86 1.0 0.0. 0.0

0.25 11.72 1.0 0.0 0.0
0.50 17.24 1.0 0.0 0.0
0.54 18.40 1.0 0.0 0.0 '

O.62 20.69 0.75 0.25 0.0

0.75 24.13 10.67 0.33 0.0
0.80 26.89 0.0 1.00 0.0
0.90 32.41 0.0 1.0 0.0
0.95 '38.61 0.0 0.85 0.15

,

0.5, 41.37 6.0- 0.67 0.33
10.98 47.$8 0.0 0.56 0.44
1.00 $3.60 0,0 0.45 0.55
1.00 57.92 0.0 0.33 0.67

1.00 78.60 0.0 0.15 0.85
1.00 94.46 0.0 0.05 0.95
1.00 117.21 0.0 0.02 0.98
1.00 132.40 0.0 0.0 1.00

''

-

Conditional probabilities for failure at each level were_then converted
to jcint cumulative probabilities as shown in Table B 4

Table B 4-
Joint Cumulat1* e Probability of Drywell Failure.

" ''

Joint Cu$ulative Pr_obsbility
Cumulative Failure Impulse to .

Level _1 level 3
_Probability h ell (kPa si kilt

0.00 3.91- 0.0 0.00~ 0.00
0.02 4,83 0 02 0.00 0.00'

O.05 6.21 0.05 0.00. 0.00

0.10 7.86 0.10 .0,00 0.00-
0.25 11.72 0.25 0.00 0.00

.

0.50 '17.24 'O 50 0.00 0.00
,
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Tsble B.4 (continued)

Joint Cumu15tive Erobability
~

Cumulative Failure Impulse to
Probability DIyy.tll(if a Jtl Ltul.2 Jslel .3 Level 4

0.54 18.40 0.54 0.00 0.00
0.62 20.69 0.60 0.02 0.00
O.75 24.13 0,69 0.06 0.00'

'

O 00 26.89 0.69 0.11 0.00
0.90 32.41 0.69 0.21 0.00
0.95 38.61 0.69 0.26 0.01

0.96 41.37 0.69 0.26 0.01
0.98 47.58 0.69 0.27 0.02
1.00 53.60 0.69 0.28 0.03

1.00 57.92 0.69 0.28 0.03
1.00 78.60 0.69 0.28 0.03
1.00 96.46 0.69 0.28 0.03

1.00 117.21 0.69 0.28 0.03
1.00 152.40 0.69 0.28 0.03

Linear interpolation is used to derive failure probabilities for the 2.5
kPa s increments shown in Table 76 for the drywell. 14vels 3 and 4 are
combined and listed as level 3 in Table 7 6. Table 7-2, for containment,

failure, is determined from Table 7 6 by multiplying the impulse levels by
0.00 as explained above.

Case 2
_

Case 2 can be derived from Case 1 by multiplying impulse values by the,

factor (1 P /P ), where P. is the static pressure, and P is the pressure toy y
cause yield.

4

Egurces of UncertgJm

The main sources of uncertainty were the Expert's lack of knowledge of the
naterial properties of the' concreto and his lack of ' knowledge of the

-

details of the plant, purely deterministic uncertainties. The assumption
of a 3 to 10 ma pulse duration is also of major importance.

5.7 27

, .,
_

.

___



_ __ _ __- _ - - - _ - - - _

inggrated Methods f or ReduelDL ncert ainlyU

The only additionel, immediately available, infortcation that would have
helped the expert iras detailed structural drsvings, so that he could take a
closer look at batches and also verify the expected static pressure
capacity. lie had assurted the saire factor of safety for the drywell as for
the containtent. Sandia analysts could check for the existence of one.
directional ha te.he s . If all the hatches in the dryvell seat in both
directions, then he thinks the hatches will not oe a principal mode of
failure.

2

.

t

P

1
1
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Expert c*s Elicitation

Containment Tailure Due to Vetwell Detonations at Crand Culf

Determinstion of Exocrt c's Rationale /fethodology

case 1

Expert C considered a single detonation in the wervell with no precondi-
tioning. He assumed the detonation resulted in an axisymmetric impulsiveload to structure. 11e looked at two locations in the - containment: the
upper containment (dome ragion) and the annular space in the wetwell. The
Expert felt the asymmetrical geometry of the 'wetwell would have a higher
capacity than the dome region. The areas he; reviewed were the contaitveent
dome, drywell - dome , cylindrical shell at the spring line, containment and-
drywell personnel locks, containment equipment hatch. - vacuum breakers, and
the piping system. Expert C ruled out the containment' dome because the
cylindrical shell is teaker - than the dome. He '_ expected that the piping
system would see a-drag load rather.than an-impulse load. Because the: drag
load would be less than the irepulse -load, he ruled _out failure of the
piping system. The vacuum breakers would fail only if- a detonation
occurred right next to them = and even if they- did fail.. the twpulse would
collapse the pipe and close off any leakage. _It was the Expert's opinion
that the areas of concern were the containment and drywell personnel locks,
equipment hatch, and tae shell at - the spring line. However, it was hard
for the Expert to believe that both doors would fail on the personnel lock.

The Expert assumed the leakage leve1 ~ could be related to ' the ductility
ratio. Next, hw looked at the range of static capacities and ductility
ratios for the various areas of concern. From this information, the Expert
assessed the failure probability .of the containment and the drywell. He
felt the same distribution would . apply to both the containment . end : the
drywell because they had similar failure modes.

The Expert defined three levels of leakage: very small leak, small leak,
and large leek, The very small leak corresponds to roughly the nominalleakage level. -The large leakage level - corresponds to . a leak. that is
greater than 1 f t , -and this includes both 1.ovels 3 and 4 when- applied tot

the_drywell.

Case 2

The failure probabilities for chis ; case can be derived from Case l'by
multiplying impulse values by the _ interaction factor. (1.P./P ), where P.
is; the static pressure and P 'is the yield pressure. y

y
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Resuits of Exoert C'allicitation

For case 1, the failure probabilities for a very small leak, a small leak,
and a large leak are presented in Tables C 1,1C 2, and C 3, respectively.
Tha distributions tabulated in Tables C 1, C 2, and C 3 applied to both the
containment structure and the structure between the vetwell and the
dryvell, Linear interpolation is used to generate failure probabilities for
2.5 kPa s steps as shown in Table 7 3. Leakage Level 3 was eliminated as
not being of interest. The case 1 distributions may be used with an
interaction equation to obtain the distributions for Case 2. Case 3 has
been combined with Case 1.

<

Table C 1
Containment /Drywell railure Probabilities

Very Small Leakage (Level 1)
-.

Normal Impulse Cumulative
font si VI2hability

1.5 0.00
4.5 0.50
9.0 0.95

-

Table C 2
Containment /Drywell railure Probabilities

Small Leakage (Level 2)

Normal Impulse Cumulative
(esi s) frobability

1.5 0.00
3.0 0.15
6.0 0.50

12.0 0.95

t
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Table.C 3
Containment /Dryvell Failure probabilities

Large Leakage _ (Level 3)

Normal Impulse Cumulative
font s) Probability

.e
1.5 0.00 #

3.0 0.05 k
7.5 0.$0

15.0 0,95

Sources of Ungertainty

The major sources of uncertainty were the location of the detonation, the
characteristics of the dynamic load, and the naterist properties.

,

r1
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5.8. Issue 8. Pedestal Fa!. lure at Crand Gulf

Experts consulted: Subir Son, Bechtel Corp,, Richard Toland. United
Engineers and Contractors; Walter von Rionemann, Sandia National
Laboratories.

1

1ssue Dracriotion I

What distributions characterige the quantity of concreto erosion that will
result in structural failure of the vessel pedestal at Grand Gulf?
Structural failure of the vessel pedestal is defined to mean loss of
support of the vessel such that gross motion of the vessel results. It was
previously 4.ssumed that such failure will induce suppression pool bypass
leakage f rom the drywell to the contaireent (wetwell).

The Structural Rusponse Expert Panel felt that this assumption was wrong.
They felt that there was a small likelihood that the failure of the
pedestal would result in failuro of the drywell structure and subsequent
bypass. The probability of drywell failure, given pedestal failure, was
elicited informally from this Panel.

Nine cases were out. lined. _ They correspond to _ the different vertical
erosion values, radial erosion values, and effective debris depths shown in
Table 8 1.

Table 8 1
lasue Case Structure

_

Debris Depth Radial Erosion Range Verticci Erosion DepthCasen (ft) (ft) .J f t)
1 4 0 to 10 1.52 4 0 to 10 3.5
3 4 0 to 10. 5.0

,

4 7 0 to 10 1.5
5 7 0 to 10 3.5
6 7 0 to 10 5.0
7 10 0 to 10 1,5
8 10 0 to 10 3.59 10 0 to 10 5.0

_ _ , -

Summary of Resulta

Expert A felt that the pedestal failure depended on the radial erosion
depth, not the - axial _ erosion depth. He _ felt. that the strength of the
pedestal wall would depend on temperature and that at 900*F the wall would
be reistively streng but at 1600'F, the wall would havo lost almost all
-strength. The expert felt that at high temperatures, the pedestal vall

.
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a behavior similar t. o coru 94 beams withcould crack and he postulated
rebar. lie felt that there was a lower probability of pedeatal failure for
erosion belo, ne drywell floor than for erosion above the drywell floor.

The NUREG 1150 analysts only used the information given in the curve
appropriate for a 4 ft debrio depth. The Molten Core Containment
Interaction (MCC1) group felt that the concrete rbove that level was not in
jeopardy.

A cumulative distribution was created directly from the curve prov'ded in
the clicitation notes. The distribution was inverted to give the ; ibabi-

lity of pedestal failure for different' radial crosion depths this w . w ne
for case in combining this information with that given by the MCCI group.

Expert B assumed that the probability of pcdestal f ailure depends only on
radla' crosion and the terrperature of the rebar. While estimating failure
probabilities, the expert felt that the outer vertical cage of rebar was
the load element and discounted the concrete. This expert gave all of his
results in terms of temperature of the outer rebr.i group, llo ctated that
failure will occur in the range of 1200 to 1400*F. Because the Molten,

Core / Containment Interaction Expert panel unaniteously stated that the
thermal front precedes the erosion front by only a few centimeters, the
NUREG 1150 staf f assi ned a probability of 0.0 to pedestal failure until6
the cronion front reached the outer rebar group, at which point a
probability of 1.0 was assigned.

Expert C based his analysis on a number of drawings of the pedestal region
and observed that t'n e pedestal contained a large amount of rebar, lie
performed a literature search to determine the e f f e.: t s of temperature on
the mechanical properties of both the reinforcing steel and the concreto.
He found that in the 1000 to 1500'T range, the reinforcing steel has a
dramatic loss of ultimate strength, yield strength and modulus of
elasticity. At 1000', the con 1precsive strength of concreto is 30 to 80% of
its strength at room temperature. At 1600'F, the compressive strengch is
nearly zero. Expert C felt that if the inside steel loses its strength, the
likelihood of pedestal fai'.ure to high.

lie felt that the greater the vertical erosion, the less radial erosion is
required to cauce pedestal influre. he gave probabilities of pedestal
failure dependent on radial erosion depths for three differen? vertical
erosion depth cases (5 ft, 3.5 ft, and 1.5 ft.) The radial and axial
erosien profile described by the expert's 5 ft vertical erosion depch case
is unrealistic according to the Molt in Core Containment Interaction Expert
Panel. The probabilities for the 5 f t vertical erosion case were therefore
neglected.

Because the probabilition of pedestal failure for the 3.5 and the 1,5
vertical erosion cases did not differ by a substantial amount, the two
vertical erosion cases were averaged to simplify the aggregation with the

* other experts. The probabilitics were averaged with the other experts
dependent on radial erosion depth %1y.

5.8 2
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Expert C assigned a low probability to drywell failure conditional on
pedestal failure lie felt t. hat there was a high probability that the pipes
supporting the vessel would fail at one of the several large angle bends
between the vessel and the drywell. This would preclude failure at a
drywell penetration.

The sumtnary of the expert results and the aggregated -distribution is
presented in Table 8 2.

Table 8 2
Experts' Results and Aggregated Distribution

Prebetility of Pedest al Failure vs. Radial Frosten Detth

Ivrerte L,11 1.0 ft 1.$ it L,2,1k L1.,11 ).$ it 3 7 ft L.R.,,,ik h . 4 . .f t 4.0 f t . 3.$ ft h
A 0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

b 0 0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 1 1

C 0 6.2ft 0.926 0.992 0.993 C 994 . 0.995 0.998 0.997 0.999 1 1

Arittunette Average of Experts' Elicitations

Probability of Pewstal Failure vs. Radial tresion DetL
_

1 f t ... LJ,11 3 ft IJ, LL 3 3 ft h ,,L,Lt . 4. 4 ft Wg $.$ ft 1
0.090666 0.342 0,397333 0.431 0.4f4666 0.496333 0.$32 0 $65668 0.$99666 0.966666 ~ 1

!

Only two experts provided informal information ' on the " drywell failure
.following-pedestal failure. Expert A estireated that the failure would' occur
with a probability of 0.25 -and Expert C estirnated that the failure would
occur with a probability of 0.1. These were averaged- to get an aggregatedprobability of 0.175. -

c

4
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Expert A's Elicitation

Pedestal Failure at Grand Gulf

Determination of Ex9ert A's Ratipnnle/ Methodology

The dependency of vertical crosion on pedestal -failure was dropped by the-
Expert. The vertical erosion is into the base mat and, therefore, the
Expert felt it would not affect the pedestal wall. In addition, the-
" effective" debris depths of 7 and 10 ft were combined into a debris depth

-

that represents erosion above the drywell iloor. The 4 ft debris depth
represents erosion below the drywell floor. The Expert felt that the total
amount of material eroded van not the primary factor but, rather, the depth
and the location of the radial erosion (i.e., above or below the dryvell-

floor). Thus, even though more material is eroded with an "effeutive"
debris depth of 10 ft when compared to 7 ft, it is the radial erosion depth
that will determine if the' pedestal will fr.11 or not and, therefore, these
two locations can be combined _to represent an above drywell floor depth.

For the load on the pedestal the Expert includad the - reacto pressure
vessel (RPV) (without debris material)- and the shield wall. He - felt the
load was relatively " light" compared to virgin support strength of- the
pedestal snd, therefore, felt the strength : of the pedestal wall would
depend on its temperature. The Expert assumed that at 900'F the wall would
still have good strength, but at 1600'F the wall would have lost nearly all
of its strength, He assumed that. the temperature gradient through the
pedestal wall was linear and that at the crosion front the' temperature was
1600*F while at - the - outside surface of the pedestal wall the temperature
was 200*F, -The Expert thought the high temperatures in the pedestal would
crack the pedestal wall and, thus, he considered the wall as a bunch of
concrete beams with rebar.

For crosion depths above the-drywell floor (7 or 10 ft) --the load from the;
RPV and the shield wall was compared against the reduced concrete section.
With a 3-ft radial erosion depth . the reduced. section capacity is
approximately equal to the load. With a 4 ft radial erosion ' depth- the
section capacity was significantly less than the load. With a-5 ft radial
erosion depth, the Expert thought there .was a' Sit pro *aability that the RPV-

piping would support the RPV. He felt the highly uncertain ~' area was
between radial erosion, depths of 3=and 4 ft. '

-

The Expert stated thst there was c lower probability of pedestal failure
for erosion below the drywell - floor : than ' for erosion above the drywelle

floor. He felt the section of the' pedestal below the drywell floor was'in-
a better configuration' structurally _- to survive.- radial- erosion. The-large
heat sink at this location will also reduce the-probability of failure.-

.

Results of Extiert A's Elicitattom

Expert A's - probabilities for pedestal failure _as a function of radial
erosion depth for erosion ebove and- below the drywell floor are' presented
in Table A-1.
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Table A-1
Probability of Pedestal Failure

-

Cumulative,lrobabilltv

kadial Erosion Depth 6h2ye Drywell rioor Eglpw Drywell Flpar
(ft)

1 0.00 0.00
2 0.15 0.05
3 0.40 0.25
4 0.75 0.60
5 0.95 0.85
6 1.00 0.95
7 1.00 1.00

The Expert stated that pedestal failure does not necessarily cause dryvell
leakago. The Expert felt that the conditional probability of drywell
leakage given pedestal failure was definitely less than 50n. Not having
analyzed the situation, the Expert suggested a 0.25 probability of dryvell
failure conditional on pedestal failure.

Sources of 0:1 gen _ainty

The major sources of uncertainty in this issue were the temperature profilt
and history through the pedestal wall and the actual strength of the
pedestal wall as a function of temperature.

Correlations with Other Variables

No correlations were discussed between other variables in the event trees
and the variables discussed as part of this issue.

.

5,8-8

_ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ - _ _ - _ - _ _ _ _ _ - _ _ - _ _ _ _ _ - _ _ - - - _ - _ _ __ _



Expert B's Elicitation

Pedestal Failure at Grand Gulf

Eglernination of Expert B's RatloDall'/Methodolory

The Expert grouped all the cases together. The Expert asstmed that the
probability of pedestal failure depends only on radial erosion and the
t eroperature of the rebar, since the materini strength of the pedestal is
strongly dependent on teroperature at tertperatures above 800*r for steel and
300 to 400'F for concrete.

The pedestal is heavily reinf orced with rebar. Rebar cages have been
imbedded in the concrete close to each vertical face. In estimating
failure probabilities the Expert considered the outer vertical cage of
rebar as the load element and discounted the concrete, lic looked at the
yield strength (F ) vs. teroperature (T) and performed his calculation $ ony
an equivalent steel cylinder. The size of the equivalent cylinder was
calculated as follows. The cage nesr the outer circumference of the
pedestal consists of two rown of #11 robar. The rebar is spaced every
4 in. There is thus about 9 in.2 cross sectional area of rebar for every
foot of pedestal outer circumference. The outer circumference of the
pedestal is about 100 ft, giving a total of 900 in.8 of reinforcing steel.

The load on the steel is about 1800 k (1 k - 1 kipp - 1000 pounds) for the
reactor pressure vessel, 200 k for the residual core (504), 1500 k for the
pedestal and 1.5x103 k for the shield wall. The total weight that trust be
supported is 5000 k.

The reduction in yield strength of #11 rebar as a function ot temperature
is S ven in Table B 1.i

Table B 1
Reduction in Yield Strength vs. T(*F)

Temperature 800' 1000* 1200* 1400*
Fraction reduced 0.7 0.6 0.3 0.1

-

(Fraction of room teepetature yield strength reduced)
_

The required strength of the rebat is 5000/900 - 5.6 ksi (kipps per square
inch). At room tenperature the yield strength of #11 rebar is 60 ksi. The
reduction in yield strength that must take place before the pedestal fails

5 is 5.6/60 - 0.1. An estimate of the buckling stress of .an individual
rebar, assttming no effective lateral support by concrete on a 5 ft length,

) is 8 ksi at 1200'F. Thus the temperature at which failure occurs is
estimated to be in the range of 1200 to 1400'F.

d 5.8-9
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litAult.p.9f Expert B's Elicitation

The probability of pedestal failure is given as a function of average
temperature in the rebar in Table B.2.

Table S.2
Probability of Pedestal Failure vs.

Average Temperature in the Outer Rebar Group
-. -

Cumulative
Probability Ierroerature (*F)

0.05 1200
0.50 1300
0.95 1400

_ . _ - .,

The average temperature should be calculated at the elevation that gives
the maximum temperature.

If the Expert is mistaken about the type of rnbar used (# .1), the _ proj ect -
can recalculate his probability distribution _by recalculating the 0.5
probebility point of the F, vs T curve. One should just translate the
curvo described in Tatie B 2 so that the temperature- at which the yield
strength reaches 0.1 c o rr+:. ponds to the probability - of 0 5 - and the
temperature at which the yield strength is 0.2 corresponds to 0.05. Given
those two points, one should -then construct a unimodal and symmetrimal
curve.

Sources of Uncertainty - -,.

The type of steel used for the rebar was not known for sure. The-Expert
. assumed that the steel in the rebar was pil. Other sources of uncertainty
are the Expert's knowledge of the. dependence of material properties on
temperature.

.Q.2rrelatig.nn with Other Variableg

Correlations with variables other than rebar temperature. were not-
) identified.

Eug,ggsted Methods for Reducing Uncertainty

This-issue is more _ sensitive to concrete erosion rate than to stwetural
parameters.

5;8 10
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Expert C's E11 citation

'

Pedestal Failure at Grand Gulf

Descrintion of ExpeIt C's Rationale /Mp_thodolorv

Expert C based his analysis on a number of drawings of the pedestal region. I

Figure C 1 is the sketch that accompanied the issue paper. Since it is not
to scale, Expert C found it misleading. Figure C 2 (Reference C 1) and
Drawing C 1048A (Reference C-2) give a better idea of the size and shape of
the pedestal. Drawing C 1067C (Reference C 3) shows the rebar placement in
the haunch area at the top of the pedestal, and Drawing C1070A (keference
C 4) show the placement of the door and the four openings at the top of the
pedestal for the control rod drives (CRD) lines. There are two sunpa in
the cavity floor, as shown in Drawing C 1042 (Reference C 5),
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Figure-C-1. Grand Gulf Reactor Pedestal Configuration.
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Figure C 2. Drawing C 104BA.

Expert C noted that the pedestal contained a large amount of rebar. In
addition, there is a ring girder in Drawing 1067C (Reference C 3) (top
clevation - 121 ft 4.5 in.) to which the RPV skirt flange is bolted. This
ring girder is anchored to the pedestal by 3/5 in.-diameter iolts, some ofc
which are 11 It 8 in. long. In fact, the pedestal from approximately
elevation 114 ft 0 in, to 119 ft 10 in, consists of a large amount of steel
with a "little" concrete in betrieen.

|
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Expert C not.ed that the heavy reinforcing which extends all the "ey through
the wall in the haunch region at the top of the pedestal in Drawing C 1067C
(Re f( re nc e C 3) does not extend below about elevation 114 ft (it e fe re nc e
C 2). From elevation 114 ft 0 in, down to elevation 100 ft 9 in, there is
reinforcing steel only in the faces of the pedestal. From elevation 100 ft
9 in, down to elevetion 93 ft 0 in. this steel is joined by the horizontal
steel of the floor. This portion of the pedestal is thus heavily
ref nforced (see Reference C 2). The steel in the pedestal is #11 bars. In
the vertical direc tion (f.o., Sorizontal steel) there ere two bars every
9 in. in each f act. There are two vertical bars every 4' in each face,
except for one set of bars which are spaced at 8* as shown in Reference
C 2.

There are five utouts in the pedestal wall (see Drawing C 1070A Reference
C 4). The four CRD line openings have their bottoms at elevation 114 ft
0 in. This area is lined with steel and there is a steel frame which spans
over *he op e n i r.g s . The concrete around these openings appears to be
heavily reinforced. The fifth opening is a door 3 ft wide and 7 ft high at
azimuth 220' . The bottom of the opening is at 104 ft 1 in. The opening
for the door is not steel lined and the concrete around it does not appear
to be reinforced.

There are two sumps in the cavity floor, 'a s shown in Drawing C-1042
(Reference C 5). Their bottom elevation is 91 ft 6 in, and they are linedwith 0.25 in. steel plate. In fact, the entire cavity is lined with steel
plate.

do.terial t r o pr.rf,.ing . Since the loading condition involves elevated
temperatures, a literature search was conducted to determine the effects of
temperature on the mechanical properties of both the reinforcing steel and
the concrete.

The ASME code for steels is divided into two clash:. For light water
reactors, the temperatures are assumed to be less than 300'F. The other
class covers breeder reactor applications where higher temperatures are
expected for selected components. Actual mechanical strength values for
temperature above 800'T are difficult to obtain, but. in the 1000 to 1500*F
temperature range the reinforcing steel has a drmatic loss of ultimate
strength, yield strength, and modulus of elasticity.

(Re ferences C 6 and C 7 were consulted. For A 514 and A 517 steel, curves
are given for properties at elevated temperatures. At 1000'F, the ultimate
and yield strengths are approximately 50% to 70% of their room temperature
values. At 1200*F, the ultimate and yield strengths are approximately 30%of their room temperature values. At 1600'F. the ultimate and yield
strengths are close to zero. While these steels have a different carboncontent than the rebar steel, Expert C expected that the material
properties of the rebar would show similar degradation with elevated
temperature.)

5.8 13
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The structural properties of concrete 21so decrease with increasing
temperature. At 1000'r, the compressive strength of concrete is 30s to 80%
of its strength at room temperature. At 1600'r, concrete's corrpressive
strength is nearly zero. See References C-8 through C-12 for details.

inadinc Parameters. The question being addresced is the failure of the
Crand Gulf reactor pedestal due to erosion of the concrete by the molten
core. The following items were given as input:

1. The thermal front is only clightly ahead of the erosion front;

2. Radial erosion up to 10 ft is to be considered;

3. The core debris will not fill the cavity above elevation 100 f t 9
in.;

4. Erosion depths of 1.5 ft, 3.5 ft and 5.0 ft are to be considered.

Expert C assumed that the erosion depth L .aeasured f rom elevation 94 ft
6 in, lie also ignored the equipment drain sump.

La ti onal e for Evaluation. Expert C concluded that there were too many
uncertainties involved to attempt a structural analysis considering the
rebar, concreto, and transformed areas. Ratbr, he examined the behavior
of the pedestal concidering only how the loads from the RPV are transmitted
to the foundation.

The pedestal from e? vation 100 ft 9 in, to elevation 114 f t 0 in, carries

both the axial compression iond and the bending load (the RPV load is
e cc e.n t r i c ) through the concrete, the vertical ateel, and the hoop steel.
Expert C assumed that if the inside steel (approximate radius 11 ft) has
lost its strength, the likelihood of failure is high. At the same time
(temperature) that the steel loses its strength, the concreto also loses
its compressive strength. (The inside steci varies in radius from 10 ft 10
in, to 11 ft 3.5 in.)

The basemat (elevation 93 ft 0 in, to 100 ft 9 in.) contains radial steel,

and ring steel. Since the coro debris will not be above 100 ft 9 in., and
the thermal and erosion fronts will be close together, this steel will also
have to be degraded to affect the load capacity of the pedestal.

The Expert considered loading on the drywell wall following pedestal
failure from the main steam lines and the feedwater lines only. The
remainder of the lines connecting the Reactor Pressure Vessel (RPV) to the
drywell wall were not considered stout enough to put any substantial loads
on the drywell wall.

The steato lines (28 in, diameter) leave the RPV at elevation 176 ft 10 in,
and go through the drywell wall at elevation 151 ft 0 in. The feedwater
lines (24 in. diameter) enter the RPV at elevation 164 ft and go through
the drywell wall at 143 ft. There are at least two right angle turns and a
considerable length of pipe between the RPV and the drywell wall in both
the feedwater and steam lines. A high degree of flexibility is therefore

5.8 14
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expected in the piping. The Expert felt that both lines will either bend
( di s t o r t.) enough or fail within the drywell and not cause failure of the
drywell wall. (He felt the distortion was more'likely than failure.)

The Expert pointed out that two other points must be considered: (1) if the
RPV does not fall straight down into the cavity, there could be side loads
near elevation 185 ft that could fail the drywell head or the drywell wall;
(2) the through guard pipe assembly bellows can fail due to either
excessive motion or high internal prosaure. The latter was felt to be
unlikely since pressure will bleed througl3 the suppression pool. The Expert
felt that there would not be excessive defortnation.

After pedestal failure, loads placed on the drywell wall by the main steam
lines and the feedwater lines tnay lead to failure of this wall, which would
result in suppression pool bypass. The failure could occur near elevation
185 ft from the side loads or as a bellows failure. Expert C concluded
that suppression pool bypass by this means was unlikely; he assigned a
probability of 0.1 for suppression pool bypass following pedestal failure.

Ersults of Expert C's Elicitation

The issue paper requested that each expert provide a curve giving the
cumulative probability of pedestal failure for 1.5 ft 3.5 ft and 5.0 ft of
vertical erosion. Curves illustrating the type of information desired were
provided in Figure C 3 of the issue description. Export C drew the curves
reflecting his conclusions on a copy, which is included here as Figure C-3,
Because this curve is hard to read, the On, 50%, 994, and 100% points arelisted below. The table gives radial erosion distances in feet.

Radial Erosion (ft) that Results in pedestal
Failure, for Vertical Erosion - 2

Cumulative
Probability L, ,,LQ,', Z - 3.5,', Z - 1.5'

04 0.25 0.25 0.25
506 0.80 1.25 2.0
99% 1.5 2.25 3.0

1004 5.0 5.0 5.0

For an upper bound, Expert C assumed that if the radial erosion was 5 ft
0 in., the failure of the pedestal was assured, regardless of the vertical
eronion. Vith 5 f t of radial erosion, only the outerrnost 9 in, of concrete
and part of the outer layer of rebar is intact. Pedestal failure iscertain at chis p o i n t. . For a lower bound, he reasoned that with only
0.25 ft (3 in.) of erosion, the inner layer of rebar is essentially intactand pedestal failure is not credible.

For 1.5-ft vertical erosion. Expert C concluded that there is a 50%
probability of failure if the vertical erosion is 2.0 ft. Vertical erosion
of 1.5 ft removes the concrete wearing course on top of the foundation mat.

5.8-15
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Figure C 3. Probability of Pedestal Failure.

s

The greater the vertical erosion, the less radial crosion is required to
cause pedestal failure. Thus Expert C's midpoint values for 3.5 ft and
5.0 ft vertical erosion are less than for 1.5 ft vertical erosion. For
3.5 ft vertical erosion, he selected a midpoint value of 1.25 ft. For 5 it
of vertical concrete erosion, r.stport C cone'.uded that there would be a 50%
chance of pedestal failure when the radial erosion was 0.8 ft (9.6 in. ) .
The rebar along the inner surface of the wall lies between 3 in anet 12 in,
inside the inner surface of the concrete, k' hen the bulk of the rebar is
gone, and 5 ft of the cavity floor is eroded away, Expert C felt the
strength remaining would be marginal in resisting the forces tending to
move the top of the pedestal inward around the 230' location.

2n3gsgs of Uncertainty

' The major ares of uncet tainty is in calculating the strength of the footing
(elevation 9., ft 0 in, to elevation 100 ft 9 in. for the pedestal. Any
material behind the erosion front has no strength at all and any material
behind the thermal front (temperatures above about 1000*F) has greatly
reduced strength. If the radial erosion is 5 ft (into the footing), the
per'e s tal will have no support and will fall. Intermediate values were
based on engineering judgment; no attempt was made to analyze the complex'

reinforced concrete footing in detail.
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In support of the Nuclear. Regulatory Commission's (NRC's) assessment of the risk f rom
severe accidents at commercial nuclear power p.tants in the U.S. reported in'NUREG-1150,
the Severe Accident Risk Reduction Program (SAARP) has completed a' revised calculation

,

of the rieF to the general public from severe accidents at five nuclear power plants:
Surry, Sequoyah,_ Zion, Peach Bottom and Grand Gulf.

The emphasis in this risk analysis was not on dsstermining a "so-called" point estimate
of risk. Rather. it was to determine the distribution of risk, and:to-discover the-
uncertainties that accour.t for_the breadth of this distribution. -Off-site risk
initiation by eventa, both internal to the power station and-external to the: power-
station were assessed.

Much of the important input to the logie models was generated by: expert panel's. This
document presents the distributions and the rationale supporting the_ distributions for-
the questions posed to the Structural Response Panel.
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