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ABSTRACT

This taport records part of the vast amount of information received
during the expert judgment elicitatlon 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
Eilcitation are presented in this part of Volume 2 of NUREG/CF-4551. The
Contaiament Loads Export Panel considered eight issues:

Static faflure pressure and mode at Zion;

Static faillure pressure and mode at Surry;

Static failure pressure and mode at Peach Bottom;

Reactor Building bypass at Peach Bottom;

Static failure pressure and wode at Sequoyah;

Ice condenser failure due to detonations at Sequoyah;

Drywell and wetwell failure due to detonations at Crand Gulf;
Pedestal failure due to erosion at Grand Gulf.

00~ OVl £ W A

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 project staff performed on the raw elicitation
results in order to aggregate the distributions. (&) the aggregated
distributions, and (5) the individual expert elicitation summaries. The
individual expert elicitation summaries were written soon after che
elicitation and were sent to the experts for review. They represent the
rav resui‘:c as received directly from the experts.
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FOREWORD

This is one of many documents that constitute the technical basis for the
NUREG-1150 document produced by the NRC Office of Fucleay 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 b the expert
panels for the phenomenological questions posed by the NUREG-1150 analysts,

Figure 1 identifies all the documents that present the results of *“he
accident ;vogression analysis, the source term analysis, the conseguence
analysis, and the overall risk integration. Three interfacing programs
verformed this work: the Accident Sequence Evaluation Program (ASEP), the
Savere Accident Risk Reduction Program (SARRP), and the PRA Phenomenology
and Risk Uncertainty Evaluatiou Program (PRUEP)., Table 1 is a list of all
of the original primary documentacion (pubiished in 1987% and the
corresponding revised decumentation that supports the current version of
NUKEG-1150,

The current NUREG/CR-4551 covers the analysis included in the original
NUREG/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, NUREG/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 docursntation. 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
NUREG/CR-4551:

NUREG/CR-5380, SAND8EB-2988, S. J. H» . s, "A User’'s Manual for the
Post Processing Program PSTEVNT," . - _.{a National Laboratories,
Albuquerque, NM, 1989,

NUREG/CR-5360, SAND89-0943, H.-N. Jow, W. B. Murfin, and J, D, Johnsaon,
"XSOR Codes User’'s Manual,"” Sandia Natiopal Laboratories, L.buguerque
NM, 1989,

NUREG/CR-4624, BMI-2139, R. S. Denning et al,, "Radionuclide Release
Calenlations for Selected Severe Acciden* Scens ios," Volumes I-.V,
Battelle's Columbus Division, Columbus, CH, 1686.

NUREG/CR-5062, BMI-2160, M. T. Leonard et al., "Supplemental

Radionuclide Release Calculations for Selected Severe Accident
Scenarios," Battelle Columbus Division, Columbus, OH, 1988&.
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Revised Documentation
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1. INTRODUCTION

The United Ststes Nuclear Regulatory Commission (NRC) has prepared NUREG.
11501 to examine the risk of accidents in a seiected group of nuclear power
plants. The three main objectives of NUREG-1150 are given below.

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

¢ Provide a "snapshot" of risks reflecting plant design and
operational characteristics, related faflure duta, and severe
acc’dent phenomenological information extant in March 1988;

+ Update the estimates of NRC's 1975 risk assessment, the Reactor
Safety Study;?

¢ Include quantitative estimates of risk uncertainty, in response
te a principal criticism of the Reactor Safety Study, and

¢ ldentify plant-specific risk wvulnerabilities {n context of the
RRC's individual plant examination process.

2. Summarize the perspectives gained in performing these risk
analyses, with respect to,

¢ Issues significant to severe accident frequencies, consequences,
and risks;

* Uncertainties for which the risk {s significant and which may
merit further research;

* Comparisons with NRC's safety goals;

+ The potential benefits of a severe accident management program
in reducing risk; and

* The potential benefit of other plant modifications in reducing
risk,

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

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
probabilistic risk assessments (PRAs) for the Surry, Sequoyah, Peach
Bottom, and Grand Gulf nuclear power plants, (Level 1 PRAs contain
accident sequence analyses developed to the point of core damage; Level 2
PRAs include Level 1 and accident progression analyses; 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 EG&G Idahe, Inc., of the Idaho
National Engineering Laboratory (INEL) (Level 1) and Brookhaven National
Laboratory (BNL) (Levels 2 and 3). Two of these analyses (Surry and Peach
Botton) include external events.

1.1



Expert judgment el citation s an integral part of the methods used to
produce the PRAs {r support of NUREG.1150. Expert judgment is used where
applicable experimental data or complete analyses are inadequate. Such
situations are common in analysis of rare events and complicated severe
accldent phenomena., The purpose of this rveport is te provide the results
and technical rationale obtained from the Structural Response Expert Panel.
The expert judgment methodology is presented in detail in NUREG/CR-4551
Volume 1.

Expert judgments arse oxpressions of opinion, based on knowledge and experi-
ence, that experts mak: in responding to technical problems. Specifically,
the judgments represe;t the expert’'s state of knowledge at the time of
response to the technital question. Expert judgment {s not restricted to
the experts’' answer bu. includes the experts’ mental processes (defini-
tions, assumptions, and algorithms) for arriving at answers.

Expert judgment Is necessarily used 1n all technical fields. Because these
judgments are often implicit, they are sometimes not acknowledged as being
expert judgments. For example, expert judgment is frequently used
fmplicitly, even unconsciously, when researchers make decisions ahout
defining problems, establishing boundary conditioens, or screening data. By
contrast, expert judgment is obtained explicitly, through formal processes.

Risk assesement froquently needs explicit expert judgment as & source of
data, particularly if one or move of the following situations exist:

1. No other data (analytical or experimental) for predicting the
outcome of phenomena are available;

2. High variability characturizes the data;
3. Experts question the applicability of the data;

4. Existing data need to be supplemented, interpreted, or incorporated
with model or code caleculations;

5. Analysts need to determise the state of knowledge about what is
currently known, what is not known, and what is worth learning.

The issue selection process consiuted of sccumulating an extensive list of
poten.ial lssues by plant or across plants and then evaluating the signifi-
cance of each issve. Expert panel members participated in the issue selec-
tion by reviewing the isses selected and rejected for the expert judgment
process and recommended the addition, deletion, or modification of {ssues
from the initial list,

Eight structural response lssues were considered important enough to be the
subject of a formal expert judgment elicitation., Table 1-1 lists these
issues .

Section 2 of this report briefly outlines the expert selection process and
gives a short blographical sketch of each expert. Section 3 describes the
fundamental expert judgment elicitation methodology. Section 4 lists the
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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 method used to aggregate the expert's distributiens, the aggregated
distributions, and written accounts of each individual response to the
question. The individual expert's narrative includes the distributions and
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 te review these written accounts
and approve them. In a few cases, the experts did not respond and wvere
informed that their lack of response would be assumed to be tacit approval

of the write-up.

Table 1-1
Structural Response lssues Considered for

Expert Judgment Elicitation

lssue No, Iitle —-ARplicable Plants .
Static fallure pressure Zion
and mode at Zion
Static fallure pressure Surry

. nd mode at Surry

Static fallure presgsure
‘nd mode at Peach
dottom

Reactor Building bypasc
at Peach Bottom

Static fallure pressure
and mode at Sequoyah

lce condencer failure
due to detonations
at Sequoyah

Drywell and wetwell
failuve dus to
detonations at Crand
Gulf

Pedestal failure due to
erosion at Crand Culf

Peach Bottom

Peach Bottom

Sequoyah

Sequoyah

Grand Gulf

Grand Gulf

i.3

R Al n Th U B = L o R DL L L

N B NN T TN e <R TR .

a e B B = L



P R EERENTRIRE==———.

e e

REFERENCES )

U.§. Nuclear Regulaiory Commission, "Severe Accidet Risks: An
Assessment for Five U.S. Nuclear Power Plants." Vol. 1, Office of
Nuclear Regulatory Research, Washington, D.C., NUREG-1150, June 1989

U.§. Nuclear Regulatory Commission, “Reactor Safety Study--An
Assessment of Accident Risks in U.§. Commercial Nuclear Power Plants,*
U.§., Nucleer Regulatory Commission, WASH-1400 (NUREG.75/014),
Washingten D.C., 1975.

1.4

Y R R W T RRRNInN



T —

2. EXPERT CREDENTIALS

The objective tor selecting the panel members was to obtain experts with
a8 much expertise as possible in the fleld of Nuclear Power Plant
Contalnment /Reactor Bullding Structural Response. The project attempted
to Include & wide diversiiy of expertise that encouraged alternative
points of view, The selection of experts should preclude stakeholders in
the findings of NUREG-1150 from participating ss members of the experc
panel. This led to severa' criteria in selecting the experts:

1. Experts should have to demonstrste experience hy authoring
publications, hands-on experience, and consalting or managing
research Iin the areas related to the {ssues;

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

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

4. The experts should be willing to be elicited under the
methodology to be used.

To ensure proper representation, letters were sent to many organizations
requesting nominations for experts to serve on the in-vessel, containment
loads, molten core/containment interaction, structural response, and
source term panels. Some of the organizations that received these
letters are listed below:

Atomic Energy of Canada LTD.

Battalle Columbus Division

Bechtel Western Power Company
drookhaven National Laboratory
Commonwealth ' dison

Electric Power Kesearch Institute
General Electric

Idaho National Lngineering Laboratory (FG&& Idaho, luc.)
I1linois Department of Nuclear Safety
International Technoiogy Corporation
MHB Technical Associates

New York Power Authority

NUMARC

Oak Ridge National Laboratory
Philadelphia Electric Co.

Sandia National Laboratoeries

Stone and Webster Engineering Covporation
Systems Energy Resources, Inc.
Tennessee Valley Authority

U.§8. Nuclear Regulatory Comrission
Virginia Electric Power Co.
Westinghouse Electric Corp.
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JOE RASHID
(No biographical sketch provided.)

SUBIR SEN
(No biographical sketch provided.)

RICHARD TOLAND

Richard Toland is the Chief Structural Engineer of the Stearns Cetalytic
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 contalnment structures. Dr,
Teland has performed speclal containment ultimate capability studlies of the
Indian Foint 2 & 3, Seabrock and Brunswick 1 & 2 contairment systems. he
provided expert witness testimony before the Atomic Safety and Licensing
Board in the reopened Indian Point hearings, and he has made presentations
on containment cepabllity before the NRC, the Advisory Committee on Reactor
Safety and Brookhaver 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
reinforred concrete containment structure for the NRC and Sandis National
Laboratories, a significant task in the NRC's support of containment
capability research, He has also recently supported studies of contaltnment
concepts for DOE's proposed New Production Reactor (NPR). Before 'sining
UE&C, Dr. Toland was a section leader at the Lawrence Livevrmore National
Laboratory where he directed a program on long-term life charecteristics of
high performance pressure vessels and their reliability under sustained
loads. lle presently secrves on technical committees for the American
Concrete Institute, the American Soclety of Civil Englneers and the
American Society for Testing and Materials,

WALTER A, VON RIESEMANN

Dr. ven Riesemann joined Sandia National Laboratories in July 1960. Since
1977, he has been the Supervisor of the Containment Technology Division. He
received an M.§, in Civil Engincering from the University of Illinols in
1959, and & Ph.D in Civil Engineering from Stanford University in 1968. As
a Supervisor, he is invoilved in programs for the Nuclear Regulatory
Commigsion (NRC), the Departaent of Energy (DOE), and the Electric Power
Research Institute (EPRI) dealing with the sofety of light water reactors
(LWR&). In the past he has alsc directea programs on quantification testing
of component- and fire protection research. At present he is directing
containment integrity programs for the NRC that invelve strucrural strength
of containments when subjected to static and dynamic internal overpressuri-
zation loads and to earthquake loads, and the behavior of penetrations
inciuding electrical penetrations when subjected to severe accident loads.
These programs involve the testing of scale models and are a multi-year,
multi-million dellar activity,

233
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ADOLPH WALSER

Adolf Walser is an associate in the architect/engineering firm of Sargent &
Lundy in Chicage. He received his diploma in civil engineering from the
Federeal Technical University (ETH) in Zurich in 1949. He worked in
Switzerland and other countries as a structural design engineer until 1958
when he moved to the United States, He became chief engineer and later
manager of the Post-tensioning Deparcment at Jaseph T. Ryerson & 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 engineering of structures such as containments, special structures
and other part« of nuclear power plants, He is a Fellow of the American
Concrete Institute and a member of the Technical Committee on concrete
pressure components for nuclear service of ACI/ASME. He has authored or
co-suthored more than 25 papers on the subject of design, analysis, and
construction of containments and other structures.

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 l:6-scale reinforced concrete
contalnment structure for the NRC.

DON WESLEY
(No biographical sketch provided.)
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3. METHODOLOGY
3.1 lntreduction

This section contains a summary of the metnodology used to elicit expert
Judgment from the expert panels. An in-depth discussion of the methodology
is contained in Volume 1 of NUREG/CR-4551,

The methodology used in the expert judgment process for NUREC-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:

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 potential for preconditioning or blasing 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 meetings that encourage the exploration
of alternative beliefs while inhibiting pressure to conform.

7. Elicitation of expert opinien 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 presorve
the uncertainty that existe 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, nor
does it attempt to find a bes. estimate. This study is an attempt to
produce an unblased picture of uncertainty in risk. The study tries to
discover the range in risk inherent in the range of plausible assumptions
about phenomenoclogy and initial and boundary conditions., The risk
corresponding to the most (subjectively) plausible assumptions has a higher
likelihood of being accepted by a randomly chosen expert in accident

3.1
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phencmena The risk corresponding te less plausible assumptions
nevertheless has some likelihond of being accepted by any expert, and may
indeed be the wost acceptable for some experts. [Experts are sometimes
wrong, and the "true" risk could lie outside the ranges found in this
study .

1.2 Steps to Elicit Expert Judgment

The principles identified above, the criticise of the draft NUREG-1150
expert judgment efforts, ond the findings of precursor studies employing
expert judgmentl.? provided guidance for the design of the NUREG-1150
expert judgment elicitaticn process. The process evolved into ten steps:

Selection of issues;

Selection of experts;

Elicitation training;

Presentation and review of issues;

Preparation of expert analyses by panel members;
Discussion of analyses;

Elicitation;

Recomposition and aggregation;

Review by the panel of experts;

0. Documentation.

Lt - I T i PO VR

The methodology was implemented in & three-meeting format, with much addi-
tlonal work being accomplished between meetings. Steps 1 and 2 were accom-
plished before the first meeting of the expert panel. Step 3, elicitation
training, took place in the first meeting, which lasted one-half day. The
presentation and review of lssues, Step 4, was done during the second meet-
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 met for additional discussions
during this time). Discussion and elicitation, Steps 6 and 7, were
discussed In the third meeting, which usually took place three months after
the first and second meetings (the accident sequence frequency group and
the structural response group met two months after the first two meetings).
The final steps, &, 9, and 10, were accomplished after the third meeting.

3.3 Selection of lssues

The NUREG-1150 program attempts to show the range and distribution of risk
due to uncertainty in the inputs, Some of that uncertainty is
phenomenological, some is stochastic, and some is because of iimited
background of data. There are an enormous number of {uput points, and all
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 selest issues for detailed uncertainty analysis were:

 High impact on risk. 1f an issue was highly uncertain, but
variation across {ts entire range would not ceuse a big change in
risk, there would be little need for a detailed treatment. The
likely impact on risk was determined by the outcome seen in the
draft version of NUREG-1150, by smaller scale side calculations, by

the opinions of the expert panels, and by examination of previous
PRAS 1.2
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* Anterest within the reactor safety community. Some issues wvere
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.

* Ie dmprove on the treatment in Draft NUREG-1150. Some issues had
rnot appeared to be important in the draft version; however, it was
recognized that the treatment there was less than optimum. Such
issues were included to determine whether an improved treatment
would change those insights.

+ lhe Jlssue was uncertsin. Even if an {ssue {s important for the
magnitude of risk, 1f the outcome i{s certain there is no impact on
the uncertainty in risk.

lssues 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 veview the list of issues, and to add or delete lssues. 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 militated 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 systems, and uncertain {ssues affecting the
radiological source term. There were more issues affecting containz at
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.
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Table 3-1
I1ssues Presented to the In-Vessel Panel

Title

Temperature-induced
pressurized water
reactor (PWR)

Temperature-induced PWR

SGTR

In-vessel hydrogen
production in beiling
water reactors (BWRs)

Temperature-induced
bottom head failure
in BWRs

In-vessel hydrogen
production in PWRs

Temperature- induced
bottom head failures
ir PWRs

Large hot leg failure could
preclude direct containment
heating; depressurizes RCS and
precludes steam generated tube
rupture (SGTR)

SGTR gives dirvect path to
environment, with large release
of radionuclides

Hydrogen burning has potential for
causing release to environment

Mode of bottom head fallure
determines subsequent accident
progression

Hydrogen burning has potential for
causing release to environment

Mode of bottom head fallure
determines subsequent accident
progression

3.4
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Table 3.2
lssues Presented to the Containment Loads Panel

~Beason fLox Inclusion

lasue No, Litle
1 Hydrogen phenomena at
Grand Gulf
2 Hydrogen burn at

vessel breach
at Sequoyah

3 BWR reactor bullding
failure due to
hydrogen burns

4 luads at vessel breach
at Grand Gulf

5 loads at vessel breach
at Sequoyah

6 Loads at vessel breach
at Surry

7 loads at vessel breach
at Zion

Early failure of drywell or
wetwell has potential for
causing large s urce term

Early failvre of containment

or bypass of {ce condenser tas
potential for causing large scarce
toerm

B, pass of reactor building has
potential for increasing source
terms

Failure of containmeni at vessel
breach has potential for causing
large source terms

Same as losue 4
Same as Issue 4

Same as lssun 4
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Table 3:3
1ssues Presented to the Structural Response Panel

lasue Mo,

Titls.

Beason for Inclusion

Statie fallure pressure
and mode at Zion

Statlec fallure pressure
and mode «t Surry

Static fallure pressure
and node st Peach
Bntton

Reactor Building bypass
at Peach Bottom

Starle fallure pressure
and mode at Sequoyah

lee condenser failure
due to detonations
at Sequoyah

Drywell and wetwell
failure due o
doetinations at Grand
Gulf

Pedestal fallure due to
erosion at Crand Culf

Containment failure is the
most important determinant
of source terms

Same as lssue 1

Same as lssue 1

Bypass of Reactor Building
has potential for allowing
large release of radionuclides

Same as lssue ]

Fallure or bypasc of ice condenser
has potential for large source
terms

Failure of drywell hypaases
suppression pool. Fallure of wet-
well allows large release to
environment

Pedestal failure is a major factor
in subsequent accidant progression

1.6
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Table 3-4

Insves Precented to the Molten Core-Concrete Interaction Panel

- —

- — . -4

lesue No, Title - LReason fox Inclusion . .
1 Mark 1 arywell mele- Drywell meltthrough bypasses
through at Peach Bottom suppressiou pool; coulroversial
issue
2 Mark 11 containment Pedestal failure could lead to
failure via prdesial early containment failure;
fallure at Grand Gult controversial {ssue
Table 3-5
Issuer Presented to the Source Term Panel
lasue No, Iitle Beason for Inclusion
1 In-vessel {issicn product Release and retention sre major
release anC retention determinants of source term
2 Ice condenser decenta- Ice condencter is principal
mination factor (DF) decontamination mechanism in
-t Ssquoyah blackouts
3 Revolatilization from Revolatilization could negate
RCS/RPV effects of high retention; highly
uncertain issue
“ Core-concrete contein- 1f in-vessel rolease is iow, CCI
ment (C21) release release could be high; uncertain
issue
5 Relesase of RCS and CCI Aerosol sgglomeration may be major
species from contain- source of cleanup in blackout;
ment highly uncertain issue
6 Late sources of iodine Appeared as important {ssue in Draft
at Grand Gulf NUREG-1150
7 Reactor Building DF at Natural decontamination processes
Peach Bottom vould reduce source term; uncertain
and controversial fssue
8 Release during direct Uncertain and controversial {ssue;
containment heating direct heating is also associated

with early containment failure

3.7
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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
would be awars of what would be required of them and how thelr elicitations
would be used. Because the formalized use of expert opinion was new to
nany of the participanuts, some were initially uneasy with the concept of
expert opinieon 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 acsessments that might Le required of the
experts. The type of assessment depends upon the nature of the physical
quantity or phenomena under study. During the training sessions, the
experts were introduced to assessment instruments for continuous
quantities, discrete quantities, zerc-one events, and dependent events. At
appropriate points in the training, the 2xperts weie asked to make
assessments using the methods under discussion. Using practice assessmoats
develops confidence and eansures 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 reflectea
nuclear pover risk issuaa,

Since many of the assessments would require the development of a probabil-
ity distriburion for a continuous quantity, the experts were given training
in both the direct assessment teshnigues (assessing probabllities of giveu
Intervals of wvalues) and bisection techniques (assessing values of the
variable having given cumulative probabilicies) for continuous variables.
Later, in the elicitation sessions, these techniyues would be used
Interchangeably by the normative experts.

A discussion of stochastic and parametric uncertainties and how they are
differentiateu in an uncertainty analysis vas also provided. The cancept
of calibration of experts and calibratio functions was alsu introduced.
However, marhematical calibration of experts was not attempted in the
NUREG-1150 expert opinion process.

Psychological wspects of ,-obability elicitation received much attention in
the training because fallurs .o recognize and deal with psychological
biases can impair the quality of the resulting assessments. One of the
psychological aspects discussed is the tendency to give subjective
probability distributions that are too narrow and thus understate the
uncertainty or, conversely, overstate knowledge. This phenomena is often
called "overconfidence," since the effect is that expressed probability
distribution expresses pgreater certainty than i{s warranted, Other
psychological aspects of subjective probabllity assessment that were
discussed include anchoring, which is the tendency te assume an initial
position and fail to give sufficient credit to other sources of
information' repres ntativeness, which is the tendency to give too much
c¢radit to other situations that are similar in some aspects but not
others; .he tendency to overestimate cthe probabilities of rare everts; and
problems with group behavier such as pecsonality dominancz. Whenever
possible, exmples of these difficulties were presented and the experts
being trained were asked to participate in demonstrations.
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Plant analysts usually presented the suggested decompositions without the
suggested probabilities or distributions to aveld preconditioning or bias.
ing the experts, Yor many of the issues, the proposed decomposition
brought about lively discussions that illuminated thre alternative
approaches to analyzing the issue. .he plant analyst also presented data
sources, models, and reports that were relevant to the issus, and provided
references to other sources of information,

Capturing uncertainty in the experts’ opinions requires that th. various
experts be permitted to follow alternative analyses. Since the process was
designed to take advantage of the diversity of approaches, experts wvere
encouraged to seek thelr own decompositions or to modify decompositions
that were suggested by the analysts. Criticism of the decowpositions was
encouraged and the experts were assisted in producing decompositions that
better matched their interpretstions of the issues,

3.7 PEreparstion and Discussion of Analyses

Two or three months were allowed between the initial presentations of the
issues and the eiicitation sessions. Caring this period, the experis
studied the issues. Some experts chose to alter the propored decomposi-
tions or create new decompositions and made prellminary evaluations of the
subjective probabilities represented in their decompositions of the issues.
The elicitation meeting provided a forum for discussion of alternative
views of the lssue. Presentations from both the panel members and i{nvited
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
instances, the panel members 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 Elleitation

The discussion of each issue was followed by elicitation meetings between
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 @
substantive expert) and lasted about two hours. However, in a few cases
where there were more experts to be elicited than avallable normative
experts, two expercs were elicited in a singlc session.

The elicitation sessions served several purposes. The first was to obtein
from the experts the decomposition and assessments of the problems. The
exparts vere required to explain tiwlr thinking to the assessment team of
one normative and one substantive 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
values that he or she had provided. In many cases, the resulting decompo-
sitions and probability discributions differed somewhat from the inirial
assessments.

1.11
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1f 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
retained. The remaining cases were inspected, and the most important unes
were retained. If an expert did not have one of these cases, but did have
a4 closely analogous case, the analog was used for the missing case. If the
expert did not have a case cleosely related to the missing case, then the
average of the case for all other experts was used for his missing case.
It was recognized that this procedure would reduce the range of uncei-
tainty, so the substitution was resorted to as little as possible. For
some {ssues, missing data couid be filled in by interpolation or ratios of
existing cases.

1f the experts produced different dependent varlables, some analysis was
required to put all the outputs into the same form. Whenever this was done
the enperts involved might find the final form of thair data difficult to
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 for and methods of analysis to
the experts.

After sach of the exparts’ distributions were in the same format, they were
e yrregated by everaging., The experts’ outputs were almort always in the
torm of cumulative distributfon functions (CDFs), that is, curves or tables
of the probability that the independent variable would be no greater than
some spocific value, The aggregation was carried out by averaging all the
experts’ probability wvalues for each value of the irdependent variable.
The aggregated results were thus also CDFs.

3.10 Review

Following the recomposition of the assessments and the modification of the
documentation accompanying each assessment, the written analyses of each
{ssue were returned to each panel export, normative expert, and suhstantive
expert associated with the issue for review. ‘This review process ensured
that potential misunderstandings were identified and resolved and that the
documentation, which 1is given in Section 5 of rhis report, correctly
reflects the judgment of the experts invelved.

3.11 Degumentation

Clear, comprehensive documentation is crucial for enesuring 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 his particular assessments, and through
the process of aggregating the individual assessments into a final result,
including any manipulation of the assessments needed for aggregation. To
this end, the issue discussions were recorded on video cassette. Such
recording provides evidence of the exact conversations and presentations
made before the panel. Written notes were taken by both the normative and
substantive experts. Each sxpert was encouraged to personally document his
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their distributions for this or for some other reason, The fallure mode
“Catastrophic Rupture" (CR) was added at the time of elicitation, The
containment failure implied by this failure mode is complete failure of a
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 (s implied by the
"Rupture" failure mode,

Sunmary of Results

The tlhiree parel members considering this issue all agreed 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 experte
that the development of a leak would not arrest the pressure rise for cases
1 and 2, but they did not choose to provide separate distributions for
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 prebabilities for pressures greater than the
pressure for which they thought the development of a leak was certain. The
experts further agreed that there was no need to differentiate between
cases on the basis of temperature. The temperatures described were all low
envugh that there was no appreciable structural effect, i1.e., no
significant changes in material properties. Two of the experts based their
conclusiens on an analysis of the mid-section of the eylindrical portion of
the containment (hoop fallure); the reinforcing and cuncrete details in the
tylinder-basemat junction area were such that both of them ruled out the
possibllity of shear failure in that location. The third expert, however,
considered that shear fallure was of importance, and made his analysis
accordingly.

Since the fission products are released aboveground for a hoop failu'e of
the cylinder and belowground for a shear fallure at the cylinder-basemat
junetion, 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 considered unnecessary though to introduce a
fifth mode to distinguish shear failure by leak, since leak failure at
vessel breach Is not expected to be risk dominant., All forms of leak (hoop
and shear failures) are binned together.

The joint probability (density) distributions of the throe experts are
given in Tables 1-1 threugh 1-3, Based on a hoop strain analysis, Expert A
concluded that failure would probably occur between 120 psig and 145 psig
Half of his probaility lies between 130 and 140 psig. The leak failure
mode was judged more likely to occur at the lower pressures and vupture
more 'ikely at the higher pressures. Expert B'. analysis led him to
conclude that the failure would be a leak in the cylindrical portion of the
containment or & leak or a rupture at the cylinder-basemat junction. He
placed the bulk of his hoop failure probablility around the pressure at
which the tendons reach their ultimate strength, 136 psig. The highest
probahility ot shear failure also lies in the 125 to 150 psig range,
Expert C concluded thet hoop failure was certain to ceccur between 128 and
137 psig, and that leaks and ruptures are much more likely trhan

$.1-2



Cumulative Probability

catastrophic ruptures. The initial failure will probably be a small liner
tear, which will increase in length if development of a leak does not
arresi the pressure rise.

Table 1-4 gives the aggregate distribution. Table 1:5 pives the
probability (density) of failure and the joint probability for the four
fallure 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
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 1-1 below
shows a plot of the aggregate cumulative probability dist.ibution for
failure pressure with the individual experts’ distriburions.

o

EXP. A
EXP. B
EXP. C
AVE.

Huun

Figure 1-1. Zion Containment Failure Fressure.

5.1-3



e e e e e Bt e e o L

Table 1-1
Expert A

B i b e

Pressure Failure

~psig)  EBrobabllity _. leak
50 0,000 1.000
60 0,000 1.000
70 0.000 1.000
80 0.000 1.000
90 0.000 1.000
100 0.010 1.000
110 0.020 1.000
120 0,220 0.670
130 0.420 0,460
140 0.900 0.130
150 1.000 0.000
160 1.000 0.000
170 1.000 0,000
180 1.000 0.000
190 1.000 0.000
200 1.000 0.000
225 1.000 0,000

Cumululative

Rupture
~Sdoop)

CO0O0O0CO0DO0OOCOO0ODCOOO000

.000
.000
.000
.000
.000
000
.000
, 280
. 380
340
.000
. 000
. 000
000
000
.000
. 000

Rupture

—{Shear)

OO0 0O COO0OTCOO0OTCOCOOOC

.000
.000
.000
.000
000
.000
000
.000
000
.000
000
000
. 000
000
000
000
000

—tonditional Probabilities for Fallure Mode _

Catastrophic

—Bupture

At e et i e D OC DO OCOOO

000
. 000
000
. 000
000
000
0c
AL

160
530
.000
000
000
.000
.000
000
000
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f Table 1-3
z Expert C

—-Londitional Probabilities for Failure Mode _

; Cumululative
5 Pressure Failure Rupture Rupture Catastrophic
Spsig)  Probability _leak = _ (Hoop) = _ (Sheaxr:  ___Rupture
50 0,000 1.000 0.000 0.000 0.000
} 60 C¢.000 1.000 0.000 0.000 0.000
; 70 0.000 1,000 0.000 0.000 0,000
5 80 0.000 1.000 0.000 0.000 0.000
90 0.000 1.000 0.000 0.000 0.000
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
130 0.260 0.970 0.030 0.000 0.000
. 140 1.000 0.060 0.300 0.000 0.640
! 150 1.000 0.000 0.000 0.000 1.000
i 160 1.000 0.000 0.000 0.000 1.000
‘ 170 1.000 0.000 0.000 0.000 1.000
J 180 1.000 0.000 0.000 0.000 1.000
; 190 1.000 0.000 G.000 0.000 1.000
g 200 1.000 0.000 0.000 0.000 1,000
| 225 1.000 0.000 0.000 0.000 1.000
|
]
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Table 1-5

Zion Static Failure Pressure
Joint Distribution for Containment Failure Pressure and Mode

Pressure

Joint Probability foxr Failare Pressure and Mode

Rupture

Rupture

Catastrophic

(psig) = _leak  _(Hoop) . {(Shear) . Rupture __ _ Margipal

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
225

Marginal

SO0 ODOODOO0O0O00O00O0C O

o

000
.003
007
014
017
.023
.037
075
148
069
029
015
.016
.011
.008
.003
.004

479

OCCO0OO0OODO0O0CODDO0O0ODDO0OOC

(=]

000
.000
.000
.000
000
.000
000
019
028
129
.000
.000
.000
.000
.000
.000
000

176

000
.000
.000
.001
001
001
.003
.003
.004
004
.008
.005
.007
.006
.00%
.003
.004

OO0OCD0DO0OO0O0CO0OO00O0OD0DO0OOOO

o

055

OCO0O0DDO0OO0OO00O0O0ODO0OO0TCO0OOCQ

o

.000
.000
000
.000
.000
.000
000
.003
011
243
.033
.000
.000
.00
.000
.000
.000

.290

.000
.003
.007
015
.018
024
040
.100
49
4645
.070
020
.023
.017
.013
.006
008

SOSD0D00DLCO0OO0C0O0OCCOOC

et

.000
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Method of Aggregpation

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.
When an expert provided cumulative probabilities for a range cf pressures,
the average c¢f the cumulative probabilities for two adjacent ranges was
assigned to the pressure which divided the ranges. For example, if an
expert assigned a cumulative probability of 0,10 to fallure in the pressure
range from 60 psia to 70 psia, and a cumulative probability of 0.20 teo
foilure 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 was used for the
conditional probabilicies 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 aggrepated cumulative failure probability at pressure i,
plag,i), the average was used:

plavg, i) = ( p(l,1) + p(2,1) + p(3,1) ) / 3

wnere p{j,i) is the cumulative probability for failure at pressure i
provided by the jth expert. The aggregate conditional rrobability for
failure mode m at pressure i, c(avg,i,m), was calculated by:

cfavg, i,m) = ([p(1,0)-p(1,1-1)] * e(1,4,m) + [p(2,1)-p(2,1-1)] * e(2,i,m)
+ (p(3,0)-p(3,1-1)] * c(3,4,m) ) / 3 / [plavg,i)  plavg,i-1)}]

where cof(j, i, m) is the conditional probability of expert j for failure mcde
m at pressure i, At the lowest pressure, as for all other nressures, the
values sum to one--since they are conditional probabilities they must add
to one, even if the event on which they are conditional has :uero
probability. This merhod weights the conditional probability for each
expert* hy the probability dencity at the pressure i. The probability
density is the firs* derivative of the cumulative probability. The
backward differernce approximation is used for the derivative. The sum of
the weighted conditiconal probabilities is normalized by the difference of
the aggregated cumuletive prolability.

For the purposes of the Zion accident progression analysis, a joint
distribution of failure mode and pressure is of greater utility in the
sampling process thian the probability of a given failure mode condicional
on failure pressure. Table 1.5, which gives the probability (density) of
failure and the jeint probability for the four failure modes, was
celeculated from Table 1-4 using:

p(m,i) = p(i) pim|2)

where p(m,i) is the joint distribution of failure mode m at pressure i,
p(i) is the probability density at pressure i and p(m[i) is the conditional
probability of failure mode m given pressure i.
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Expurt A's Elicitation

Containment Faflure at Zion

Descripiion of Expert A's Rationale/Methodology

Expart A based his conclusions on an analysis of *he mid-section of the
cylindrical portion of the coutainment. is study of the drawings and the
results of other analyses led him to conclude that this was the weakest
portion of the containment. His worima,, references were the Sargent &
Lundy (S&l.) analysis*! and the 1/6-scale model test at Sandia.*? As with
the other experts considering this issue, Fxper. A concluded that the three
cases, described in Section 1, were indistinguishable; the pressure rises
were slow enough that all the loadinge were static, and the temperatures
were well below those at which degradation of structural properties occurs,
As the S&L analvsis considered other failure locations, such as the dome
and the cylinde oasemat junction area, and onncluded that the weakest part
was the midsection of the cylinder, Expert A focused on tnat failure mode
ard considered the hoop stresses there in scme detail, His estimate was
that this capturad about 90% of the railure probability. Expert * used the
1/6-scale model tesr results to ecenclude that, at 2% strain in locations
away from peretrations, the strain in the liner close to penetirations was
likely to cause a tear,

The occurrence of either a leak or a rupture precludes the later occurrence
of catastrophic rupture. Once a liner tear has developed, Expert A wnsuld
expect it te expand in size as pressure increased. This would make
catastrophic rupture very unlikely once a liner tear or leak nhad dcveloped,
but the increase in size could change the tear from a leak to a rupture.
Leaks are more likely than rupture at lowev failure pressuces, and rupture
is more likely at the higher pressures.

Expert A concluded that the Zion cuntainment was ahsolutely safa at 90
psig, and that failure was possible but unlikely at 110 psig. He arrived
at the 110 psig figure by calculating that general yielding of the robar
occurred at 120 psig and subtracting 10 psig for aging, unknown
construction defects, etc,, to set this value for the lower bound for
failure. As 1% hoop strain occurs at 132 psig and 2% hoop strala at 140
psig, Expert A expected fallure to oceur in this pressure raunge with a high
probability. The strain in the rebar and the post-tensi'ned tendons is
about the same. When the tendon:. fail, 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 folluwing
table gives Expert A's view of the rassponse of the containment to
increasing pressures.

5.1-13



Pressure

—psig) wBSRONse of the Containment _ .
64 Loss of hoop prestress
70 Loss of vertical prestress
85 Cencrete strength exceeded in hoop
direction
114 Liner yields
120 Hoop rebar ylelds, and concrete strength

exceeded in the vertical direction

132 Strain in hoop tendons = 1%
134 Vertical rebar yields, hoop strain i.
liner = 1%
140 Hoop strain in liner = 2%
149 Ultimate strain (5%) in hoop tendons
Besults of Expert A's Elicitation

Expert A provided the following table for the fallure probability and mode
of failure. Tt gives the probability (density) of failure and the joint
probability for three of the failure modes.

e 040t Probgbility

Pressure Failure Probability Ruptuce Catastrephic
~psig) Density —weak __(Hoop) _Rupture

o0 0.00 ¢.00 0.00 0.00
110115 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
130-135 0.23 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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Converting the table of pressure ranges to specific pressures gives:

Pressure Cumulative Probability
—ipsig) of Cylinder Failure (leak)
75 0,00
100 0.13
125 0,42
150 0.73
175 0,90
200 0.98
228 1.00

For the shear failure at the cylinder-basemat junction, both leak and
rupture are possible but catastrophic rupture is not ciredible, Expert I
gave the following table of probability density versus pressure range for
this failure location, including conditional leak-rupture probabilities.
The cumulative probability distribution in the following table is derived
from the probability density distribution.

Conditional Probabllity

Pressure  Probability Cumulative Rupture

psig) ~  DRensity Probability Leak (Shear)
50-75 0.0% 0.05 1.30 0.00
75-100 0.10 0.15 0.90 0.10
100-125% 0.20 0.35 0.90 0.10
125-150 0.30 0.65 0.7 0.25
150-175 0,20 0.85 0,40 .60
175200 0.10 0.95 0.20 0.80
200225 0.05 1.00 0.00 1.00

Failure at the junction of the cylinder and the basemat is possible
because of the shear discontinuity at this location, The likelihoed of
shear failuvre depends on the extent of cracking in the concrete and the
compressive stress developed in the concrete. In the following table,
the parameter « represents the extent of concrete cracking: o « 0.1
indicates extensive cracking and « = 1.0 indicates no cracking.

Variations in «, the shear strength, and the tendon yleld were .onsidered
as follows:

BRI+ 115 1+ SRRSTSR— ., Middle . __Mish
Parameter « 0.10 0.25 1.00

Shear Capacity 2(p.) 3 3(p,) 3 5(pe) 3
Tendon Yield 3 Hi P Ceve 1.3 0gy

Failure Pressure
due to Base Shear
(psig) 80 102 160
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Expert C's Elicitation

Containment Failure at Zion

Description of Expert C's Ratiopale /Methodology

Expert C considered all three cases together since he felt that the
previous pressures are irrelevant and that the temperatures are expected to
be low. Mis maln esphasis was on hoop stress in the cylindrical portion of
the containment, but noted that bellows failure would be expected at 139
psig, which would result in a diiect release tc the environment, Liner
teais at penetrations might tresult in releases into the auxiliary huilding.

The follewing table gives Expert C’'s view of the response of the

containment to increasing internal pressures:

Pressure

—(psig)  __Response of the Contaioment

47 Design Pressure

54 Test Pressure

75 Concrete Cracking

120 Yield--Liner not Considered
128 Failure--Liner not Considered
134 1% Strain--Liner Considered
136 Penectration Failure

138 Failure--Liner Considerad

139 Bellows Failure

140 Ultimate Strain (4%)

Expert C's calculations showed that the liner carries 14 psig. He would
subtract 1 psig for temperatures above 600°F and would subtract 3 psig for
general uncertainty.

The lowest pressure at which Expert C would expect to see any significant
chance of failure is at 128 psig, the pressure at which failure is
predicted without taking the strength of the liner intc account. Failure
is assured by 137 psig. The failure distyibution is narrow because yield
in the hoop tendons starts at 134 psig and deformation then increases very
quickly with increasing pressure. Deformations of 26 in. are expected by
143 psig.
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Summary of Results

The four panel members considering this issue all agreed that the three
cases couid 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 *ould not arrest the pressure rise for cases
1 and 2, but they did not choose to provide separate distributions for
these two cases. However, some of the ewperts allowed for the possibility
that the development of a leak would not arrest the pressure rise by
providing rupture and CR probabilities for pressures greater Lhan the
pressure for which they thought the development of a leak was certain.

The experts also agreed that there was no need tec differentiate between
cases on the basis of temperature., The temperatures stated were all low
enough that there would be no appreciable structural efiect; l.e., no

significant changes 1n 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 hasemat-cvlinder junction would resuit ', a
direct path to the outside. The reinforcing and concrete details in .ais
junctlion area wore such that three of the four experts ruled out faillure in

this lecation. (The fourth expert did not specify failure location
explicitly.)

The distributions of the four experts for the contaimnment 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 failuvre. lheir Jistributions 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 leak, rupture, and CR as about equally
likely. He allowed for pressurization above 150 psig by rapid pressure

rise by shifting his conditional failure mode probabilities toward CR above
150 psig.

Expert B concluded that the containment would fail between 70 and 163 psig.
His median value was 120 psig. The lower end of hig distribution allows
for faulty cadwelds and liner tears due to stress concentrations around
openiugs. He thought **e leak failure mode wa: most likely {f the
contaioment failed ".low 125 psig, the rupture mode was most likely for
failure ber—--= 17, and 155 psig, and COR was most likely above 155 psig.
Although ne was certain that some failure would cccur by 165 psig, he
allowed 'or pressurization above this value by rapid pressure rise by

shifting "ils 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
were cenverted to total cumulative failure probabilities with intervsl
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 1% prrhability that the failure might ovcur
as high as 209 psig.
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Table 8-1
Surry Static Failure Pressure as Received from Expert B

~Jntervel Conditiounal Prob,
Pressure Cumulative Failure Failure Prob,
~paig) . . Irobability Density Jeak Rupture _Cat.Rup,
60 0.000 0.000 1.000 0.000 0.000
&5 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 0.9%00 0,100 0.000
85 0.030 0.010 0.850 0,150 0,000
90 0,050 0.020 G, 800 0,200 0.000
95 0.110 0,060 0.767 0.235 0.000
100 0.180 0.070 0.733 0.267 0.000
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 0.0%0 0.633 V.367 0.00C
120 C¢.500 0.090 0.600 0.400 0,000
125 0.620 0.120 0.433 0.533 0.034
130 0,740 g.120 0.267 0.667 0.066
135 0,850 0.110 0.100 0.3500 0.100
140 0,900 0.050 0.083 0.750 0.167
145 0,950 0.050 0.067 0.700 0.233
150 0.990 0.050 0.050 0.650 0.300
153 0.994 0.004 0.033 0.500 0.467
160 0.997 0.003 0.017 0.35¢ 0.633
165 1.000 0.003 0.000 0.200 0,800
170 1.000 G.000 0.000 0.100 0,900
175 1.000 0.000 0.000 0.000 1.000
180 1.200 0.000 0.000 0.000 1,000
185 1.90090 0.000 0.000 0000 1.0C0
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 G,000 0.000 0.000 1.000
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Table D-1
f turry Static Fallure Pressure as Received from Expert D

L Jndependent Fallure Prob,
. Pressure Cumulative Failure Failure Prob. |
: Spsig) = _leak  Rupture _Cat. Rup, ___Probability Density
| 60 0000 0.000 0.000 0.000 0.000
_ 55 0.000 0.000 0.000 0.000 4.000
a 70 0.000 0.000 0,000 0.000 0.000
75 0.000 0.000 0.000 0.000 0.000
.
| 80 0.020 0.000 0,000 0.020 0.020
| 85 0,050 0.000 0.000 0.050 0.030
90 0.078 0.000 0.000 0.075 0.025
l 95 0.125 0,000 0.000 0.125 0.050
| 100 0.200 0.000 0.000 0.200 0.075 |
108 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
5 125 0.980 0.000 0.000 0.980 0.030
e 130 1.000 0.000 0.000 1.000 0.020
; 135 1.000 0.000 0.000 1.000 0.000
i
; 140 1.000 0.000 0.000 1.000 0.000
- 145 1.000 0.050 0.000 1.0 0.000
; 150 1.000 0.200 0.000 1.000 0.000
2 155 1.000 0.500 0.000 1.000 0.000
| 160 1.000 0. 800 0.000 1.000 0.000
| 165 1.000 0.950 0.000 1.000 0.000
u 170 1.000 1.000 0.000 1.000 0.000
: 175 1.000 1.000 0.000 1.000 0.000
180 1.000 1.000 0.000 1.000 0.000
185 1.000 1.000 0.000 1.000 9.000
190 1.000 1.000 0.600 1.000 0. 000
195 1.000 1.000 0.000 1.000 0,490
200 1.000 1.000 0.000 1.000 0.000
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Table 2.2

Surry Static Failure Pressure

Failure Mode Provabilities for Rapid Pressure Rise

N —

e =, S

~Lallure Mode Probebilities

(Failure Prob, = 75 palg)

Load Pres.
~loadg) . Leak  Rupture
60 0.000 5.000
65 0.000 0.000
70 0.000 0.000
75 L,950 0.050
RO 0.950 0.050
[} 0.949 0.051
S0 0.949 0.051
9. 0.946 0,05
100 Q.94 0,059
105 0.936 0,064
110 0.927 0.07m)
115 0.917 0.083
120 0.909 0,091
125 0,387 0,119
130 0.830 0.167
135 0.753 0,240
140 0.613 0,367
145 0.4446 0,497
150 0,216 0.640
15¢ 0.110 0,691
160 0.070 0,704
165 0.021 0.717
170 0.017 0.717
175 0.013 0.717
180 0,009 0,717
185 0006 0,717
90 0.006 0.717
195 0.002 0.717
200 0.000 0.717

0.000
0.000
0.000
0.000

0.000
000
000
000

.000
. 000
000
.000

001
003
007

0
0
0
0
0
0
0
0.000
0
0
0
0.020
0,059
0.146
0.199
0.226
0.262
0.266
0.270
0.274
0.276

0.279
0.281

0.283

—tailure Mode Probabilities
(Fallure Prob. « 130 psig)
Bupture
0.000 0.000 0,000
0,000 0.000 0.000
0.000 0.000 0,000
0.000 0,000 0.000
0,000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0,000
0,000 0,000 0.000
0.000 0,000 0.000
0,000 0,000 0.000
0,000 0.000 0.000
0.000 0,000 0,000
(., 000 0,000 0.000
0,000 0.000 0,000
0.544 0,432 0,024
0.49% 0. 480 0.026
0,402 0.563 0.038
0,291 0.649 0,060
0.140 0,742 0.117
0.072 0.776 0.152
0.046 0.785% 0.169
0.014 0,793 0,193
0,011 0.793 0.196
0.008 0,793 0.199
0.006 0.793 0,201
0.004 0,793 0.203
0,003 0,793 0.204
0.001 0,793 0.206
0,000 0.793 0.207
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Individual Elicitations for lssue 2
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Expert A's Elicitation

Containment Failure at Burry

Rescription of Expert A's Rationale/Methodology

Expert A found the available inforwation for Surry to be less thsn that
available for Zion, and would have preferved more information, Based on
the failure modes found to be important in studies of similar containmenis,
e.g., Indian Point Al Expert A considered four fallure modes:

Hoop--in the cylinder;

Hoop-«-in the dome,

Shear--at the cylinder-basemat junction;
Penetrations.

Meridional failure in the dome will be similar to the hoop failure and was
not consldered explicitly. On the b*¢. ¢ ¢ the detailed dravings and some
calculations he made, Expert A concluded that the cyvlinder-basemat junctien
was a very strong region and ruled out fallure at this location. He looked
briefly at the equipment hatch, personnel airlock, pipe penetrations, and
electrical penetratiuns. He concluded that they were sufficiently similar
to those at Zion that failure at one of those locations was of low enough
probatility 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 e¢ylinde: 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 & Webster analysis A2
This 1is the value for general yield of the rebar. This {s 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 2% 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 discontinvities such as
around penetrations and stiffener plates. Further, concrete cracking at 2%
general strain will have removed much of the liner support. At 2% strain,
the cyvlinder wall has moved out 16 in.

Expert A provided the following table, which contains his views on failuce
probability and mode of fallure:
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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 thesn might lead to locallzed
st ‘ess concentrations which would result in liner tears at relatively low
pressures. Expert B thus placed half his probability of failure below
120 psig where shell and rebar general yleld occur. He pointed out that
the Surry containment was constructed quite some time ago when construction
methods and quality control were not at today's standards. The fallures
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 608 of the fallure
probability. Interpolation was used to gene.ate intermediate values from
the table above so that Table B-1 (see page 5.2-4), in 5 psig increments,
could be constructed.






Expert C's Elicitation

Containment Failure at Surry

Rescription of Expert C's Rationale/Methodology

Expert C based his conclusions on an analysis of the mid-section of the
cylindrical portion of the containment, His study of the dravings and the
results of uther 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 wodel test at Sandia.®! As with
the others considering this issue, Expert C concluded that the cases were
indistinguishable; the pressure rises were slow enough that all the loading
vas static, and the temperatures were well below those at which degradation
of structural proper:ries occurs.

Development of zither 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 elsevhere. Distinguishing between leak
and rupture is difficult because there is a continuum of sizes, and & leak
may develsp into a rupture as the tear increases in size. On the whole, CR
is quite unilkely. Leaks are more likely than rupture ac the lower failure
pressures, and vice versa at the higher pressures,

Besults of Expert C's Elicitation

Expert C provided a table for the failure probability and mode of fallure
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 abou® the actual rebar properties.

Pressure

paig) Failure Probability Density Leak Cat. Rupture Rupture
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 0.0% 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 448 leak, &41% rupture, and 15%
CR. Interpolation was used tu expand this table te one with § psig
increments. The results are shown in Table C-1 (see page 5.2-5),
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Expert D was confident that a leak would develop by 130 psig and that
ruptures would occur only above 140 psig. If the developaent of a leak did
not arrest the pressure rise, then Expert D concluded that the hole size
would increase, changing the fallure mode from leak to rupture.
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5.3 lasue ). Feach Boiton Coutalument Fallure

Exparts consulted: David Clauss, Sandia National Laboratories; Kam
Mohktarian, Chicago Bridge & Iron NA-CON, Inc.; Joe Rashid, ANATECH
Research Corporation

Assue Descxiption

What are the plausible pressure-temperature induced contalnment failure
modes at Peach Bottom? For the identified containment failurc modes and
for each pressure-temperature loading case, at what pressure would the
Peach Bottom containment fail?

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 GE Mark I pressure suppression contalnment with a design
pressure of 62 puig. The Reactor Safety Study (RSS)*! analysis of the
Peach Bottom containment predicted failure in the torus with s mean failure
pressure of 160 psig. Many later studies of Peach Bottom have referenced
tha Ames Laboratory study?? which predicted that the Mark 1 containment at
biowns TFerry would fail at the drywell knuckle (junction between the
cylindrical and spherical sections) at 117 psig based on a 0,24 strain
criterion. Browns Ferry has a thicker, more uniform torus shell than Peach
Bottom. The recently completed Chicago Bridge and iron (CB&I) study?-?
addressed global containment shell failure for a Mark I containment
essentially identical to that at Peach Bottom Unit 2. CB&I found the first
point on the contalnment to reach 1% membrane strain (failure criterion)
was on the upper pertion of the corus at 159 psig. CB&I recommended
further study of penetrations, personnel lock, equipment hatch, and drywell
head closure bolts to address the potential for local failure. IDCOR has
postulated creep failure of the drywell shell in scenarios involving core
concrete interactions (CCI) that resul* in drywell temperatures approaching
1200%F,

Four loading cases are:

Case 1° The containment is being gradually pressurized. Drywell
shell temperatures 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, ths containment is rapidly
pressurized from a pressure Py, to a peak pressure P

Ppe is In the 60 to 120 psig range. Drywall shell temperatures are

< 500"F during the pressurization. No containment leak exists
before vessel breach,
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that the rvandom number falls in will be chosen for that
observation, For fast pressure rise, ouly a rupture or
catastrophic rupture will preclude further pressure rise. The user
function calculates the conditional probability ol che various
modes over the interval between the selected fallure and load
pressures. This is done in the use:s function in the APET for each
observation. The resulting conditional probabilities will be
compared to & random nurber as in the slow case and a fallure mode
selected for that chservation,

Ascident Progresalon Event Iree Coptexst

A wide spectrum of failure sizes is conceivable, ranging from very small
leaks to large ruptures. Induced leaks that are too small te preclude
further pressurization are considered; however, because such small leaks
would not appreciably alter the accideat progressici or preclude larger
leaks or .upture, small induced leaks are not very significant to risk.
Consequently, the focus of this issue iy to i{dentify alternative modes for
larger lesks or ruptures, with the terms leak and rupture defined as
follows:

A leak is an opening that would arrvest a gradual contaiwne t pressure
buildup but would not result in contalnment depressurization within
2 h. A gradual pressure buildup means a few psl per hour and exc.udes
pressure spikes arising from rapld reactor coolant systom's
depressurization, combustion events, steam spikes, and divect
containment heating. In the NUREG-1150 anslyeis for Peach Bottom,
openings of size 10 in ? to 1.8 ft? ave classified as leaks.

A rupture is an opening that would result in rapid (<2 h) coatainment
depressurization. For Peach Bottom, openings in excess of 1.8 ft? are
classified s ruptures.

The review group is specifically requested to conslder a gatastrophic
fupture that would eliminate major portions of the cuntainment structures
(e.g., 1:8th-scale steel model) as a potential failure mode.

Based on differences in the decontamination potential for radionuclide
releases, the Peach Bottom APET distinguishes four location categories for
containment fallure:

Cat, 1 Fallure 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 the torus that leads to suppression pool bypass (i.e.,
to draining of ti. - suppression pool);

Cat, 3 Fallure in the drywell resulting i{n flow to the reactor bullding
ve.g., failure in a downcomer);

Cat. 4 Fallure in the drywell resulting in flow to the refueling
bay (e.g., drywell head seal leakage).
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Methed of Aggcezation

For each of the cases, the experts assessed fallure probabilicies wvvei
slightly different ranges and their values had to be exirapolated both
above and below their wssessed range. In the lower direction, a failure
probability of zero was assigned since these pressures were below the
experts' Jlowest faellure pressure. Th/ conditional probability of the
various modes was assigned the same value as those at the experts' lowest
assessed pressure. In the upper direction, the experts’ curves were
extended as described ‘n each case.

For the apgregation of the expeits’' results in this situation, we need two
different pleces of data. First, we need to determine the fallure pressure
and, second, the conditional probability e¢f ewuch fallure mode. Each
expert's results were used to calculate a4 cumulatfve probability of failure
eurve, The aggregated cumulative failure probability was calc "ated by
simple averaging:

PT (ave 1)=(p(l, 1)+p(2, 1)+p(3,1))/3

vhere p(),1) = the jth experts’ cumulative probability of failure at
pressure { and PT(ave i) = the aggregate cumulative probability of failure
at pressure {.

The experts' results were then converted inte the form of conditional
probabilities of the mth failure mode a* a certain preasure 1. The
aggregated condition-. probability of the mth mode at pressure { was
calzulated by siuple averaging:

C(.V..i..) - (0(1.1.l) * 0(2.1..) + 0(3.1.ll)) / 3

where c(ave, i, m) = the agyregate conditional probability of the mth mode at
pressure 1. and c(j,{,m) « the conditional probability of failure of the
mth mode for the jth eipert at pressure 1, with the following exception:
for pressures where the cumulative probability of fallure is zero, the
conditional fallure modc probabilities are set equal to those for the
lowest pressure for which the cumulative failure probability is non-zero.
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Table 3-1

Avsrage of Experts: Cases 1 snd 2
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Table 3-4
Average of Experts: Case 38
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110 0 0

115 0 0 .
120 0 0 .
125 . . .
130 .05 2 .8
135 . . .
140 2 il -
145 3 B8 .
150 .9 .95 .93
155 99 . .
160 i 1 .
165 i 1

170 i 1 .
175 1 1 .
180 1 1 1

Comments for Case 3a:

s

WWLbW, WWRaW, s&nd WWPbW can not oecur since temperature (s at
saturation in wetwell. Failure will occur first in the drywell due
to the high temperatures or same as case 1 or 2 for WWLaW,

For DWL (at the downcomers), the difference with case 1 is a
veduction of material strength (both yield and ultimate) due to
800°F. A 25% redu.tion was assumed and the failure pressures were
adjusted accordingly.

For DWHL, the pgasket was assumed to lose all its resiliency at
800°F.

The data wanipulation is similar to that in cases 1 & 2. The results are
shown in Tables A-4, A-5, and A-6,

For cases 3b and 4, Expert A gave the following tabular information for the
probability of drywell leak for four pressures for a range of tempevatures:

Pressure
(psig)
Jemperature 5. 10 13 = 90

800 0 0 0 0
850 0 - - |
200 0 G 05 6
950 0 - - -
1000 0 05 A3 8
1050 0 . -
1100 0 2 % -
1150 0 .35 95 -
1200 .05 .9 ] 1
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For the 90 psig case, the fallures are dominated by the behavicor of the
material under high temperetures. Above BOO°F the waterial begins to
exhibit thermal creep in addition to enhanced plastic flow. The
combination of high pressure (90 psig) and thermal softening causas the
probability distribution curve to be steep in the initial stapges of
temperature where acceleruted thermal efferts occur, For the low pressure
regime (<15 psig), the effects of high Lemperature described above bacome
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 1C00°F o
1200°F range. In both of these cases, the materlal properties are assumed
to degrade by 90%.

For Case ', the 1200°F curve was used. For case 4, since the pressure is
nominal after other fallures, DWL = .05 (i.e., 5 psig at 1200°F) was used.

Tables A-7, A-8, and A-9 contain the recults of manipulating Expert A’s
conclusions for case 3B.
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Table A-1
Results for Expert A: Cases 1 and 2
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Table 2-3

Expert A's Conditicnal Probabilities: Ceses 1 and 2

— Conditionel Failue Probability
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Due te small exrors, the conditionsl probabilities calculated did not sum yrecisely to 1.6. therefore, normeiized by sum.
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Table A-7

Results for Expert A: Case 38
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Table A-9
Zxpert A's Conditional Probabilitics: Case 3B

Pressure

Apsig)

40

75

80.
85,
90,
93.

100

125

0000
10.
15,
20,
25,
30.
35.
0000
45,
50,
S5,
60.
65.
70,

0000
0000
00C0
0000
0000
0000

0000
0000
0000
0009
0000
0100
0000
0000
0000
00Co
0000

. 0000
105.
110,
115,
120.
0002
130,
135,
140,
145,
150,
138,
160,
165.
170.
175,
180.

0000
0000
0000
00~”

0000
0000
0000
0000
0000
0000
0000
0000

00.0

Independent Cumulative Fajlure Probabilities for Modes
WWRaW  _WWRBW_ = _DWR .

~HWlaW

.N000
. 0000
.0000
.0ooR
.0000
. 000G
. 0000
.0000
.0000
.0000
,0000
,0000
L0000
.0000
.0000
0000

OO0 COoCOO0O0O0oDO00O0O00CO0O00O0000OCOOCOCODC0CO

0000

0000
. 0000
. 0000
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Linear interpolation between points and, in order to extsnd the curves on
the upper side, it was assumed that the conditional probabilities remain
fixed sbove 165 psig. The results for cases 1 and 2 are shown in Table
B-1.

Case 1

Expert B indicated that this case is more complicated due to the effects of
tezpersture. To treat this case .roperly, the expert stated that he would
need pressure and temperature histories, The expert diviled the
temperature range into two reglons centered ¢n 800 and 1200°F. For both
cases, the wetwell temperature is limited to the suppression pool
saturation temperature (300 te 350°F). The expert indicated that when the
drywell tempersture exzceeded the wetwell temperature, there was a greater
likelihood that failure would occur in the drywell.

For case 3a, Expert B gave the following probabilities:

Pressure (palg)
Modes I5. 23 Ui, 133, 130, Jea
WWLaW 0.0 0.0 0.0 0.05 0.06 0.06
WWLbW 0.0 0.0 0.00 D0.02 0.03 0.03
WWRaW 0.0 0.0 0.02 0,03 0.06 0.086
WWRbW 0.0 9.0 0.0 0.03 0,046 0.04
CWR 0.0 0.0 00 009 013 0.14
DWL 0.0 001 0.02 0.046 0.C5 0.05
DWHL 0.0 0.02 0.05 0,09 0.16 0.18
DWR A0 0.0 0.0 ©0.061 0,05 0.05
DWHR 0.0 0.0 0.0 0.01 0.3 0.38
CDWR 0.0 0.0 0.0 0.0 0.01 0,01
lotal 0.0 0,03 0.12 0.37 0.95 1.00

The cumulative is PT(75)=0, PT(95)=.03, PT(115)= 1464, PT(135)=.4622,
PT(150)=.9/31, PT(165)=1.0.

Case 3a assumes B00*F in drywell and 300'F in wetwell. The failure
probability is based on a one hour exposure to 800°F, The yileld strength
at this temperature {s approximately 85% of that at ambjent temperatures.
The general trend is an increase in the probability of failure with an
increase in temperature, The.e could be some cases, however, where higher
temperatures do not necessarily mean higher failurs probability (e.g., the
thermal growth of the drywell shell may help if the shcll impinges on the
concrete wall; this is a secondary effect). At this temperature, an
increase in exposure time to 24 h would not change these probabilities.

Interpolation was used to foim Table B-2.
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L Hour ) sh Howzs
s B &l i B

i Jennerature("F)
Mode . 620 £00 209 1000 4100 1200 1000 1200
DWL 0.0 0.1 0,18 0.2 0.22 C.2% 0.24 0.3
DWHL 0.0 0.0 0.0 0.0 0,03 0.04 0.0 0.15%
DWR 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
Total 0.0 0.15 0.26 0.3 0.53 0.69 0.44 1.0

Case 4 ascumes that containment fallure has already occurred se that
pressure is low and assesses that probabllity of additional fallure due to
high drywell temperatures for exposure times uf 1 and 24 h. The composite
probabilities at 900 and 1000°F are based on high temperature analysas
performed by the expert., At 1200°F, the fallure mode will be catastrophic
fallure causad by rhermal buckling. For this analysis, the velues at
1200°F for case 4 are used.

Sources of Ungertalnty

The expert indicated that the major sources of uncertainty in his
assessment were uncertainties in the material priperties and the
uncertainty in fabrication detalls. For example, the'e could be residual
stresses around welds or areas of local stress concentration wuich could
affect the strength of the containment. For Case 3, the expert sail that
to treat the problew prope.ly, he would need the time histories »f pressure

and temperature. Not knowing these introduces some additional uncertainty
into the results,

Some of the uncertainty for Case 3 could be removed if typlcal prossure and

temperature histories from thermal-hydraulic codes could be supplied for
the ¢-enarios of iuterest.
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almost sure to corvespond to rupture (catastrophic faillute was felt to be
precluded by interactien with the shield building).

The Expert assessed all four cases together by giving fallure curves versus
pressure for various tewperatures

Wetwall Faillure

Conditional Frobability AL Pressure
Fallure

Exessure Cwn. Fallure S8 Pres. JWWLeW, WHLRW. _WWRaW  _WWRBLW
12% 0.0 0.0 0.0 0.0 0,0 0.0
140 0.01 0.01 n.9 0.1 0.0 0.0
150 0.2585 0.251 0.8088 0.0916 0.0199 0.0797
164 0.6307 0,502 0,2251 0.0259 0.07%7 o 6733
170 0.9084 0.752 0.0904 0.0107 0.0452 0,8537
180 G.995% 0.951 0.0904 0.0105 0.0 0.68991
260 18 - 0.999 0.0 0.0 0.0 P e

Assessed teuperature in wetwell will be in 400*F range for all cases;
therefore, only one curve,

Drywell Rupture (DWR)

SRE 200°F 400°F 600°F  BOOTF  JQOO'F 1200°F
0 155 150 125 105 90 58
.25 175 170 155 120 100 40
5 140 190 190 170 110 63
75 249 240 250 200 120 46
1 270 280 290 225 130 68

The 4DO*F, BOO°F, and 1200°F curves were used for cases 1 and 2, 3a and 4a,
and 3b and 4b, respectively.

For dryvell nhead failure, the expert gave a FORTRAN program to calculate
the failure pressure based on his uncertainty in the underlying p¢ -ameters:
DT = T(ave flange temp) - T(ave bolt temp), F; = applied mechanical
preload, §, = seal performance parameter. All other parameters were
considersd 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
cdf(> = 600) © 128 .25 .50 79 875 1.0
F,(kivs) 75 95 100 107 125
edf 0 23 .50 18 1.0
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Table C-3
Espert CT's Conditiomal Probabilities: Case 38
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5.4, lssue 4.  Effect of wetwell Rupture on ECCS Subvivabi) 'ty and
Reactor Building Integricy at Peach Bottow

Experts consulted: David B. Clauss, Sandia National lLaboeratories; Ken
Mohktarian, Chicago Bridge & Iron; Subir Sen, Bechtel Corporation.

lasue Description

This issue addresses two questione: (1) What is the probabllity of a
containment rupture with enough kinetic energy to sever emergency core
cooling syatem (ECCE®) piping? and (2) Whe: 1s the probability of
significant reactor building bypass given a rupture in the wetwell at Peach
Bottom?

This issue 1s very closely related tou the P-T induced containment fallure
issue (lssue 3). The initial conditions for this issue are containment
fatlure in the torus and a wetwell rupture (WWR) or a catastrophic rupture
(CWWR) failure mode (see lssue 1). Whether containment failure breaks the
ECCS lines is important in sequences in which the containment fails before
the onset of core damage. VWhether wetwell rupture leads to reactor
building bypass is important in sequences in which core de-age 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 lgsue:

Question Type 1: 1s the suppression pool drained hafore core damage? The
answers to this question characterize the state of the
wvetwell, Ther- are three states: drainage: {(a)
suppression pool dralned completely, representing a
catastrophic wetwell faillure; (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; (¢) no suppression pool drainage, the
failure i{s above the water line and is not catastrophi:.

Question IType 2! 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 {s either intact or it is not,.
(Success or fallure of these systems also depends on
issues other than the one being considered.) The review
proup was asked to provide the probabilities of
survivability of the lines for these three systems given
a wetwell failure by rupture,

Question Iype 3: What is the level of reactor building breach/bypass
without a hydrogen burn? Four levels of bypass are
considered: (a) no bypass--the standby gas ' eatment
system can handle all releases to the reactor building,
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Table 4-2
Probability of Reactor Builiing Bypass for WWR-.Expert B

Pressure (psig)

Bypass
L. ] — ot A A0 1S 20 1)
“ 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 0.7 0.575 0.40 0.0
© 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
d 0.0 0.0 0.0 0.0 0.0 0.25 0,425 0.60 1.0

Values were linearly interpolated for the 3, 5, and 15 psig cases,

Table 43
Fallure Probabilities for Seven Cases for WWR.-Expert C

La6os

Bypase
lavel eilinia . s ol = il W T S 5 2
a 0.70 0,20 0.80 0.3 0.7 0,20 0,08
b 0.05 0.10 0.05 0.10 0,05 0.10 0 0b
¢ 0,25 0,40 0.15 0.40 0.25 0.40 0.06
d 0.00 0.3 0,00 0.20 0.00 0.30 0.80
a+h 0.7%-.8,30 0.85 0,40 0.75 0.3 0.14

Since level "a" includes the blowout panels for this expert,

The case« for Table 3 were defined as follows:

1,

For P-T cases 1 and 2 (see lssue 3) at 170 psig, the conditional
probability of reactor buillding leak levels for WWRaW or WWRLW.

For P-T cases 1 and 2 at 170 psig, che conditional probability of
reactor bullding leak levels for CWWR.

For P:T cases 3a at 150 psig and B00°F, the conditional probability
of reactor building leak levels for WWRaW or WWRLW.

For P+T cases 3a at 150 psig and B0O'F, the conditlional probability
of reactor building leak levels for CWWR.

For P-T cases 3L at 1200°F, the conditional probability of reactor
building leak levels for WWRaW or WWRbW.

For P-T cases 3b at 1200°F, the conditional probability of reactor
building leak levels for CWWR,
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Table A-1
Descriptions of Equivalent Static Pressures

Fquivalent Static , essure Reactor Bullding Bypass
{pslg) level Comments .

Pp' < 0.25 level a Reactor building
blowout panels
open at 0,25 psig

Py < 3.0 Level a and Same comment
Level b
Py < 5.0 Level b and Concrete plugs and
Level b’ hatches in corner
room open
Py < 10.0 Level b’ Some leakage to

environment; some
to reactor bullding
blowout panels

Py < 20,0 Level b' and Some chance of
Level d reactor bullding
structural fallure
Py > 20.0 Level d Virtually certain
of structural
failure

*F,: equivalent static pressure (psig) ir the resctor bullding.

Level b': a new level defined by the Expert. Con.-ete plugs in che torus
room 1ift, leakage into the corner room, and hatches open there to the
environment (about 150 [t?) and to the rveactir building (about 200 ft?#).
For our analysis, this 1s eguivalent to leve' ¢, a large bypass of the
reactor building.

Resuits of Expert &'s Ell:ication

Probability of Injection Line Failure Due tr Wetwell Ruprure

1. The probasility of failure of the CRD lines or tne condensate lines
given rupture in the wetwell 1is essentially zero (see preceding
section).

2. The probability of failure of the HPS waterline, given a catastrophic
rupture in the watwell, 1s about 0.50. This represents 4/8 (see
preceding section),
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Frohabllicy of Reactor Bullding Bypass Due to Wetwell Rupture

The probabilities of Levels &, b, b', and d are shown as a function of
pressure in Table A-2.

Table A-2
Probability of Reactor Bulldin: Bypass- Expert A

Pressure (paig)
0 .23 3 S 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'we 0.0 0.0 0.0 1.0 1.0 0.9 0.0
Level d 0.0 0.0 0.0 0.0 0.0 0.5 1.0

Expert A sald to use linear interpulation for the trausition from Level "b*
te “b'" (between 3 and 5 psig) and for Jevel "b'" to “d" (between 10 and 20
peig). At .25 psilg, level a switches to Level "b" as the blowout panels
opéen,

To read the table:
1. Below 0.25 psig--Level "a" ocours.
2, Between 0.25 and 3 psig--Level "b" occurs,

3. Between 3 and 5 psig--a linear trans.er from Level "b* to Level "'
sccurs.

4. Between 5 and 10 psig--Level "b'" occurs.

5. Between 10 and 20 psig--a iinear transfer from Level "b'® to Level “4"
oecurs,

6. Above 20 psig--Level "d" occurs.

For example, at 15 psig there is a 508 probability that the reactor
building bypass level is Level "b'" and a 508 probability that the reactor
building bypass level {s Level "d".

Seurces of Uncertainty

Fragments could impact the concrete torus room oeiling and could decrease
the pressure capacity of the ceiling. The impact on side walls {s
In.onsequential because they are below grade. The likelihood of fragments
directed vertically is small; this was not accounted for in the Expert's
elicitation,





















For P-T Case 3b at 1200°F, the conditional probability of reactor building
leak levels for (WWR Is:

l. Level a .20

2. Level b = .10
3. Level ¢ = .40

L. level d = 30

For P-T Case 4 at 150 psig and 800°F, the conditional probability of
reactor bullding leak levels for CWWR (others are Level "a") {s:

1. Level a = .08
2. level b = 06
3. Level ¢ = 06

4. level d « 0. 80

Because of the blcwout panels to tne outside on the refueling floor and to
the turbine building, there will alwvays be scme bypass for WWR. Therefore,
the Expert's Level "a" is really Level "b" for the purposes of oui modeling

of this issue and the two vesults for “a" and "b" will be added together in
the aggregation.

Scurces of Uncexteinty

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.

=orxelationt with Other Variables

No cerrelations were specified b7 the expert for thie issue.

Suggested Methods for Reducing Uncerteiriy

Obtain mere information on the reactor building structure,

3.4-16






O T —

The original issue definition of a large hole or rupture was an opening
larger than 1.0 {t?, which resulted in depressurisation in less than about
2 h. A small hole or leak was anything smaller than 1.0 ft?, which did not
result in depressurization in less than sbout 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 ro 0.5 ft?, Thus a small hole or leak should
have been on the order of 0.1 ft?, and 1.0 ft2 {s definitely a large hole
or rupture.

The failure mode "Catastrophic Rupture" (iR) was added at the time of
elicitation. The containment failure impiied by this failure mode is
complete fallure of a substantial portion of the contalswent 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.

S A

The three panel members considering this issue all agreed that the three
cases could be treated together since the pressure rise times were slow
enough that structural response could be considered static. However, they
stressed that the pressure rise time and the ultimate icad i{n 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 (500 to 600°F)
warranted separate consideration. One expert identified a separate failure
mode for the higher temperature range. However, there was confusion in the
initial issue statement as to th  exact meaning of the temperatures given
there. The temperatures in the 500 to 600°F range are transitory alr
temperatures in the upper compartment, not bulk temperatures of the
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 temperaturc results were not
needed, and were not ucvilized.

The distributions of the three experts, in the form received, are glven in
Table 5-1 for Expert A, Table 5-2 for Expert B, and Table 5-3 for Expert C.
These tables were transformed into a common torm for aggregating. These are
Tables 5-4, 5.5, and 5-6, The data manipulations required are discussed in
the next section., Note that the conditional probabilities for failure wode
are interval probabilities, that is, they apply only for faillure in the
interval between the pressure indicated and the pressure on the previous
line,

Expert A concluded that the containment would fafl by either catastrophic
rupture of the cylindrical shell or buckling of the equipment hatch. He
provided independent cumulative failure probabilities for each location as
shown in Table 5-1. Failure of the shell would always be « catastrophic
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Table 5-2

Sequoyah Static. Failuce Probabilities for Expert B

Ep— N —— -
e e e e e A e e Lt e ol o M L e —— ] T m—

l
i e hdnior Shodd .. Hatch Ovalisation . .. Ancacreas Failuze
l‘u
1 Cumul , Cond. Cond . Cumul . Cond, Cond Cumnal Cond . Cond .
r Prescure Fellure Prob. Trob, Failure Prob, Prob. Failure  Prob, Prob
? intial  Baeb.  Bupbuse CatRup. Rask.  Leak  Buptue Brob.  Leak  Bupbuxe
20 0.000 1400 ©.000 0.000 1.000 0.000  0.000 1,000 0.000
. 28 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 ¢.000 1,006  0.000 ©.000 1,000 0. 000
: 38 0.068 1.000 ©.000 0.000 1.060 0.000 0,000 1.000 0.000
i 0 0.008 1.000 0.000 0.000 1.000  0.000  ©.000 1.000 0.000
r 5 0.608 1.000 0.000 0.000 1.000 ©0.000 ©.000 1,000 0.000
s 50 0.010 0.800 0.200 ¢.000 1.000 0.000 0.000 1.000 0.000
: 8 0.100 0.300 0.700 0,000 1.000  0.000  ©.000 1.000 0.000
| 80 0.800 0.000  1.000  0.000 1.000 ©.000 0,000 1.000 0.000
[ e 0.820 0.000 1.000 ¢.010 1.000  0.000 0.100 1,000 0.080
, 70 0,750 0.000 1.000 0.980 0.800  ©0.200 ©.250 1.000 0.000
, 78 0.804 0,000 1,600 0.608 0.200 ©0.800 0,500 0.200 0.300
t 80 0.990 ¢.000 1,000 0,849 0.000 1,000 0.800 Bt ; 0.700
8% 0. 902 0.009 1.000 0.999 0.000 1,000 0.850 0,000 1.000
g a0 0. 994 o.000 1.000 0,999 0.006 1.000 0.900 0,000 1.000
| 85 0,908 0.000 1.000 1.000 0.000  1.000 0.930 0.000 1.000
; 100 0.906 0.000 1,000 1.000 0.000 1.000 0,980 0.0%0 1,000
J 104 0.99? 0.000 1.000 1.000 0.000 1,006 D990 0.0% 1.000
, 110 0,998 0.000 1,000 1.000 0.000 1,000 0.99% 0.000 1.000
115 0,999 0.000 1.000 1.000 0.000 1.000 6989 0.000 1.000
120 1,000 0,000 1.000 1.000 0.000  1.000  1.000 0.000 1.000
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Table 5-4

Conversion of Expert A's Elicitation Values from Table 5-1

Pressure

Cumulative

Failure

~Antervel Conditionel Ixobebilities .

Rupture

Seaia).  Probability Dwnadty e Bvpass. . Nvpass

100
108
10
118
120

. 000
.eoo
000
.boe

coo o

, 000
-0og
001
10

coo©

.03%
180
210

340

L~ 2 3 - B -

.301
B34
768
L B4S

oo oo0

L9824
862

98}
981
000

- ooc o

Do oD

oo o

Failure

Prob, Leax Leak Rupture
0.000 0.000 0.000

0.000 0.000 0.000

0.0600 0.000 0.000

0.000 0.000 0.000

©.000 ¢.000 0.000

0.000 0.000 0.000

0.001 0. 000 0.000

0.000 0.000 0.000

0.028 0.000 0.000 °
0.085 0.0¢0 0.000 0
0.110 0.000 ¢.000 0
0.130 0.000 0.000 0
0.380 0.004 0. 000 o
0.133 0.028 0.0V0 0
0.131 0.023 0.000 o
0.080 0.032 0.000 0
0.078 4.023 ¢.000 0.
0.038 0.020 0.000 0
9,018 0.021 ©.000 0.
0.008 ¢.022 0.000 0.
0.008 0.022 0.000 0

o000

coco

coOooo

Too0o0

=~ - 3 -2l -

)
.bog
000
000

.coe
000
N0
000

000
. 000
L000
000

000
.oo0
000
.00n

000
00C
000
.boo
200

Catastvophic
Rapture

1.000
1.000
1.000
1.000

1.00
i.00
1.000
1.0u0

1,000
1.000
1.000
1.000

0.496
6.9
0.977
0,968

0,978
¢ 980
o.a78
0,978
0.678
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Table 5-6
Conversion of Expert C's Elicitation Values from Table 5-3

Jdniecval. Conditional Probabilitdes

Camulative Failure
Fressure Fallure Prob. Leuk Loak Rupture Rupture Catestrophic
Sieadas.  Exsbability Densdty Ne Bypass. Bypess . No Bypess _ Bvpass..
20 ¢.000 0.000 0.272 04858 6.081 J. 182 o o000
25 . 060 0,000 0.273 0.45% 0.001 0.182 0.000
an 0.088 0.088 0.273 0.45% 0,081 A8z ¢ 000
38 0.110 0. 088 0.273 0,455 o.08 0. 182 6.000
&0 0178 0.008 007 0.07? 0.1%4 0 818 0.07?
W5 0.240 c.ons 0.077 0.077 0. 1854 e.818 6. °
S50 0.38n 0.120 0.000 0,042 0.583 0.2% 0.12:
55 0,480 0.120 0.000 0.042 0,583 0.2% 0.128
60 0.850 0,170 0.000 0.000 0.112 0.118 0.785
88 0.820 0.170 0.000 0.000 €. 118 0.118 0.788
70 0.910 0.080 0.000 ¢,000 C.0%86 .05 0. 808
75 1.000 0.080 0.000 0.000 0.056 0.0% 0.880
&0 1.000 0.000 0.000 0.000 0,086 [ ] 0.888
85 1.00¢ 0.000 0.0o0 0n.000 0.056 0. 058 0. 888
80 1.000 0.000 0.000 0,000 c.088 0. 0% 0. 889
4] 1.000 0.000 0.000 0.000 0.05 0.056 0.888
100 1.000 0.000 0.000 0.000 0.088 0.058 C. 888
108 1.00¢ 0.000 ¢.000 0.000 0.088 0,058 0. 888
110 1.000 0.000 0.000 0.000 0.058 0.056 0.888
11% 1.000 0.000 0.000 0.000 0.056 0.036 0. 889
120 1.0G0 0.000 0,000 0,000 0.058 0.058 0. 889
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Figure 5-1., Cumulative Failure Probability.
L0
09
0.8
o2
06 l
j :’
0% /|
f ‘l
DN} f
03
r 0= EYP A
o = [XP. B
% s = [XP. C
® = AGOR
0l
G el - -

-

00 00 40 %0 60 00 BGO SO0 WHNO MWOG 1200

Pressure (psig)

Figure 5-2, Conditional Probability for Failure Mode:
Leak, No Bypass.
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for each pressure interval i, where where CFP(i), G, (1), and G, (1) have
been defined above, and

Gun(1) is the independent cumulative probability for failure of the
anchorage for interval {i.

The interval conditional probabilities were more difficult to obtain,
First the interval probability densities shown in Table 5-8B werc obtained
by backward differencing. Next the conditional probabilities in Table 5-2
were used to ohtain the joint probability densities (joint on pressure
interval, location, and mode) shown in Table 5-9. For rupture-nc 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
r-otures 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 failure modes together without regard to location and
normalizing by the total density for that interval. There is only rne
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, so the entry
in Table 5-5 is the sum of both of rupture-bypass entries in Table 5-9
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 failurs modes
as shown in Table 5-3., The All Modes colum.:, which is the sum of the five
columns to the left of it, is therefore the cumulstive fa’lure probability
shown in Table 5-6. The Fallure Probability Jensity 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.
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Table 5.0
Expert B's Joint Probahility Densities

Shell Joint Failure Hatch Joint Anchor, Joint
Pressure Rupture Rupture Catas. Leak Rupture Leak Rupture
Apsig) No Bypass _Bypass Rupture No Bypass No Bypass Bypass Bypass

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 0,600 0.000 0,000 0.000 0,000 0.000 0.000
35 0.001 ©.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 0.090 0.9200 0.000 0.000
55 0.005 0.023 0.063 0.000 0.000 0.000 0.000
60 ¢.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 €.002 0.007 0.178 0.075
80 0.000 0.000 0.0%0 0,000 0,000 0.090 0,210
85 0.000 0.000 0.002 0.000 0.000 0.000 0.050
90 0,000 0.000 0.002 0.000 0,000 0.000 0.050
9% 0,000 0.000 0.001 0.000 0.000 0.000 0.930
100 0.000 0.000 0.001 0,200 0.000 0.000 0.030
108 0,000 0.000 0.001 0.000 0.000 0.000 0.030
110 0.000 0.000 0.001 Q. 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 0.600 G.001

The aggregation of the cumulative fallure probability is a straightforward
averaging process. That is, the aggregate values of the cumulative failure
probability for each pressure interval in Tables 5-4, 5-5, and 5.6 are
summed and divided by three. For the interval conditional probabilities,
the aggregate is formed hy weighting each expert's interval conditional
probabllity by the failure probahility density for the interval. The
equation used is:

Cim) = [ Cu(1i,m) * D, (1) + Cali,m) * Dg(i) + Co(di,m) * De(d) )
/ [ Da(l) + Dg(d) + De(i) )
where:

C(1,m) is the aggregate conditional probability for failure in mode m,
given that the failure occcurs in pressure interval i:
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The load pressure and the contaimnment 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, th¢ random number is used to
determine the failure mode. Consider the f-1lowing example: the failure
pressure is 65 psig, the load pressure {. peig, and pressure rise is
slow compared to the time it takes a leak to depressurize the containment.
Because the occurrence of a leak wil]l 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 probabllity 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. 7The other failure modes
are determined analogously, The following table gives the results for a
failure pressure of 65 psig:

~-Range for Rardom Number ———idlure Mode

0.000 - 0,018 Leak-no bypass

0.018 - 0 195 Leak-bypass

0.195 - 0.245 Rupture-no bypass
0.245 - 0.29% Rupture-bypass

0.295 - 1,000 Catastrophic Rupture

In Table 5.7, for 65 psig, the conditional probability for catastrophie
failure is 0.704, not 0.705 as impiied here. This difference is due to
roundof{ error,

1 the pressure rise is fast compared tu the time it takes a leak to
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 €5 and 70 psig. Teo
determine the appropriate failure probability density for determining the
probabilities of ruptures and catastrophic failures between 65 and 70 paig,
the portion of the distribution below 65 psig is discounted since failure
has occurred at 75 psig. Thus, the density used to determine if an
additional rupture may occur between 65 and 70 pslg 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 hetween 55 and 70 psig is the
leak probability at 65 psig (0.018 4 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-nc bypass for a fast

pressure rise, fallure pressur~ equal 65 psig, load pressure equal 70 psig
is:

0.056 = 0.050 + 0.195 + 0.378 * 0,0785.
3.5-18
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resemble the entries for 100 to 120 psig in Table 5-77 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
still leaks at 110 psiz, and for which an additional failure is calculated
at 110 psig, 97.9% go to catastrophic rupture as indicated in Table 5-7.
Table S .0 shows the results of working up . vpressure from 65 psig to the
load pressures shown in the left coelumn. PFuj .ares are non-zerc for 70 and
75 psig, so the rupture probability for 120 psig in Table 5-i0 cannot be
zero as It is in Table 5-7.

Table 5-10
Falilure Mode Probabilities for Rapid Pressure Rise
Failure Pressure = 65 psig

Jntervel Conditionel Probabiiivies

Cumuletive Fatlure

Fressure Failure Prob. Leak Leak Rupture Rupture Catastrophic
~ipsip)  Egebebility Density Ho Bypess. __Bvpsss = N Bypess __Bypess = Rupiure
20 ¢.000 0.000 0.000 9.000 0,000 ¢.000 0.000
28 0.000 0.000 0.000 0.000 0,000 £.000 0,000
30 0.018 0.018 0.000 8.000 0.000 0,000 0.000
34 0,038 0,020 0.000 0.%00 0.000 0.900 0.000
&0 0.080 5. 022 0.000 0.000 0.000 2,000 0.000
45 0.082 0,022 0.000 0.000 0.000 0.000 0.000
50 0.124 0.041 0.000 ¢.000 0,000 £.000 0.000
55 0,187 0.073 0.00% 0.000 0.000 0,000 0,000
8n .38 0. 1086 0,000 9.000 0.000 0.000 £.002
63 0.52?7 0.132 ¢.018 ¢.177 0.0% 0.0%0 2.704
70 0.708 0.178 0.122 0.023 0,056 0.082 0.748
78 0.780 0.07%4 e.001 0.118 ¢.058 0.0538 8.213
80 C. 833 3 TY 0.087 0.002 0. 08¢ 0.n54 0.789
88 0.878 0.044 0.088 0.000 0.0%8 0.054 0.822
a0 0.e"2 0.044 0.043 0.600 0,058 C.054 0,848
95 0.948 6.027 0.028 0.000 0,080 0.0%% 0,856
160 0.978 0.028 0.0%4 0.000 3.0%0 0.954 0,873
108 0.887 ¢.013 0.007 e.000 0.0% .05 0,880
110 0.394 0.00€ 0.00a 0.000 0.059 o088 C.884
118 0.097 0.003 0.902 €.000 0.058 0.054 0. 888
120 1.000 0.0023 0.000 0.000 0.058 0.054 0.887
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expert B's Elielitation

Containment Fallure at Sequuyah Due to Static Pressure

Rescription of Expert ' s Bationale/Methodology

Several fallure locations were briefly considored and then dropped from
further consideration. Fallure of the pervonnel airlcek was ruled out on
the basis of tests and analysis.®?! Failures of electrical ,enetistions
were ruled out for the same reasons P2.9? No {nformction wit svailable to
allow a reasonable evaluation of th« penetrations equipved with bellows.
(Most if not all of the mechanical ,enetrations at Sequvyah are equipped
with bellows.) In the absence of test results or enough information te
perform a credible analysis, Expert B did not consider thes¢ expansisn
joints further. Thue, Expert B considered in detail three failure
locations and two temperatures for one of them., He felt temperature wvas
lmportant only for the membrane fallure of the c¢ylindrical portion of the
shell.

Failure of the cylindrical shell alvays results in catastrophic rupture if
the fallure pressure is above the 60 psig range and alvays results ia
rupture Lf the failure pressure is below the 50 psig range. Below 50 psig,
the membrane stresses in the entire shell are still elastic /hich provides
some assurance that crack growth can be arrested. Above o0 psilp, large
areas of the shell have inelastic (plastic) stresses; there wou'd not be
sufficient strength in these areas to arrest crack growth, and ecrack
propagatisnn leads to catastrophic rupture.

Initial fatlure of the equipment hateh always results in & leak. Howevey
the leak area will incrcase rapidly if the pressure continues *o rise. 1f
the pressure Increases a i/ . psig above the value which caused the initiail
leak, the hrle area will {ncrease into the rupture region. Failure of the
anchorage system could result in either a leak or a rupture, but he Judged
that even 1f a leak occurred the size of the tear would eventually Increase
so0 that a rupture would result,

Fallure of the evlindrical shell will always result in bypass of the fce
condenser If it is a catastrophic rupture, If cylinder failure is a
rupture, then one sixth of them can be expected nut to bypass the ice
condenser Jince there is 60° of the conteinment wall which is net occupied
by the ice condenser. Equipment hatsh failure does not bypass the {ce
condenser due to the location of the hatch.

Anchorage fallure would always result in bypass of the lce condenser if the
failure alvays occurred at the cylinder-shell junction, since it ls below
the bottom of the {ce condenser. However, anchorage failure may result in
ne failure, or only a negligible fallure, at this location. Instead t.e
anchorage failure may precipitate fallure elsewhere in the shell.
Anchorage failure will allow the shell to move up considerably, and this
vertical movement pay well result in failure of the cylindrical shell at
some penecrration or stiffener plate where there {5 resistance to this
upward motion. Thus it (s impossible to say where the failure might occur,

$.5:27

R T ¥ W Y sy - B Ry T T R e e TN SRR s






of the gasket condition, and It will contirue te grow In ares as the hoop
strain Increases, He was certain that this ovalization would result in
development of a leak when the free-field hoop strain in the eylindrical
shell at the elevation (741 ft) of the center line of the equipment hatch
reached about 2.7%.  Expert B gave the following table of cumulative
probability of leak as a function of strain:

Strain Cumuletive Fallure Pressure
%) Erobedility (paig)
2.4 0.0Y 66.7

2.5 0,08
2.6 0.2%
2.7 0,50
2.8 0,75
1.0 0.90
3.2 0,99 70.2

At 300°F, at elevation 741 ft, the free field hoop strain is 28 at 65 psig
and 5% at 78 psig. The pressures fur the other atraln values above may be
obtained by linear interpolation. Thus, Expert B expects a leak due to the
hateh ovalization to oceur around 68 psig and {s certain It will have
develaped Ly 70 psig. The leak will be large enough to be denoted a
ruptare by the time 75 or 80 psig 1s reached. Catastrophic rupture will
not result from this failure mode.

Aucherage Fallure. Fallure of the anchorage system affects ccentainment
integrity indirectly. As the bolts begin to yleld, the knuckle could
become distressed, leading to a leak. As significant ylelding of the holts
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 fellure mode is subject to
great uncertainty because it {s indirect, {.e., it is based on the response
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:¥!

Cumulative Pressure
Erobabllity  _(padg). . Response .
0,00 60 None
0.10 65 Onset of yielding in the
bolts
0,80 80 Bolts fall (nominal)
0.85 100
1.00 135 Anchor rings pull out eof
concrete
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| The cumulative probability for the thermal buckling mode decreases as
| pres wure increases since the internal pressure will tend to counteract the
thernal rtresses.

The conclusions of Expert C are shown in Tables 5-3 and 5-6. The median of
hie fallure distribution is around 56 psig. At this pressure, rupture is

the most likely failure mode. Expert C was virtually certaln that the
containment would have failed by 75 psig.
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5.6 lasue 6. Sequoyah Contalmment Fallure Rue Lo Detonation

Experts consulted: Charles Miller, City College of New York, Walter A von
Riesemann, Sandia Nationel Laboratories; Don Wesley, IMPELL.

Llasue Rescxiption

What distributions characterize the uncertainty In containment failure due
to detonations {n the f{ce condenser, and what is the likely fallure site?
What distributions characterize the uncertainty in ice condenser bypass due
to mechanica) displacement of the ice following a hydrogen detonation? The
variagbles elicited are the probability of containment fallure and the
location of the faflure as a function of applied impulse, and the
probability of {2e condenser bypass as a functiou of applied impulse.

Sunmary of Results

Expert A connidered the following failure modes for the Sequoysh response
to detonation: (1) anchor belt fallure that results in a leal or rupture
near the base of the containment, (2) membrane fallure in the containment
eylinder 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 ice condenser function due to detonation in the ice
condenser .

The expert concluded that buckling wuuld not be reached before blowout of
the c¢ylinder and provided distributions for the aenchor bolt fallure
mochanism, membrane failure of the contalnment cylindar above the {ce
condenser, membrane failure of the containment cylinder in the lower part
of containment, and loss of the ice condenser function,

Ixpert 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 fallure and the plate was found to be fairly strong in
bending action (well above the range for hoop failure). For detonation
within the ice conde-“er or upper plenum, only panel response needed to be
considered and the . ~ ert considered the membrane rzsponse of the plate.

The expert concluded that a path would be opened through the ice condenser
under any detonction 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 steel containments showed that failure generally
occurred when the global strain reached approximately 2%. Although the
steel has a higher capacity in uniaxial tension, ths existence of biaxial
stress and the presence of strain risers reduce the effective capacity to
about 2%, Other tests have shown that strain rate effects (dynamic
loading) can increase the strength of steels by a factor of 1.3, Other
variables that can affect the fallure strain are the vield streis of the
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Table ¢-3
Distributions for Expert €

Failure of Upper Plenum:

Impulse
0.69 0.00
1.38 0.01
3.458 0,50
6.90 0.90
10, 34 1.00
Fallure of Ice Condenser:
Impulse
: ceiiinlative Failure Prebability .
0.69 0.00
1.38 0,01
.83 0.50
9.66 0.9
13.7% 1.00
Table 6-4

Aggregate Distribution for Faflure of Upper Plenun

Tmpulse
4 .600E-01 0.000E+00
6.900E-01 2,381E-03
1. 3BOE+00 1.286E-02
2.070E-00 7 LGLE-02
3.450E400 1.976E-01
3, 700E400 2.099E-01
4, 4B0E+00 2.548E-01
$.550E400 3.221E-01
6. 900E+00 4 .000E-01
9 . 450E+00 $.210E-01
1.034E401 $.643E-01
1. 3458401 6.715E-01
1.607%40]1 7.699E-01
1.862E+01 8.287E-01
2. 069E+01 8.550E-01
2.276E+01 8.812E-01
4. 482E+0] 9.833E-01
4, 842E+01 1.000E4+00
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Aggregated Distribution for Failure of lce Condenser

Impulse
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6.900E-01
1.380E+00
4. 830E+00
5.1B0E+00

6. 500E400
6. 900E+00
7.930E400
9 6608400

1,007E+01
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1.379E+01
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2 .068E+01
2.482E+01
2.758E+01
3.034E4+01

3. 448E~01
3.654E4+01
4.068BE+01
4. 137E+01

4. 482E401
4 . 826E+01
5,516E+01
6.206E+01
6.378E+01

B W w WA e O

~New >

- o 9o o o e o~

.O00E+00
.333k.03
667E-01
.763E-01

.153E-01
,290E-01
642E-01
(234E-01

294E-01
.681E-01
.986E-01
.433E.01

J912E-01
.64LE-01
. 250E-01
.000E-01

.B34E-0]
219E-01
.827E-01
.928E-01

.350E-01
633E-01
.833E-01
967701
. 000E+00
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Expert C's Elicitation

Pedestal Fallure at Grend Gulf

Rescription of Expert C's Raticnale/Methodology

Expert C based his analysis on a number of drawings of the pedestal region,
Figure C-1 is the sketch that accompanied the issue paper. Since it 1s not
to scale, Expert C found it misleading., Figure C-2 (Reference C.1) and
Drawing C-104BA (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 sumps in
the cavity floor, as shown in Drawing C-1042 (deference C-5),

e rraeab e aa et hanneof

Figute C-1. Grand Gulf Reactor Pedestal Configuration,
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