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ABSTRACT

Nuclear power plants
systems (FPSs) under
to actuate, and also
presence of a fire.
equipment.

have experienced actuations of fire protection
conditions for which these systems were not intended
have experienced advertent actuations with the
These actuations have often damaged nearby plant

A review of the impact of past occurrences of both types of such events,
a quantification of the risk of FPS actuation, a sensitivity study of the
quantification of the risk of FPS actuation and risk calculations in
terms of person-REM have been performed. Thirteen different scenarios
leading to actuation of fire protection systems due to a variety of
causes were identified. A quantification of these thirteen scenarios,
where applicable, was performed on a 3-loop Westinghouse Pressurized
Water Reactor (PWR). These scenarios ranged from inadvertent actuation
caused by human error to hardware failures, and include seismic root
causes and seismic/fire interaction. This report estimates the
contribution of FPS actuations to core damage frequency and risk.
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EXECUTIVE SUMMARY

In recent years, fire protection systems (FPSs) in nuclear power plants
have actuated at times and under conditions for which they were not
intended to actuate, as well as actuating in the presence of a fire, and
have often affected and even damaged adjacent plant equipment. To
quantify the risk due to this issue, a study was performed which
involved: (a) a review of pertinent Licensee Event Reports of industry
experience with FPS actuations, (b) a review of Navy experience with FPS
actuations, and (c) a quantification of potential scenarios for three
commercial nuclear power plants as well as for a set of generically
applicable scenarios. This study was conducted as a part of the analysis
conducted for resolution of U.S. NRC Generic Issue 57.

In the quantification portion of the study, thirteen different causal
mechanisms were identified which could result in fire protection system
actuations. A set of criteria was developed for identifying such
accident scenarios leading to core damage. These criteria can be applied
to probabilistic risk assessment (PRA) vital area analysis for any
particular plant in question to identify those accident sequences and cut
sets which would lead to core damage (assuming the FPS actuation damages
critical equipment in the fire zone affected).

Inasmuch as these scenarios are plant-specific in regard to plant layout
and types of fire protection systems present, three plants were selected
for the quantification. The criteria developed were applied to two
commercial pressurized water reactors (PWRs) and one commercial boiling
water reactor (BWR). These plants were selected because each had a
detailed PRA and supporting analyses available. This report presents the
application of the methodology to a 3-loop Westinghouse PWR.

Using the complete set of accident sequences developed in a previous PRA
for the plant, a full set of scenarios based on fire protection system
actuations was analyzed. For each accident sequence identified, values
for the various parameters involved were chosen, and an estimate of the
impact on core damage and risk due to FPS actuation was made. Although
an effort was made to use parameter estimates from existing data bases
where available, some simplifying assumptions were required due to lack
of data.

The risk calculations were performed employing a methodology similar to
WASH-1400. An uncertainty analysis was performed for the core damage
frequency and risk calculations. The results of the quantification found
a total mean contribution to annual core damage frequency of 7.3E-6/ry
and total dose of 6.8 person-REM.
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1.0 INTRODUCTION

1.1 Scope

Experience in recent years has shown that fire protection systems in
nuclear power plants have actuated at times and under conditions for which
they were not intended to actuate as well as when intended in the presence
of a fire. Since these FPSs are located near the critical equipment they
are designed to protect, these actuations have often affected and even
caused damage to this adjacent critical plant equipment. On some
occasions, the damage has been to safety related equipment, that is,
equipment required to ensure the capability to safely shutdown the plant.
On other occasions, the damage has been to equipment required for the
normal operation of the plant and the reactor was subsequently shutdown.
As a consequence, the actuation of fire protection systems represents a
potentially important safety issue requiring further study.

In the recently completed Fire Risk Scoping Study (Ref. 1.1), the
inadvertent actuation of fire protection systems in commercial United
States nuclear power plants was briefly reviewed. Seventy-one events
resulting in submission of a Licensee Event Report (LER) were identified
during the period from April 1, 1980 to July 14, 1987. The average
frequency of occurrence of these inadvertent actuation events was found to
be approximately 10 per year.

The Fire Risk Scoping Study was limited in scope and did not attempt to
quantify the attendant contribution to core damage frequency (CDF)
resulting from the inadvertent actuation of FPS's, primarily because the
impact of inadvertent fire protection system actuations was found to be
very plant specific. It was concluded that such events could
significantly impact the risk at a specific plant only if multiple safety
systems could be affected by the inadvertent fire protection system
actuation event.

As a follow-on to the Fire Risk Scoping Study, a preliminary study
including a scoping quantification of risk due to inadvertent FPS
actuation was performed (Ref. 1.2). This study quantified the core damage
frequency and risk at one generic PWR. This analysis indicated that the
increase in core damage frequency due to inadvertent FPS actuations could
range from 1075 to I0-4 per reactor year.

The current study, U.S. NRC Generic Issue 57, of which this report is a
part, entitled "Effects of Fire Protection System Actuation on Safety-
Related Equipment," was begun in 1989. In this study, six main potential
causes of inadvertent and advertent actuations of fire protection systems
have been identified, as shown on Table 1.1. .For the general cases of
random and seismic-induced actuations, several potential root causes are
also shown.

The objective of this study was to provide a probabilistic basis on which
to evaluate the impact on plant core damage frequency and risk of fire
protection system actuations. This objective was accomplished by first
reviewing past-events involving fire protection system actuations. The
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Table 1.21

Causes of Potential FPS Actuation

A. Random causes of inadvertent actuation

Human error (Root Cause 4)

Hardware failure (Root Cause 6)

Unknown (Root Cause 13)

B. Actuation induced by fire or by steam pipe break in an adjacent
area and smoke/steam spread

Fire in adjacent zone causing FPS actuation (Root Cause 1)

Fire-induced FPS actuation (due to fire in adjacent zone)
preventing random failure recovery action (Root Cause 2)

Fire-induced FPS actuation (due to fire in adjacent zone)
preventing access for manual fire suppression (Root Cause 3)

FPS actuation caused by steam release (Root Cause 5)

C. Seismic induced inadvertent actuation

Dust actuating smoke detectors (Root Cause 7)

Failure of FPS (e.g., failure of wet pipes, sprinkler heads,
etc.) (Root Cause 9)

Actuation caused by FPS control system relay chatter
(Root Cause 8)

D. Seismic induced failure of the FPS, diverting suppression agent from
an area where a fire is present (Root Cause 12)

E. Fire external to plant (smoke via ventilation system)
(Root Cause 10)

F. Fire present where the FPS is located (Root Cause 11)

1-2



actuations were then categorized in order to draw some useful conclusions
about the causes and effects of these actuations. A quantification of the
impacts of such events including sensitivity and uncertainty studies, was
performed both in terms of reduction in core damage frequency and risk for
the scenarios identified. Finally, risk calculations in terms of person-
REM, were performed.

1.2 Methodolo2ý

Chapter 3 of NUREG/CR-5580 (Ref. 1.3) presented the overall methodology
that is used to evaluate the effects of fire protection system (FPS)
actuations on nuclear power plant risk. The objective of the analysis
presented in this report is to extend the general methodology to one of a
set of representative nuclear plants. In this case, the plant selected is
a 3-loop Westinghouse PWR. Using data from industry experience and
parametric values used in prior applicable PRA studies, a quantitative
assessment of the incremental contribution to core damage frequency due to
FPS actuations was performed.

The analysis of the thirteen root causes introduced in Section 3.2 of
Reference 1.3 is being applied on a site-specific basis. The actual
site being studied is unimportant and will not be named. As the safety
significance of FPS actuations is highly plant-specific and is dependent
on system inter-dependencies derived from plant event tree and fault tree
models, it follows that those models available for the specific plant in
question must be used in the analysis. In this case, system models
developed as part of the NUREG-1150 study (Ref. 1.4), augmented by site
visits, were used as the basis for quantification in this report.

1.3 OrQanization of the Report
4

A description of the plant systems and general plant characteristics is
provided in Chapter 2. The system descriptions include simplified
schematics which depict major system components.

The base case analysis (best estimate) of core damage frequency due to FPS
actuations is described in Chapter 3. This analysis addresses all of the
root causes presented in Reference 1.3 that apply to this nuclear power
plant. This chapter also contains a description of where vital equipment
is located throughout the plant, plant fire protection system locations,
and an application of the methodology including results in terms of core
damage frequency by root cause and by fire zone.

Chapter 4 describes the sensitivity analyses performed and the overall
effect on the base case results. These studies are very plant specific,
but the issues considered would likely apply to any "typical" Westinghouse
PWR. In Chapter 5, the "back end" risk calculations (in terms of offsite
person-REM exposure) are described.
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2.0 PLANT DESCRIPTION

2.1 Plant, Site and General Characteristics

The PWR studied, which shares its site with a twin unit, is rated at
781 MW. The reactor and generator for both the units were supplied by
Westinghouse Electric Corporation. Stone and Webster Engineering
Corporation was the Architect/Engineer/Constructor for these plants.

2.2 Description of Plant Systems

This section discusses the system descriptions and system models of the
major frontline and support systems identified as important to safety in
Reference 2.1. In addition to the event trees discussed in Section 3.2,
component fault trees also developed by the internal events analysts were
utilized. Use of the same event trees, fault trees, and accident
sequences developed during the internal events analysis ensured
consistency between these major studies.

The following discussion of the systems includes:

a. A brief functional description of the system with reference to the
one-line diagrams that were developed to indicate which components
were included in the model;

b. Safety-related success criteria that were applied to the system;

c. Interfaces and safety actuation provisions between the frontline
systems and the support systems.

2.2.1 Containment Spray System

The containment spray system (CSS) provides the initial containment
pressure reduction following an accident by spraying cool water from the
RWST to condense steam in the containment. The CSS is composed of two 100
percent capacity spray injection trains. The CSS has no recirculation or
pump cooling capability. Each spray train draws water from the RWST
through independent suction lines. Each CSS pump takes suction through a
normally open MOV and an in-line filter assembly. Each CSS pump
discharges through a pair of normally closed MOVs arranged in parallel
and through a check valve to its associated containment spray header.
Both CSS pumps also feed a common third spray header (located on the
outside of the crane wall) through separate check valves. A simplified
schematic of the CSS is shown in Figure 2.1.

The CSS automatically starts on receipt of a Hi-Hi (25 psia) containment
pressure signal from the consequence limiting control system (CLCS). The
CLCS signals open the pump inlet and outlet valves and start the CSS
pumps. An agastat timer in the pump start circuit delays pump start for
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30 seconds after receipt of the signal. The success criterion for the
CSS is one of the two CSS trains that provides flow to any one
containment spray header.

2.2.2 High Pressure Injection/Recirculation System

The charging system provides normal coolant makeup to the RCS and cooling
flow to the RCP seals under normal operating conditions. The high
pressure injection/recirculation (HPI/HPR) system uses the same charging
pumps to provide primary coolant injection and recirculation following an
accident, as well as maintaining flow to the RCP seals. The HPI system
also functions to deliver boric acid to the RCS from the boric acid
transfer system if emergency boration is required. Under normal
operating conditions, one of the three charging pumps provides normal RCS
makeup and cooling to the RCP seals by taking suction from the volume
control tank (VCT) through two MOVs in series.

Upon indication of a loss of RCS coolant or steam line break (i.e., low
pressurizer level, high containment pressure, high pressure differential
between main steam header and any steam line, or high steam flow with low
TAVG or low steam line pressure), the safety injection actuation system
(SIAS) initiates emergency coolant injection. The SIAS signals the
normal charging line isolation valves to close, the standby charging
pumps to start, the valves from the VCT to close, the normally open pump
inlet and outlet MOVs to open, and a parallel set of normally closed MOVs
to open to provide suction from the RWST. Also on receipt of an SIAS
signal, a parallel set of normally closed MOVs open to provide flow from
the pump discharge header to the three RCS cold legs. An additional path
to the RCS cold legs through a manually operated normally closed MOV is
also available. Flow through this line to the RCS is treated as a re-
covery action. The line to the RCP seals remains open throughout the
event. The HPI system may also be used in the "feed and bleed" cooling
mode. The only difference in this mode of operation from that discussed
above is that an SIAS signal is not necessarily generated so the HPI
system must be manually placed in service.

In the recirculation mode of operation, the charging pumps draw suction
from the discharge of the low pressure safety injection pumps in the low
pressure recirculation (LPR) system. Upon receipt of a low RWST level
signal, the recirculation mode transfer (RMT) system signals the charging
pump suction valves from the RWST to close and the suction valves from
the LPR pump discharges to open.

In the emergency boration.mode, the HPI functions as described above with
the exception that the boric acid transfer (BAT) pumps deliver boric acid
from the BAT tanks to the charging pump suction header. To perform this
operation, the operator must switch the normally operating BAT pump to
fast speed operation and open the MOV allowing flow into the charging
pump suction header. To enhance boric acid addition to the RCS, the
emergency procedure calls for the PORVs be opened (to provide pressure
reduction). A simplified schematic of the HPI/HPR system, including the
relevant portions of the BAT system is presented in Figure 2.2.

2-3



NORMAL
CHARGING

LINE
t

Pat hfi Pot --- ov ri LEGS

IP822 .- ..

CWIS

I A ~ 0.T
P&4 OV1611e NO Law

PWST

6I PUMPS
CV041

AOVIHOG

I ,X-Wfx £OVJlUx1 y2 1

movIIsW MOV12STA

!
d•

C I5 IDPCNIA
MM? 2T ADYIDSA C O1I6

CR068181 Juo W368

£011108 MOV1tiil MOVuASIA
SI PUM ii - . .iI t -

FROM LOW MEIAD
fif PUMP s V0 I 1,2

PSI'm

MOPCN*5

UOV12a114

vu
MOYIJ ~XVA?? MCP

SEALSI

1MOV1634C MovinaPO

lt CHIARGING PUMP
XV12112 CUOSSTIA

Paoli

SAT
Poll L"MW14PUMIPS al

PC LOOP
F.ILNEADEa

CV224

MOVISA. TO
MOV66,2 COLD

LEGG
MOVlISA

P4111 NHOTLEGS

jovitISS

doviCs
Fes

MOVIA611S

P.'
S
MOViZOSI

q
pas

IUOVIAIOM

1ý M O 1 26 11 To
** -

Mov s
-0- *- FROM LOW HEAD &I

MoV 113 PUP 1IA

MolE: PIN SEGMENT WPSM) REFERS 10 PIPING AND COMPONENTS BEiWEEN MOMES

Figure 2.2. High Pressure Injection/Recirculation System Schematic.



MDPCH2A (

PS 132

TO BORIC
ACID BLENDER

-21)

FROM VCT

MOV 1350

Figure 2.2. High Pressure Injection/Recirculation System Schematic (Concluded).

2-5



The success criteria for the HPI modes of operation require flow from any
one of three charging pumps to the RCS cold legs in response to a LOCA
(automatic actuation), flow from any one of three charging pumps to the

RCS cold legs in the "feed and bleed" mode (manual actuation), flow from
any one of the three charging pumps to the RCP seals, or flow from any
one of three charging pumps to the RCS with flow from one of two BAT
pumps operating at fast speed (emergency boration mode). The success
criterion for the HPR mode of operation is continued flow from any one of
the three charging pumps taking suction from the discharge of the low
pressure recirculation system, given successful low pressure system
operation.

2.2.3 Accumulator System

The accumulators provide an initial influx of borated water to reflood
the reactor core following a large LOCA or a medium LOCA on the upper end
of the LOCA size definition. The accumulator system consists of three
tanks filled with borated water and pressurized with nitrogen. Each of
the accumulators is connected to one of the RCS cold legs by a line
containing a normally open MOV and two check valves in series. The check
valves serve as isolation valves during normal reactor operation and open
to empty the contents of the accumulator when the RCS pressure falls
below 650 psig. A simplified schematic of the accumulators is shown in
Figure 2.3.

The success criterion for the accumulators following a large LOCA, which
assumes a cold leg break, is injection of the contents of the two accumu-
lators associated with the intact cold legs into the RCS. The success
criterion for the accumulators following a medium LOCA is injection of
the contents of two or more accumulators into the RCS.

2.2.4 Low Pressure Injection/Recirculation System

The low pressure injection recirculation (LPI/LPR) system provides
emergency coolant injection and recirculation following a loss of coolant
accident when the RCS depressurizes below 300 psig. In addition to the
direct recirculation of coolant during the recirculation phase once the
RCS is depressurized, the LPR discharge provides the suction source for
the HPR system following drainage of the RWST.

The LPI/LPR system is composed of two 100 percent capacity pump trains.
The LPI/LPR has no heat removal capability. In the injection mode, the
pump trains share a common puction header from the RWST. Each pump draws
suction from the header through a normally open MOV, check valve, and
locked open manual valve in series. Each pump discharges through a check
valve and normally open MOV in series to a common injection header. The
injection header contains a locked open MOV and branches to three
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separate lines, one to each cold leg. Each of the lines to the cold legs
contains two check valves in series to provide isolation from the high
pressure RCS.

In the recirculation mode, the pump trains draw suction from the contain-
ment sump through a parallel arrangement of suction lines to a conunon
header. Flow from the suction header is drawn through a normally closed
MOV and check valve in series. Discharge of the pumps is directed to
either the cold legs through the same lines used for injection or to a
parallel set of headers which feed the charging pumps, depending on the
RCS pressure.

In the hot leg injection mode, system operation is identical to normal
recirculation with the exception that the normally open cold leg
injection valve must be remote manually closed and one or more normally
closed hot leg recirculation valves must be remote manually opened.

Upon indication of a loss of RCS coolant or a main steam line break
(i.e., low pressurizer level, high containment pressure, high pressure
differential between main steam header and any steam line, or high steam
flow with low TAVG or low steam line pressure), the safety injection
actuation system (SIAS) initiates LPI operation. The SIAS signals the
low pressure pumps to start. All valves are normally aligned to their
injection position. If primary system pressure remains above the LPI
pump shutoff head, the pumps will discharge to the RWST through two
normally open minimum flow recirculation lines until the RCS pressure is
sufficiently reduced to allow inflow.

Upon receipt of a low RWST level signal, the recirculation mode transfer
system (RMTS) signals the low pressure pump suction valves from the RWST
and the valves in the minimum flow recirculation lines to the RWST to
close and the suction valves from the containment sump to open. A
simplified schematic of the LPI/LPR system is shown in Figure 2.4.

The success criterion for the LPI mode of operation is flow from one or
more low pressure pumps to the RCS cold legs in response to a loss of
primary coolant inventory. The success criteria for the LPR modes of
operation are continued flow from either of the two low pressure pumps to
the cold legs and switchover to hot leg recirculation at 16 hours or
sufficient flow from either of the two low pressure pumps to the charging
pump suction header.

2.2.5 Inside Spray Recirculation System

The inside spray recirculation (ISR) system provides long term contain-
ment pressure reduction and containment heat removal following an acci-
dent by drawing water from the containment sump and spraying the water
into the containment atmosphere. The ISR system is composed of two
independent, 100 percent capacity recirculation spray trains. Each spray
train draws water from the containment sump through independent suction
strainers and lines. The ISR and OSR draw from the same sump, although
the sump is compartmentalized and each ISR train has a separate
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sump compartment. Each ISR system pump discharges to a service water
heat exchanger. The cooled water is then directed to an independent
spray header. In order to ensure adequate NPSH for the ISR pumps during
the initial phases of a LOCA, a recirculation line diverts a small amount
of the cooled ISR flow back to the sump, close to the pump inlet. A
simplified schematic of the ISR system is shown in Figure 2.5. The ISR
system automatically starts on receipt of a Hi-Hi (25 psia) containment
pressure signal from the consequence limiting control system (CLCS). The
CLCS signals start the ISR pumps. An agastat timer in the pump start
circuit delays pump start for two minutes to ensure adequate sump
inventory and the correct diesel generator loading sequence in the event
of loss of offaite power. The success criterion for the ISR system is
that at least one of the two ISR trains provides flow to its containment
spray header with service water being supplied to the heat exchanger.

2.2.6 Outside Spray Recirculation System

The outside spray recirculation (OSR) system provides long term contain-
ment pressure reduction and containment heat removal following an acci-
dent by drawing water from the containment sump and spraying the water
into the containment atmosphere.

The OSR system is composed of two independent, 100 percent capacity
recirculation spray trains. The spray trains draw water from the con-
tainment sump through two parallel suction strainers and lines which are
headered together. The OSR and ISR draw from the same sump, although the
sump is compartmentalized. Each OSR train has its own separate com-
partment. Each OSR system pump has an individual suction line from the
header with a normally open MOV. Each pump discharges through a normally
open MOV, check valve and a service water heat exchanger. The cooled
water is then directed to an independent spray header. In order to
ensure adequate NPSH for the OSR system pumps during the early phase of a
LOCA, a line is provided which diverts a small amount of the cool CSS
flow to the sump, close to the pump suction strainers. A simplified
schematic of the OSR system is shown in Figure 2.6.

The OSR system automatically starts on receipt of a Hi-Hi (25 psia) con-
tainment pressure signal from the consequence limiting control system
(CLCS). The CLCS signals start the OSR system pumps and ensure that the

pump inlet and discharge valves are open. An agastat timer in the pump
start circuit delays pump start for five minutes to ensure adequate sump
inventory and the correct diesel generator loading sequence in the event
of loss of offsite power. The success criterion for the OSR system is
that at least one of the two OSR system trains provides flow to its
containment spray header, with service water provided to the heat
exchanger.

2.2.7 Auxiliary Feedwater System

The auxiliary feedwater (AFW) system provides feedwater to the steam
generators to provide heat removal from the primary system after reactor
trip. The AFW system is a three train system, with two electric motor
driven pumps and one steam turbine driven pump. Each pump draws suction
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through an independent line from the 110,000 gallon condensate storage
tank (CST). In addition, a 300,000 gallon CST, a 100,000 gallon
emergency makeup tank and the fire main can be used as water supplies for
the AFW pumps. Each AFW pump discharges into two parallel headers. Each
of these headers can provide auxiliary feedwater flow to any or all of
the three steam generators. Flow from each header to any one SG is
through a normally open MOV and a locked open valve in series, paralleled
with a line from the other header. These lines feed one line containing
a check valve which joins the main feedwater line to a steam generator.
A simplified schematic of the AFW is shown in Figure 2.7.

The motor driven AFW pumps automatically start on receipt of an SIAS
signal, loss of main feedwater, low steam generator level in any steam
generator, or loss of offsite power. The turbine driven AFW pump auto-
matically starts on receipt of indication of low steam generator level in
two of the three steam generators or undervoltage of any of the three
main RCS pumps. These signals also ensure that the system MOVs are in
the correct position. The success criterion for the AFW following all
events except an ATWS is flow from any one AFW pump to any of the three
steam generators.

2.2.8 Primary Pressure Relief System

The primary pressure relief system (PPRS) provides protection from over-
pressurization of the primary system to ensure that primary integrity is
maintained. The PPRS also provides the means to reduce the RCS pressure
if necessary.

The PPRS is composed of three code safety relief valves (SRV) and two
power operated relief valves (PORVs). The code safety valves were
important only for the ATWS analysis. The PORVs provide RCS pressure
relief at a set point below the SRVs. The PORVs discharge to the
pressurizer relief tank. Each PORV is provided with a motor operated
block valve. A simplified schematic of the PPRS is shown in Figure 2.8.

The PORVs automatically open on high RCS pressure or are manually opened
at the discretion of the operator. The block valves are normally open
unless a PORV is leaking.

The success criterion for the PPRS following a transient event demanding
PORV opening is that the PORVs successfully reclose. The success cri-
terion for the PPRS following a transient and failure of the AFWS is that
both PORVs successfully open on demand. The success criterion for the
PPMS following a small LOCA with failure of the AFWS and for the support
system function provided to HPI in the emergency boration mode is that
one or more PORVs successfully open on demand.
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2.2.9 Power Conversion System

.The power conversion system (PCS) can be used to provide feedwater to the
steam generators following a transient. The PCS, as modeled in this
study, consists of the main feedwater pumps, the condensate pumps, the
condensate booster pumps, and the hotwell inventory. Because the plant
has electric driven MFW pumps, it is possible to supply feedwater using
the MFW system, without having the turbine bypass and steam condensing
systems available. The inventory of the hotwell (with the CST as a
backup supply) was calculated to be sufficient for all mission times of
interest. The feedwater regulating valves will close after a reactor
scram, due to plant control logic. The feedwater pumps remain on, and
the miniflow valves will open. Feedwater can then be provided to the
SGs, through the feedwater regulating valve bypass valve. The success
criterion for the PCS are restoration of flow from one or more main
feedwater pumps to one or more steam generators.

2.2.10 Charging Pump Cooling System

The charging pump cooling (CPC) system is a support system which provides
lube oil cooling and seal cooling to the three charging pumps in the
HPI/HPR system.

The CPC system provides two specific cooling functions for the charging
pumps, lube oil cooling and seal cooling. The CPC system is composed of
two subsystems, the charging pump service water system and the charging
pump cooling water system. The charging pump service water system is an
open cooling system-which provides cooling to the lube oil coolers and to
the intermediate seal coolers in the charging pump cooling water system.
The charging pump cooling water system is a closed cycle system which
provides cooling to the charging pump seal coolers.

The charging pump service water system is composed of two 100 percent
capacity pump trains, each providing flow to one intermediate seal cooler
and all three charging pump lube oil coolers. Flow is drawn from the
condenser inlet lines through independent lines by the charging pump
service water pumps. Upstream of each pump are two separate, independent
strainer assemblies. Each pump discharges through two check valves.
Downstream of the check valves the flow is split with a portion of the
flow directed to an intermediate seal cooler and the other portion
directed to a common header feeding the lube oil coolers. From this
header, flow is directed through the lube oil coolers for the operating
charging pumps. Temperature control valves control the flow through the
lube oil coolers to prevent overcooling of the lube oil. The service
water flow is discharged to the discharge canal.

The charging pump cooling water system is a closed cycle system composed
of two 100 percent capacity pump trains, each containing a charging pump
cooling water pump and intermediate seal cooler which provide cooling
water to the charging pump seal coolers. Each pump draws suction from
the outlet of either of the two intermediate seal coolers and discharge
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to a cormmon header. The common header provides flow to the seal coolers
for each charging pump. Two seal coolers in parallel are provided for
each charging pump. The discharge of the seal coolers is returned to the
intermediate seal coolers where it is cooled by the charging pump service
water system. Makeup to the charging pump cooling water system to ac-
count for seal leakage is provided by a surge tank which is supplied by
the component cooling water system. A simplified schematic of the CPC
system is shown in Figure 2.9.

One of the charging pump service water pumps and one of the charging pump
cooling water pumps are normally in operation. Upon indication of low
discharge pressure of one of the pumps, the parallel pump receives a
signal to start. With the exception of the pumps and the lube oil cooler
temperature control valves, all other components in the system are manu-
ally actuated.

2.2.11 Service Water System

The service water system (SWS), as defined for this analysis, is a sup-
port system which provides cooling to the heat exchangers in the ISR
system and OSR system. The SWS provides heat removal from the contain-
ment following an accident.

The SWS is a gravity flow system. The service water supply to the
containment spray heat exchangers consists of two parallel inlet lines
which provide SW from the tondenser cooling pipes, each through two norm-
ally closed MOVs in parallel to individual headers. The headers each
provide flow to one ISR and OSR heat exchanger. The two headers are
cross connected by two normally open MOVs in series such that flow from
either inlet line can be used to cool all four ISR and OSR heat ex-
changers. Service water flows through each heat exchanger and discharges
through a normally open MOV to two headers which flow to the discharge
tunnel. A simplified schematic of the SWS is shown in Figure 2.10.

The SWS automatically starts on receipt of a Hi-Hi (25 psia) containment
pressure signal from the consequence limiting control system (CLCS). The
CLCS signals open the header inlet valves. No other actions are required
to place the SWS in service.

2.2.12 Component Cooling Water System

The component cooling water (CCW) system, as defined for this analysis,
includes only that portion of the CCW system required to provide cooling
water to the RCS pump thermal barriers. The CCW system is composed of
two CCW pumps in parallel and two CCW heat exchangers. The CCW system is
a closed cycle system. The CCW pumps take suction from the return line
from the RCS pump thermal barriers and are headered together at their
discharges. The header feeds the two CCW heat exchangers arranged in
parallel. The discharge of the heat exchangers is delivered to the
thermal barriers. After cooling of the thermal barriers, the flow is
returned to the CCW pump suction. Makeup to the CCW system is
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provided from a surge tank in the system. A simplified schematic of the
portions of the CCW system required for thermal barrier cooling is shown
in Figure 2.11.

One CCW pump and heat exchanger are normally in operation. In the event
of failure of either component, the parallel component is manually placed
in service. Following a loss of offsite power, the stub buses powering
the CCW pumps are shed from the emergency buses and must be manually
reconnected to restore power to the CCW pumps. The throttle valve on the
thermal barrier cooling water outlet closes on loss of instrument air or
receipt of a CLCS Hi-Hi signal, resulting in loss of flow to the thermal
barriers. The success criterion for the CCW system is that continued CCW
flow is provided to the RCS pump thermal barriers following reactor
shutdown.

2.2.13 Emergency Power System

The emergency power system (EPS) provides AC and DC power to safety-
related components following reactor scram. The EPS consists of two 4160
V AC buses, four 480 V AC buses, four 120 V AC vital instrumentation
buses, two 125 V DC buses, one dedicated and one shared diesel generator,
and their associated motor control centers, breakers, transformers,
chargers, inverters, and batteries.

Each 4160 V AC bus is normally powered from offsite power sources. On
loss of offsite power the breakers open and the diesel generators start
and their associated breakers close to load the diesels on the emergency
buses. The plant has three diesel generators, one dedicated to each unit
and a third swing diesel generator shared by the units. The dedicated
diesel at Unit 1 is attached to the 1H 4160 V AC bus while the swing
diesel can be connected to the 1J 4160 V AC bus. In the event that the
swing diesel is demanded by both units, the diesel will be aligned to the
unit at which an SIAS or CLCS Hi-Hi exists. If signals exist at both
units, the diesel will be aligned to the unit whose breaker closes first.
Each diesel is a self-contained, self-cooled unit with its own battery
for starting power. The 4160 V AC buses provide power to the large pumps
such as the high pressure injection pumps, the stub buses which each
power one CCW and residual heat removal pump and are shed on undervoltage
on the main bus, and the 480 V AC buses through transformers.

The following description applies to the 1H related buses. Since the 1H
and WJ related buses are symmetrical, the description is equally appli-
cable to the 1J related buses with the appropriate changes to the desig-
nators.

The 1H 4160 V AC bus feeds two 480 V AC buses (lH and 1H-1) through
transformers. The 1H 480 V AC bus is primarily used to power pumps such
as the A train low pressure injection pump. The 1H-1 480 V AC bus feeds
two motor control centers (MCCs), MCC 1H1-1 and 1H1-2, which provide
power to a multitude of MOVs and small pumps such as the charging pump
cooling water pumps. MCC 1H1-1 also provides power to two battery char-
gers used to charge DC battery A, and to the 1-I 120 V AC vital
instrumentation by DC bus 1A through an inverter.
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The 1A 125 V DC bus provides control power to the switchgear for the
pumps powered from the 1H buses. The 1A 125 V DC bus is powered from a
480 V AC bus, as noted above, and in the event of loss ofthe AC power
source is powered from DC battery A. A simplified electrical diagram of
the EPS is included in Figure 2.12.

2.2.14 Safety Injection Actuation System

The safety injection actuation system (SIAS) automatically initiates the
high and low pressure injection systems following an indication of the
need for primary coolant makeup. The SIAS is composed of two independent
trains used to automatically actuate the low and high pressure injection
systems and the motor driven AFW pumps. The signals which actuate SIAS
are shown in Figure 2.13.

2.2.15 Consequence Limiting Control System

The consequence limiting control system (CLCS) automatically actuates the
containment safeguards systems following receipt of an indication of
Hi-Hi (25 psia) containment pressure. The CLCS is composed of four
containment pressure sensors, each feeding a signal comparator. The
output of each signal comparator is input into two separate three-out-of-
four logic trains. These logic trains automatically actuate the
containment safeguards system components. A simplified CLCS logic
diagram is shown in Figure 2.14.

2.2.16 Recirculation Mode Transfer System

The recirculation mode transfer (RMT) system automatically initiates the
switchover of the suction of the low pressure injection pumps from the
RWST to the containment sump and the suction of the high pressure
injection pumps from the RWST to the low pressure injection pump dis-
charges on low RWST level. The RMT system is composed of four
independent RWST level sensors, each feeding-two separate two-out-of-four
relay matrices. These two relay matrices automatically actuate the
components required to perform the switchover to the recirculation mode
of the low and high pressure systems. A simplified RMT system logic
diagram is shown in Figure 2.15.

2.2.17 Residual Heat Removal System

The residual heat removal (RHR) system provides shutdown cooling when the
reactor coolant system (RCS) depressurizes below 450 psig and cools below
3500 F. The RHR is a front line system (although nonsafety grade) de-
signed to provide long-term decay heat removal. The following sections
provide a physical description of the RHR system and identify the
interfaces and dependencies of the RHR system with other front line and
support systems. A simplified RHR system schematic is shown in
Figure 2.16.

2-22



To i

XFMR~i,
M41V 3

I _VSA

Figure 2.12. Emergency Power System Schematic.

2-23



MCC 1Ji-1M MCC 1J1-2

24

DC BUs INV•MERTER
INV UPS B1

NOTE: UPS 1B1 SHOWN.
UPS IA1. 1A2. 1B2 ARE SIMLAR

VITAL BUS 1-11

Figure 2.12. Emergency Power System Schematic (Concluded).

2-24



125 VDC A
MOV-186SAChg Pp C

MOV-1289A
MOV-1865A
LCV-WI-11156
LCV-W1-11ISC

MOV-1867C
DG#1

Chg Pp A
AFWP-3A

LHSI P #1

TRAIN A

MOV-1865B
Chg Pp C

LCV-W1-II1SE
LCV-WI-1115D
MOV-1865C
MOV-1289B

MOV-18670
DG #3

Chg Pp B
AFWP-3A

LHSI P #2

TRAIN B

B

Figure 2.13. Safety Injection Actuation System Diagram.

2-25



PT

PT
125 Vdc-A

TRAIN B

PT

PT
125 Vdc-B.

VB I-IV

Figure 2.14. Consequence Limiting Control System Logic Diagram.

2-26



120 VAC

LT 2/4
CsR-CS1OOA RELAY

V13 1-4 R-CSl0OA2--- " MATRIX

LT
C4 R-CS100B1

_T 
2/4

R'9 Ill "--I-. ---- RELAY
V1D 1111 R-CSIO0C2 -- -- - MATRIX

Iuu 
___________-~ 

ATRIX
LT 

r EA
VB CsI R-CS100D2 120 VAC

LR -C--'D--

Figure 2.15. Recirculation Mode Transfer System Logic Diagram.



COMPONENT
COOLING

WATER

PS 2 (HX)

_CN

iCCOS - CCW
t 1700 1701. RHPMS 

10."
cO

TO
RWST

FE
1605

MOV
I1720A

RH-2443

I HOT LEG

Figure 2.16. Residual Heat Removal System Schematic.



The RHR system is composed of two pumps and two RHR heat exchangers in
parallel. The RHR pumps take suction from the RCS loop 1 hot leg through
two normally shut motor operated valves (MOVs) and a manual isolation
valve. The discharge of the pumps is headered together and feeds two
heat exchangers arranged in parallel. The RHR pumps and heat exchangers
are cooled by the component cooling water system (CCW). An air operated
valve (AOV) controls bypass flow around the heat exchangers, another
controls flow through the heat exchangers. The two AOVs work together to
control the cooldown rate of the RCS. The discharge of the flow control
valves feeds into the SI/accumulator piping and is delivered to the RCS
loop 2 and loop 3 cold legs. Each path has a normally shut MOV isolating
the RHR from the high pressure RCS during normal plant operations.
Makeup to the RHR system is provided by the RCS.

The RHR is manually initiated. An interlock prevents opening the RHR
isolation MOVs until RCS pressure is below 450 psig. One RHR pump ahd
heat exchanger are normally in operation. In the event of failure of
either component, the parallel component is manually placed in service.
Following a loss of offsite power, the stub buses powering the RHR pumps
are shed from the emergency buses and must be manually reconnected to
restore power to the RHR pumps.
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3.0 ROOT CAUSE ANALYSES

3.1 Introduction

This chapter describes the quantification and resulting contributions to
core damage frequency (CDF) for the root cause scenarios. For the PWR
being studied, a detailed fire PRA and supporting analyses were available
as part of the NRC-sponsored NUREG-1150 program studies (Ref. 3.1).
Plant-specific data analysis was performed as part of internal events
analysis (Ref. 3.2) and these results are utilized wherever applicable.
In this study, detailed analysis of the propagation of smoke within each
room was performed taking into account the actual location of critical
equipment in the room, and a plant-specific evaluation of the number and
type of fire barriers in each zone was made.

For this analysis, the configuration of equipment and fire protection
systems at the plant were reviewed. The potential root causes of FPS
actuations that could lead to core damage were identified. Based on the
knowledge of the FPS configuration, a quantification of potential core
damage sequences was performed.

3.2 Procedure

The initial phase of the analysis consisted of reviewing the plant
configuration. This was accomplished primarily by reviewing the plant
10CFR50 Appendix R submittal (Ref. 3.3). From this submittal, information
was obtained on the overall plant layout, the individual plant Fire Zones,
the particular types of FPS and fire detectors installed, and the critical
equipment required for safe shutdown. This information was used to
determine those critical areas of interest for further study. Using this
information, a vital area analysis was performed. A listing of all Fire
Zones which resulted from the vital area analyos and which also have
either automatically or manually actuated fixed fire protection systems
are given in Table 3.1. Nine critical Fire Zones were identified.

These zones are listed in Table 3.2 along with the type of FPS, type of
detectors, FPS actuation scheme, and critical equipment in the Fire Zone.
Figure 3.1 gives a general plant layout drawing. Figures 3.2 through 3.7
are simplified illustrations of these critical Fire Zones.

In several instances, the Appendix R information was supplemented by
phone calls to plant personnel as well as a detailed plant walkdown.
Details on the locations of the equipment were obtained from
Reference 3.3.

The Appendix R submittal was also used, along with a plant walkdown, to
determine the penetrations into each of the critical Fire Zones.
Table 3.3 lists these Fire Zones and the doors and cable penetration that
connect them to other Fire Zones.

An additional document utilized was the Internal Events PRA for the PWR
studied (Ref. 3.2). The internal events report provided additional
information on the plant safe shutdown equipment and system.models.
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Table 3.1

Fire Zones and Designators

Fire Zone Number Fire Zone Name

Fire Zone 1, 2 Cable Vault/Tunnels

Fire Zone 3, 4 Emergency Switchgear Rooms

Fire Zone 6, 7, 8 Diesel Generator Rooms

Fire Zone 17 Auxiliary Building

Fire Zone 31 Turbine Building

This report also described safety-significant recovery actions from
random failures. These recovery actions were then analyzed for the
possibility that FPS actuations could prevent them from being performed
(Root Cause 2). Generic fire data (Ref. 3.4) developed to support the

NUREG-1150 fire analyses provided frequencies of fires in the different
areas, probabilities of Fire Zone barrier failures (smoke and heat
spread), and the fire PRA provided estimated times to damage critical
equipment from fires in the different zones.

A detailed analysis of the plant ventilation systems was performed.
This analysis included a thorough review of system descriptions as well
as ventilation drawings. Once this review was completed, a plant
walkdown was performed to verify the review and clear up questions that
resulted from the review process. For this plant, smoke detectors are
used for indication purposes only. Therefore, Root Causes 1, 3, 7, and
10 (fire induced actuation due to smoke spread, fire-induced FPS
actuation preventing fire-fighting access, FPS actuation due to dust in
a seismic event, and external plant fires) were screened from further
analysis.

The diesel generator room ventilation system is manually actuated.
Given a seismic event that demands the diesel generators due to a loss-
of-offsite power, the room cooling configuration is assumed to remain
as-is even though the manual-fixed CO 2 system may be actuated. This
configuration is considered to be atypical, but for the purposes of this
study was analyzed as-is.

3.2.1 General Transients Caused By FPS Actuation or Fires

Using the sequences and cut sets obtained from the vital area analysis
performed as part of the NUREG-1150 fire PRA, the various sequences
leading to core damage were developed. Based on the original plant fire
PRA, six general transient sequences which lead to core damage were
considered. The generai transient event tree from which these are taken
is shown in Figure 3.8. No LOSP transient or pipe break LOCA caused
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Table 3.2

Fire Protection Systems
and Safe Shutdown Equipment by Fire Zone

Fire Zone

Fire Zone 1
(Unit 1 Cable
Vault and Tunnel)

w

Suppression System

Automatic CO2 activated by 6 heat
detectors (with a backup manual actuation
switch in Emergency Switchgear Room);
manually actuated deluge (manual actuation
involves turning valve handle) and
manually actuated dry-pipe sprinkler
system (having fusible links in sprinkler
heads); also 8 ionization-type smoke
detectors

Automatic CO2 activated by 6 heat detectors
(with a backup manual actuation switch in

Emergency Switchgear Room); manually
actuated deluge (manual actuation involves
turning valve handle) and manually actuated
dry-pipe sprinkler system (having
fusible links in sprinkler heads); also 8
ionization-type smoke detectors

Safe Shutdown Eauipment

Numerous cables for power, control, and
instrumentation
Motor control centers
Cables for charging pumps (no. lA, IB, iC)
Cables for charging pump cooling water
pumps (no. 2A, 2B)
Cables for component cooling water pumps
(no. 1A, 1B)
Cables for AFW pumps (no. 2, 3A, 3B)
Cables for containment spray pumps
(no. 1A, 1B)
Cables for low pressure safety injection
pumps (no. 1A, 1B)
Cables for inside and outside spray
recirculation pumps (no. 1A, 1B, 2A, 2B)
Cables for residual heat removal pumps
(no. 1A, 1B)

AC power circuit breakers (no. FEWBJ,
FE9BK)

Cables and controls for AFW cross-connect
valve to Unit 1
Numerous cables for power, control, and
instrumentation
Motor control centers

Fire Zone 2
(Unit 2 Cable
Vault and Tunnel)



Table 3.2

Fire Protection Systems
and Safe Shutdown Equipment by Fire Zone (Continued)

Fire Zone

Fire Zone 3
(Unit 1 Emergency
Switchgear Room)

Suppression System

Halon system manually actuated either
locally or from Control Room panel no. 2;
also, 10 ionization-type smoke detectors
(Halon supply is 10 gas bottles designed
to empty all their contents)

wU

Safe Shutdown Equipment

Cables
Cables and controls for charging pumps
(no. 1A, 1B, IC)
Cables and controls for charging pump
cooling water pumps (no. 2A, 2B)
Cables and controls for component cooling
water pumps (no. 1A, 19)
Cables and controls for charging pump
service water pumps (no. 10A, lOB)
Cables and controls for AFW pumps
(no. 2, 3A, 3B)
Cables and controls for containment spray
pumps (no. 1A, 1B)
Cables and controls for low pressure safety
injection pumps (no. IA, 1B)
Cables and controls for inside and outside
spray recirculation pumps (no. IA, 1B, 2A,
2B)
Cables and controls for residual heat
removal pumps (no. 1A, IB)
Numerous switchgear and relay racks for
safe shutdown equipment
Unit 1 auxiliary shutdown panel
Several vital AC-and DC power busses and
associated circuit breakers
Vital DC to AC inverters and rectifiers
(no. 1-1Il, UPS-i, and UPS-2)
Several vital AC transformers
Vital AC buss feeders from diesel
generators



Table 3.2

Fire Protection Systems
and Safe Shutdown Equipment by Fire Zone (Continued)

Fire Zone Suppression System

Fire Zone 4
(Unit 2 Emergency
Switchgear Room)

w•
U'

Fire zone 6
(Emergency Diesel
Generator Rm No. 1)

Fire Zone 7
(Emergency Diesel
Generator Rm No. 2)

Fire Zone 8
(Emergency Diesel
Generator Rm No. 3)

Halon system manually actuated either
locally or from Control Room panel No. 2;
also, 12 ionization-type smoke detectors
(Halon supply is 10 gas bottles designed
to empty all their contents)

Manually actuated low-pressure CO2 system
(actuation switches are outside door and
in Control Room on panel no. 1); also, 2
heat detectors

Manually actuated low-pressure CO2 system
(actuation switches are outside door and
in Control Room on panel no. 1); also, 2
heat detectors

Manually actuated low-pressure CO2 system
(actuation switches are outside door and
in Control Room on both panels no. 1 and
2); also, 2 heat detectors

3 charcoal ventilation filters at 45 ft
level, 2 of which have manually actuated
low-pressure CO2 systems (switches are
next to filters and in Control Room on
panel no. 2), and 1 of which has a

Safe Shutdown EMuiLment

DC battery output and charger circuits
Emergency conmunications system (repeater)

Cables and controls for AFN cross-connect
valve to Unit 1
Numerous switchgear and relay racks for
Unit 2 safe shutdown equipment
Unit 2 auxiliary shutdown panel cables
Emergency communications system (repeater)

Diesel generator no. 1
Related switchgear and MCC cabinets

Diesel generator no. 2
Related switchgear and MCC cabinets

Diesel generator no. 3
Related switchgear and MCC cabinets

Fire Zone 17
(Auxiliary
Building)

6 charging pumps (no. IA, 1B, 1C, plus
Unit 2)
4 charging pump-component cooling water
pumps (no. 2A and 2B plus Unit 2)
4 component cooling water pumps (no. 1A



Table 3.2

Fire Protection Systems
and Safe Shutdown Equipment by Fire Zone (Continued)

Fire Zone Suppression System

manually actuated deluge (switch is
next to filter); all 3 charcoal filter
banks have heat detectors and the building
has 38 ceiling-mounted ionization-type
smoke detectors and 7 duct-mounted smoke
detectors

Safe Shutdown Equipment

and IB plus Unit 2)
Associated cables and valves for above
pumps (especially MOVs 1115B, 1115C, 1115D,
1115E, 1350, 1867C, 1867D)
Cables for indications at the remote
monitoring panel
Piping for charging pump service water
Ventilation for Auxiliary Bldg. (charcoal
filters)
Emergency communications system (repeater)
Boric acid transfer pump no. CH2A

Fire Zone 31
(Turbine
Building)

Heat detector-actuated deluge system near
lube oil components; automatic sprinklers
in several areas including the corridors
outside the Control Room and the Emergency
Switchgear Rooms; automatic CO2 systems
actuated by heat detectors in Normal
Switchgear Rooms, Cable Spreading Rooms,
and general turbine area; also, several
ionization-type smoke detectors

Cables for charging
pumps (no. 10A, 10B)
Piping for charging
system
Cables and controls
pumps (no. 3A, 30)
Cables and controls
pumps (no. 1A)
Cables and controls
injection pump (no.
Cables and controls
recirculation pump

pump service water

pump service water

for AFW motor-driven

for containment spray

for
1A)
for

(no.

low-pressure safety

outside spray
2A)

Cables and controls for.residual heat
removal pump (no. IA)
Several main steam valves (solenoid
operated)
Circulating and service water motor-
operated valves



Table 3.2

Fire Protection Systems
and Safe Shutdown Equipment by Fire Zone (Concluded)

Fire Zone Sugpression System Safe Shutdown Emuipment

Auxiliary steam system
Motor-operated valves on the inlet and
outlet of each condenser
Remote monitoring panels
Emergency comunications system (repeater)

La



Unit 2
Safeguards
Area

w
w;

Emergency Diesel Gen. Room 1

Emergency Diesel Gen. Room 2

Emergency Diesel Gen. Room 3
* Unit I and Unit 2 Emergency Switchgeor

Rooms Are Located Below the Control Room

Figure 3.1. Plant Layout.



Reactor
Containment

Cable Vault
and Tunnel

Unit 1 Emergency
Switchgear Room

i \ ',/

/

Auxiliary
Building

Unit 2 Cable
Vault and Tunnel

I ý

Unit 1 Emergency
Switchgear Room

Unit 2 Emergency
Switchgear Room

Figure 3.2. Cable Vault and Tunnel (Fire Zone 1).
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Unit 2
Reactor
Containment

Unit 2
Cable Vault
and Tunnel

Auxiliary
Building

Unit I Cable
Vaut and Tunnel

J II

I

Unit 2 Emergency
Switchgear Room

Figure 3.3. Cable Vault and Tunnel (Fire Zone 2).
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Unit I Cable Vaul,3d Tunnel
- I.

I
Unit I Emergency
Switchgear Roorni.

Unit 2
Emergency
Switchgear1Room

Battery Rooms

Turbine Building

Figure 3.4. Unit 1 Emergency Switchgear Room (Firer Zone 3).
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Unit 1 Cable
Vault and Tunnel Unit 2 Cable Vault and Tunnel

Unit 2 Emergency
Switchgear Room

Unit 1 Emergency
Switchgear Room(A Mechanical

Equipment
Room #13

Battery Room 2A

I /
Charging Pump
Service Water
Pump Room

Battery Room 2B

Turbine Building

Figure 3.5. Unit 2 Emergency Switchgear Room (Fire Zone 4).
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Exterior

Service
Mtling Emergency Diesel Emergency Diesel Emergency Diesel

Generator Room 11 Generator Room 12 Generator Room 13 Building

T•urbn---- Bi__nCoridor

Turbine Building Corridor

Figure 3.6. Emergency Diesel Generator Rooms (Fire Zones 6, 7, and 8).



Fuel Building
Unit 1 Reactor
Containment

Unit 2 Reactor
Containment

w,
I-

Auxiliary
Building

9,1

Unit 2 Emergency
Switchgear Room

Figure 3.7. Auxiliary Buildling (Fire Zone 17).



Table 3.3

Plant Fire Zone Penetrations
and Adjacencies

Fire Area

FZ-1
(Unit 1 Cable
Vault and Tunnel)

FZ-2
(Unit
Vault

2 Cable
and Tunnel)

FZ-3
(Unit 1 Emerg.
Switchgear Room)

FZ-4
(Unit 2 Emerg.
Switchgear Room)

FZ-6
(Diesel Generator

Room No. 1)

FZ-7
(Diesel Generator
Room No. 2)

FZ-8
(Diesel Generator

Room No. 3)

FZ-17
(Auxiliary
Building)

FZ-31
(Turbine
Building)

Penetration

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Doors

Cables

Connected Areas

FZ-3, FZ-17

FZ-2, FZ-3, FZ-5, FZ-17,
FZ-19

FZ-4, FZ-17

FZ-1, FZ-4, FZ-5, FZ-17,
FZ-20

FZ-1, FZ-4

FZ-1, FZ-5, FZ-4, FZ-31

FZ-2, FZ-3, FZ-5, FZ-31,
FZ-45
FZ-2, FZ-3, FZ-5, FZ-31

FZ-31, Outside

FZ-7, FZ-31

FZ-31, Outside

FZ-6, FZ-8

FZ-31, Outside

FZ-7, FZ-31

FZ-1, FZ-2, FZ-31, Outside

FZ-1, FZ-2

FZ-4, FZ-5, FZ-6, FZ-8,
FZ-12, FZ-17, FZ-54,
Outside
FZ-3, FZ-4, FZ-5, FZ-6, FZ-7,
FZ-8, FZ-45, FZ-46, FZ-47
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Figure 3.8. General Transient Event Tree.



directly by an FPS actuation or a fire alone was considered to be
credible. Table 3.4 summarizes the transient sequences analyzed.

Sequence 3 is a transient with successful manual or automatic scram in
which both HPI and CCW are failed which leads directly to a seal LOCA.
Sequences 6 and 7 are transients in which both the AFW and MFW systems
fail and long-term heat removal fails due to either a failure of the LPR
or HPR systems. Sequences 12 and 13 also have failure of both the AFW
and MFW systems, but in this case feed and bleed is failed either due to
a failure of the HPI or PRV systems. Finally, sequence 14 is a
transient with a stuck open relief valve and failure to provide core
inventory makeup due to failure of the HPI system.

These sequences were analyzed for their applicability to the FPS
actuation root cause scenarios as described in Section 3 of
Reference 3.5. These criteria were applied to each cut set in the vital
area analysis core damage sequences which were developed in the fire PRA
performed as part of the NUREG-1150 program. In this process, many cut
sets and several sequences were screened from further consideration.
The sequences and cut sets that remained were grouped according to the
thirteen root causes described in Section 3 of Reference 3.5.

3.2.2 LOSP Transients Due To Seismic Events

The loss of offsite power event tree used for this study is given in
Figure 3.9. A total of six sequences leading to core damage are shown
on this tree, and these sequences are listed in Table 3.5.

Sequence 3 is a LOSP with failure of both HPI and CCW systems which
leads directly to a seal LOCA. In both sequences 5 and 6, the AFW
system fails with long-term decay heat removal also failed due to loss
of either the LPR or HPR systems. Sequences 7 and 8 have short-term
heat removal failed due to failure of the AFW system and failure of feed
and bleed. Finally, in sequence 9 a stuck open relief valve occurs with
failure of core inventory makeup due to loss of the HPI system.

A plant walkdown was conducted to determine plant specific fragilities
for all FPSs. Insights gained from the Loma Prieta earthquake (Ref.
3.5, Appendix C) were utilized where applicable. It was found that
mechanical failure of a FPS (Root Cause 9) could be eliminated from
further consideration based on this walkdown. The vital area analysis
revealed that all critical plant safety equipment was protected by
either Halon or CO 2 FPSs. In both cases, system piping does not contain
any fire protection agent. Therefore, piping failures would not
directly lead to agent release. For both systems mechanically-induced
repositioning of an admission valve is the only plausible release
mechanism for Root Cause 9. However, this type of failure mode is of
sufficiently low probability (<10-4) that Root Cause 9 scenarios could
be screened from further consideration.

Since no vital area analysis had been performed for the LOSP sequences
in the original PRA, one was performed as part of this study.
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Table 3.4

General Transient Accident Sequences Analyzed

Sequence 3 T3 D3 W (Seal LOCA)

Sequence 6 T3 LMH 2

Sequence 7 T3 LMH 1

Sequence 8 T3 LMP

Sequence 9 T3 LMD 2

Sequence 10 T 3QD (Stuck open relief valve)

Safety Systems Nomenclature

Q Stuck-open PORV

D1 High pressure injection (HPI)
D2 Same as HPI
D3 High pressure injecLion for seal cooling

H1  High pressure recirculation (HPR-LH)
H2  Low pressure recirculation (LPR-HH)

L Auxiliary feedwater system (AFWS)

M Main feedwater (MFW)

P Block valves and PORV system (both valves required) (PPS1)

W Component cooling water system (CCW)

In this process it was found that sequences 5, 7, and 8 were negligible
based on random failure probabilities. The remaining three sequences
were quantified for Root Causes 8 and 12 as described in Section 3.2.3.

3.2.3 Quantification

3.2.3.1 Quantification of Random and Fire-Induced Actuation Scenarios

The occurrence of a random FPS actuation, or an actuation in the
presence of a fire in a nuclear power plant, can result in a plant
transient caused either by the operator manually tripping the plant or
the plant automatically tripping as a result of the actuation itself.
The purpose of this study is to quantify the impact on risk of
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Table 3.5

Loss of Offsite Power Transient Sequences

Sequence 3 TID3 W (Seal LOCA)
Sequence 5 T1 LH2
Sequence 6 TILH1

Sequence 7 TILP
Sequence 8 TILD2
Sequence 9 TIQD1 (Stuck-open PORV)

*Refer to Table 3.4 for event descriptions.

inadvertent and advertent actuations of the FPS. The values chosen for
the various parameters utilized in the calculation of the core damage
frequency are best estimate values based on historical data. When
little data existed, best estimate probability assignments were made
based on plant walkdowns and engineering judgement. The specific
equations utilized in the calculation of the core damage frequency
contribution from each root cause can be found in Section 3 of Reference
3.5. Table 3.6 summarizes the fire frequencies used f6r each Fire Zone.
The fire frequencies were taken from the NUREG-1150 study and are based
on Bayesian updating to make the data plant specific. Table 3.7
presents fire frequencies of areas adjacent to the Fire Zones which
appeared in the vital area analysis. Note that it is often necessary to
ratio the overall building fire occurrence frequency down to reflect the
fact that fires in only a small subset of the building can cause the
postulated smoke spread to adjacent areas. This is called
"partitioning" and is based on both analyst judgement and sensitivity
calculations using a fire growth computer code CCFM.VENTS (Ref. 3.6).
For this study, partitioning of the fire frequencies for the larger Fire
Zones was performed wherever applicable. For example, in the turbine
building this reduced the fire frequency by an order of magnitude for
all areas. Thus, the frequencies in the table are not directly
additive. The plant walkdown also revealed no potential sources of
combustion and consequently was eliminated from the analysis.

3.2.3.2 Quantification of Seismically-Induced FPS Actuations

A site-specific seismic analysis was performed on the FPSs for the plant
analyzed in this report. When a seismic event occurs, a loss of offsite
power is highly likely due to the failure of ceramic insulators in the
switchyard. Thus, the seismic sequences which must be considered are
those where offsite power is assumed to be lost. Once the vital area
analysis has been performed for the LOSP sequences, one can quantify
them in a similar fashion as was done for the random and fire induced
FPS actuation scenarios. The one significant difference is that the
accident sequences evaluated are conditional on the plant site seismic
curve (a function of peak ground acceleration) and as such must be
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Table 3.6

Fire Frequencies Corresponding to Plant Fire Zones

Fire Frequency
Fire Zone (per reactor year)

Cable Vault and Tunnel 2.68E-3
(Fire Zones 1 and 2)

Emergency Switchgear Room 2.97E-3
(Fire Zones 3 and 4)

Control Room 4.40E-3
(Fire Zone 5)

Emergency Diesel Generator Room 2.31E-2
(Fire Zones 6, 7, and 8)

Auxiliary Building 6.38E-2
(Fire Zone 17)

Safeguards Zone 1.77E-2
(Fire Zones 19 and 20)

Turbine Building 3.21E-2
(Fire Zone 31)

Mechanical Equipment Room No. 3 3.71E-3
(Fire Zone 45)

Charging Pump Service Water Pump 3.71E-3
Room (Fire Zone 54)

integrated over the seismic hazard curve. For the seismic sequences
considered in this analysis the damage is a result of seismic events
above the safe shutdown earthquake (SSE). For the base case analysis of
the seismic sequences the Lawrence Livermore National Laboratory (LLNL)
hazard curves were utilized (Ref. 3.7). In Chapter 4, a sensitivity
study is performed comparing the CDF contribution from the seismic root
causes utilizing the LLNL and the Electric Power Research Institute
(EPRI) hazard curves (Reference 3.8).

3.3 Results of Quantification

The results of the quantification for the fire and random failure-
induced root causes are presented in Table 3.8. Tables 3.9 and 3.10
present the results for the quantification of Root Causes 8 and 12.
These results are mean values of their associated distribution.
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Table 3.7

Fire Frequencies in Adjacent Zones

Adjacent FZ-2
Zones FZ-3

FZ-5*
FZ-17
FZ-19

Fire Zone of Interest

FZ-1 FZ-2 FZ-3

2.68E-3 FZ-1 2.68E-3 FZ-l 2.68E-3
2.97E-3 FZ-4 2.97E-3 FZ-4 2.97E-3
4.40E-4 FZ-5* 4.40E-4 FZ-5* 4.40E-4
6.39E-2 FZ-17 6.39E-2 FZ-31 3.21E-2
1.77E-2 FZ-20 1.77E-2

Fire Zone of Interest

Adjacent FZ-2
Zones FZ-3

FZ-5*
FZ-31
FZ-45

FZ-4

2. 68E-3
2. 97E-3
4.40E-3
3.21E-2
3.71E-3

FZ-l
FZ-2
FZ-31

FZ-17

2.68E-3
2.68E-3
3.21E-2

FZ-3
FZ-4
Fz-5*
Fz-6
FZ-7
FZ-8
FZ-12
FZ-17
FZ-45
FZ-54

FZ-31

2.97E-3
2.97E-3
4.40E-4
2.31E-2
2.31E-2
2.31E-2
2.97E-3
6.3 9E-2
3.71E-3
3.71E-3

Fire Zone of Interest

FZ-6 FZ-8

Adjacent FZ-7 2.31E-2
Zones FZ-31 3.21E-2

FZ-7 2.31E-2
FZ-31 3.21E-2

The control room (FZ-5) had its fire frequency lowered by one order ofmagnitude to allow credit for quick suppression of fire.

Credit for operator recovery was given where allowable for all non-
seismic root causes. These recovery values were assigned consistently
with those probabilities in the internal events analysis. The only
modification to that rule is for recovery actions that had to take
place in the presence of a fire or FPS actuation. For these cases,
Reference 3.9 was used for guidance.
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Table 3.8

Core Damage Frequencies for General Transient
(Seal LOCA) Sequence 3 (Per Reactor Year)

Root Cause

1
2
3
4
5
6
10
11
13
Totals

Fire Zone
1

3.OE-7
5.9E-8
3.9E-7

1.7E-7
3.0E-7
1.2E-6

3

1.1IE-6
1. lE-6
1. 7E-6

2.5E-7
2 .7E-7
4.4E-6

Total

1. 4E-6
1. 1E-6
2. 1E-6

4.2E-7
5.7E-7
5.6E-6

Table 3.9

Frequencies for FPS Root Cause 8

Sequence Frequency (per reactor year)

T1 -9 2.5E-7

T1 -5 1.OE-8

Total 2.6E-7

Table 3.10

Frequencies for FPS Root Cause 12

Sequence Frequency (per reactor year)

T1 -3 1.4E-6

Total 1.4E-6
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The Root Cause 8 scenario leads to the actuation of the CO2 system in
the diesel generator rooms due to relay chatter in a seismic event.
Operator recovery of the diesel generators was allowed since 5 hours
were available before battery depletion during a station blackout. The
specific recovery actions that need to be performed are venting of at
least one diesel generator room and then starting that diesel generator.
Recovery action probability for this scenario was assigned based upon
Reference 3.6.

Recovery was also given for seismic Root Cause Scenario 12. In this
case, the recovery action that is performed is the cross-connection of
the Unit #2 HPI system to either prevent a seal LOCA from occuring or to
provide makeup if the seal LOCA has already occurred.

Appendix A presents the uncertainty calculations as well as each cut set
for the seismic and non-seismic root causes. Additionally, each basic
event probability value is given in Appendix A. The details concerning
the development of these probability assignments can be found in
Section 3 of Reference 3.5.

3.3.1 Root Cause 1--Fire-Induced FPS Actuation Due to Smoke Spread

This plant uses smoke detectors for indication purposes only.
Therefore, no actuation of any FPS due to smoke was postulated. Thus,
this root cause is not applicable plant under consideration.

3.3.2 Root Cause 2--Fire-Induced FPS Actuation Preventing Recovery

For this root cause, all cut sets could be screened either because the
random failures were recoverable or there was no connectivity between
the zone where the fire occurred and the zone vhere the recovery action
took place. Therefore, this root cause was fcbid not be applicable for
this plant.

The criteria for allowing credit for recovery for random failures was
applied consistently with internal events analysis (Ref. 3.2). Thus,
if recovery was not allowed for instance for a mechanical failure of. a
check valve, it was also not considered here. Most random failures were
eliminated based on this criteria. Secondly, if random failure recovery
was allowed by the internal events analysis, a determination was made in
which Fire Zone(s) the recovery action(s) occurred. For the recoverable
random failures it was found that none occurred in Fire Zones where FPS
actuation would either hinder the action or prevent access to the zone.

3.3.3 Root Cause 3--Fire-Induced FPS Actuation Preventing
Fire-Fighting Access

This root cause was found not to be applicable. It was found that smoke
spread could not actuate FPSs in adjacent zones.
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3.3.4 Root Cause 4--FPS Actuation Caused by Human Error

Here, an incremental increase in core damage frequency of 1.4E-6/yr was
found. The dominant contributor was Sequence 3 which is a simultaneous
failure of the HPI and CCW systems, which results in a seal LOCA and
failure of early emergency coolant injection. The contributing fire
zones are the Unit 1 cable vault/tunnel and emergency switchgear rooms.
In these areas, there is sufficient equipment.which, if failed, results
in failure of both the HPI and the CCW systems.

Recovery was allowed consistent with the fire PRA. Credit was given for
cross connections to the Unit 2 HPI to either prevent a seal LOCA or
mitigate its effect if it has already occurred.

3.3.5 Root Cause 5--FPS Actuation Caused by Pipe Break

The incremental increase in core damage frequency for this root cause
was found to be 1.1E-6/yr. It again arises due to inadvertent FPS
actuations in the emergency switchgear room and the cable vault/tunnel
giving rise to Sequence 3 as described previously. These inadvertent
actuations are caused by steam line breaks in the turbine building. All
other sequences and fire zones are negligible contributors to core
damage frequency.

At this plant, two such events have occurred. In each case, FPS
actuation either occurred due to water intrusion into a controller or
due to operator error.

For the case of the cable vault/tunnel, the steam must penetrate through
the wall between the turbine building and emergency switchgear room and
actuate either of two controllers in the emergency switchgear room. The
probability for barrier failure was assessed to be 0.1. In the most
recent steam line break (turbine building), steam is known to have
penetrated the applicable barrier but did not cause CO 2 system
actuation.

The controllers for the manual Halon system (emergency.switchgear room)
are located in the turbine building. This system has been actuated for
both steam line breaks that have occurred. Therefore, the probability
of actuation given a turbine building steam line break has been assigned
a probability of 1.0.

3.3.6 Root Cause 6--FPS Actuation Caused by Hardware Failures in FPS

The incremental increase in core damage frequency for this root cause
was found to be 2.lE-6/yr. It again arises primarily due to inadvertent
FPS actuations in the cable vault/tunnel giving rise to Sequence 3 as
described previously. As was the case for Root Cause 4, credit was
given for operators cross connecting the Unit 2 HPI.
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3.3.7 Root Cause 7--Dust-Triggered FPS Actuations in Seismic Events

As noted earlier, the plant under consideration does not utilize
automatic fire protection systems which could be actuated by dust raised
during a seismic event. (Certain fire zones do have either ionization
or smoke detectors, but they are not used to actuate any of the fire
protection systems.) Hence, this root cause was not applicable for the
plant under consideration.

3.3.8 Root Cause 8--Relay Chatter FPS Actuations in Seismic Events

The core damage frequency incremental increase associated with this root
cause was found to be 2.6E-7/ry. Sequences T1 -9 and T1 -5, described in
Section 3.2.2 (T 1 -9 & T1 -5) contributed roughly 97 and 3 percent,
respectively to the Root Cause 8 core damage frequency contribution.

3.3.9 Root Cause 9--FPS Actuations Due To Seismic Failures of FPS

This root cause was found not to be applicable for this plant. This
result was based on seismic fragility evaluation and a comprehensive a
plant walkdown. See Section 3.2.2 for more details.

3.3.10 Root Cause 10--External Plant Fires Causing FPS Actuations

This root cause was screened from further analysis as described in
Section 3.2. It should be noted, however, that this PWR site does have
a fairly thick wooded area in close proximity to the buildings, and that
external fires are a real possibility.

3.3.11 Root Cause li--Advertent Actuation of a Suppression System

For this scenario to occur, actuation of the FPS has to be in the same
fire zone as the fire. Critical damage must occur either as a
combination of fire-related effects and FPS agent release or due to FPS
agent release alone. Two fire zones leading to transient Sequence 3
contribute 4.2E-7/ry to core damage frequency. The cable vault/tunnel
contributes 1.7E-7/ry while the emergency switchgear room contributes
2.5E-7/ry. As was the case for Root Causes 4 and 6, credit for operator
recovery was given for Sequence 3.

3.3.12 Root Cause 12--Seismic/Fire Interaction

The incremental increase in core damage frequency for this root cause
was found to be 1.4E-6/ry. This scenario arises from a seismically-
induced fire in the cable vault/tunnel. This fire fails cabling for
both the HPI and CCW systems leading to a seal LOCA sequence (T 1 -3).

The fire occurs due to a tipping or sliding failure of either of two
vital energized motor control centers which are located in close
proximity to the HPI and CCW cabling. Diversion of fire suppressant is
caused by failure of the CO2 tank and/or its outlet piping. A plant
specific fragility evaluation was performed both for the CO 2 tank and
the vital motor control centers.
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3.3.13 Root Cause 13--FPS Actuation Due to Unknown Causes

The incremental increase in core damage frequency for this root cause
was found to be 5.7E-7/yr. It again arises primarily due to inadvertent
actuations in the cable vault/tunnel and emergency switchgear room
giving rise to Sequence 3. Credit was given for operator recovery as
before.

3.4 Summary

As described above, of the thirteen root cause scenarios postulated to
lead to core damage resulting from actuation of this plant's fire
protection systems, six were found not to be applicable (fire-induced
FPS actuation due to smoke spread, FPS actuation preventing manual fire-
fighting and operator recovery of random failures, FPS actuation due to
dust raised in a seismic event, external plant fires, and seismically-
induced FPS mechanical failure).

The seven remaining root cause scenarios led to an increase in core
damage frequency with the following distribution:

Mean 7.3E-6
Median 4.2E-6
5th% 5.9E-7
95th% 2.6E-5.

The dominant contributors to this total were Root Causes 6, 12, 4, and 5
which are inadvertent actuations due to human error, seismic/fire
interaction, inadvertent actuation due to hardware failure and steam
pipe break. These scenarios contributed 82 percent to the total.

Advertent actuation of an FPS (Root Cause 11) contributed 4.2E-7/yr and
also was found to lead to a seal LOCA. Inadvertent actuation due to
unknown causes (Root Cause 13) contributed nine percent to the overall
core damage frequency. Finally, core damage due to seismic Root Cause 8
contributed four percent.

It must be noted that this was a plant-specific analysis. Others plants
of the same type might have core damage frequency contributions from
Root Causes 1, 2, 3, 7, 9, and 10 which were not applicable to this
site. Also, these results are highly dependent on the plant-specific
equipment and cable locations.
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4.0 SENSITIVITY STUDIES

The results in Chapter 3 represent a base case analysis that used the
parameter value estimates presented in Reference 4.1. As discussed
there, several of the parameter values are thought to be more uncertain
than other estimates. In particular, the values taken for the
probability of a fire given tipping or sliding failure of an energized
motor control center or bus, the probability of cable damage from the
FPS actuation, the probability of Halon damage to equipment and the
probability of barrier failure were best estimate values but with less
data for justification of assignment. This section describes
sensitivity studies in which four of the more uncertain estimates are
varied (i.e., the probability of a fire given tipping or sliding failure
of an energized electrical cabinet, the probability of FPS damage to
cables, the probability of Halon damage to equipment and the probability
of barrier failure). Additionally, a sensitivity study is presented
comparing the CDF contribution from the seismic root causes utilizing
the LLNL and the EPRI hazard curves (Ref. 4.2). Table 4.1 summarizes
the results of these studies and also presents a sixth sensitivity study
which is a combination of all five sensitivity studies. Descriptions of
each sensitivity study are presented-below.

Calculations for the sensitivity studies of core damage frequency and
risk are accomplished by the use of the top event matrix analysis code
TEMAC (Ref. 4.3) and the latin hypercube sampling code (Ref. 4.4).

4.1 Sensitivity Study 1--Comparison of CDF Utilizing the LLNL and EPRI
Seismic Hazard Curves

At this time, both sets of hazard curves are viewed by the USNRC as
being equally credible. As such, calculations of the seismic core
damage frequencies can be made for both sets of hazard curves and the
results viewed as a measure of methodological uncertainty in the hazard
curve development process.

In the base case analysis, the LLNL seismic hazard curves were utilized
to calculate the CDF contribution for each of the applicable seismic
root causes (8 and 12) to be consistent with the NUREG-1150 studies. As
a point of comparison, the CDF contribution from the seismic root causes
were also calculated using the EPRI seismic hazard curves. All other
values were kept the same as in the base case study. The results are
presented in Table 4.2. Figures 4.1 and 4.2 present the LLNL hazard
curves and the EPRI hazard curves, respectively.

4.2 Sensitivity Study 2--Decrease in the Probability of a Fire Given
Tipping or Sliding Failure of an Energized Motor Control Center

For the base case analysis, the probability of a fire given the tipping
or sliding failure of an electrical cabinet was assigned a value of 0.5.
This value was based 'on engineering judgement and takes into account
industrial earthquake experiences of a similar nature. However, the
actual probability may be less than the base case value.
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Table 4.1

Summary of Sensitivity Results
in Terms of Core Damage Frequency (Per Reactor Year)**

Root
Cause

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Total

Study 1 Study 2
Base EPRI Hazard Decrease in Probability
Case Curves of a Seismic Fire-
Not applicable for plant under consideration.

Not applicable for plant under consideration.

Not applicable for plant under consideration.

1.4E-6 N/A* N/A

I.iE-6 N/A N/A

2.1E-6 N/A N/A

Not applicable for plant under consideration.

2.6E-7 3.2E-8 N/A

Not applicable for plant under consideration.

Not applicable for plant under consideration.

4.2E-7 N/A N/A

I.4E-6 2.0E-7 2.8E-7

5.7E-7 N/A

7.3E-6 5.9E-6 6.2E-6

Study 3
Reduced CO2

Damage to Cable

1.2E-6

1.l-6

1.8E-6

2.5E-7

3.0E-7

N/A*

3.3z-7

6.4E-6

All entries listed as N/A were not requantified from the base case.
Therefore, the total for each sensitivity study can be obtained by
using the base case frequency for these entries.

All entries in this table represent mean values of uncertainty
analysis results given in Appendix A.
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Table 4.1 (Concluded)

Summary of Sensitivity Results
in Terms of Core Damage Frequency (Per Reactor Year)**

Root
Cause

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Total

Study 4
Base Barrier
Case Failure - .01

Not applicable for plant

Not applicable for plant

Not applicable for plant

1.4E-6 N/A

1.1E-6 1.1E-6

2.1E-6 N/A

Not applicable for plant

2.6E-7 N/A

Not applicable for plant

Not applicable for plant

4.2E-7 N/A

1.4E-6 N/A

5.7E-7 N/A

7.3E-6 7.3E-6

under

under

under

Study 5
No Halon

Damacre

consideration

consideration,

consideration

3.OE-7

5.9E-8

3.9E-7

consideration

N/A

consideration,

consideration

1.7E-7

N/A

3.OE-7

2.9E-6

Study 6

All Combined

6.OE-8

1.2E-8

8.OE-8

3.2E-8

3.4E-8

4.OE-8

6.OE-8

3.2E-7

under

under

under

All entries listed as N/A were not requantified from the base case.
Therefore, the total for each sensitivity study can be obtained by
using the base case frequency for these entries.

All entries in this table represent mean values of uncertainty
analysis results given in Appendix A.
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Table 4.2

Core Damage Frequencies for Sensitivity Study 1
EPRI Seismic Hazard Curves (Per Reactor Year)*

Root Cause Sequence Total

1

2

3

4

5

6

7

8 <1.OE-8 3.2E-8

9

10

11

12

13

2. OE-7 ----

2.OE-7 <1.OE-8 3.2E-8Totals 2.3E-7

All entries in this table are mean values.

Consequently, for this sensitivity study, the probability of a fire
given the tipping or sliding failure of an energized motor control
center was reduced by a factor of 5. All other numerical values were
kept the same as in the base case. The accident sequence cut sets were
requantified to determine a new value of the incremental increase in
core damage frequency. Since this study involves seismic/fire
interaction, the only Root Cause affected is Root Cause 12.

The requantified contribution to the core damage frequency is presented
in Table 4.3.
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I:Frobability of Exceedance (per year)
1.OE-01

1.OE-02

1.OE-O3

1.OE-04

1.OE-06

1.OE-06

1.OE-07
0.2 0.4 0.6 0.8

Peak Ground Acceleration (g)

1

Figure 4.1. LLNL Hazard Curve: Mean, Median, 15th and 85th Percentile Curves.
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Probability of Exceedance (per year)
1.OE-01

1.OE-02

I .OE-03

1I.OE-04

1 .OE-05

1.OE-08

1.OE-07
0 0.2 0.4 0.6 0.8

Peak Ground Acceleration (g)

1

Figure 4.2. EPRI Hazard Curve: Mean, Median, 15th and 85th Percentile Curves.
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Table 4.3

Core Damage Frequencies for Sensitivity Study 2-Reduced
Probability of a Fire Given Tipping or Sliding Failure of

an Energized Cabinet (Per Reactor Year)*

Root Cause Sequence

T1-5

Total

T1i-3

1

2

3

4

5

6

7

8

9

10

11

12

13

2. BE-7

2. SE-7Totals 2.8E-7

* All entries in this table are mean values.

4.3 Sensitivity Study 3--Decrease in Cable Damage From CO 2

In the base case analysis, any type of FPS actuation was assumed to
damage cables with equal probability. Cable damage is assumed to occur
due to inadequate seals for the cables and the possibility of erroneous
signals being generated in cables exposed to an overdump of C0 2 , water
intrusion, or exposure to Halon. The probability of FPS damage to
cables was treated as a sensitivity issue. In this sensitivity study,
the mean probability of FPS damage to cables was lowered from 3.OE-3 to
6.OE-4.
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For the plant under study, this reduced probability affects the cable
vault/tunnel. The reason is that all of the other Fire Zones contain
(primarily) active electromechanical equipment for which the probability
of damage was kept as-is for the fire suppressant agent specific values
developed as described in Chapter 3 of Reference 4.1. The cable
vault/tunnel (Fire Zone 3) contains mostly cables with some motor
control centers. Consequently, this sensitivity study was calculated
assuming a probability of cable damage from FPS actuation of 6.OE-4 for
Fire Zone 3, with all other zones remaining the same as in the base
case.

The requantified incremental increases in core damage frequency are
presented in Table 4.4.

4.4 Sensitivity Study 4--Decrease in Barrier Failure Probability

For the base case quantification, the probability of failure of the
barriers between two Fire Zones was taken to be 0.1. The probability
of barrier failure to steam for the turbine building/ESGR wall may be
less than the generic barrier failure probability. Therefore, for this
fourth sensitivity study, the barrier failure probability between zones
was taken to be 0.01.

The requantified incremental increase in core damage frequency is
presented in Table 4.5. Since Root Causes 4, 6, 8, 11, 12, and 13 do
not depend on barrier failures, their values do not change in this case.
For Root Cause 5, the value decreases an order of magnitude for the
scenario involving the cable vault/tunnel.

4.5 Sensitivity Study 5--No Equipment Damage from Halon

For the base case analysis, Halon system actuacion was assumed to have a
conditional probability of 5.4E-3 of damaging nearby equipment.
Nevertheless, the detailed LER review found no reports of any Halon
release damaging safety-related equipment.

Consequently, for this sensitivity study, it is assumed that Halon
system actuation cannot damage nearby plant equipment. All other
numerical values were kept the same as in the base case. The accident
sequence cut sets were requantified to determine a new value of the
incremental increase in core damage frequency. Since the only Halon
systems at the plant under study are in the two emergency switchgear
rooms, only the cut sets involving these rooms changed in value.

The requantified contributions to the increase in core damage frequency
are given in Table 4.6. The reason that the total core damage frequency
reduction was 60 percent as compared with the base case analysis was
that the emergency switchgear room is a dominant area contributor to
core damage frequency. The cable vault/tunnel is not affected by
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Table 4.4

Core Damage Frequencies for Sensitivity Study 3-Reduced
Probability of Cable Damage from CO2

(Per Reactor Year)*

Root Cause Seq~uence

3

Total

1

2

3

4

5
6

7

8

9

10

11

12

13

Totals

1.2E-6

1.1E-6

1.8E-6

2.5E-7

3. OE-7

3. 3E-7

5. OE-6 5.OE-6

* All entries in this table are mean values.

changes in the Halon damagability estimate. The results also show that
Sequence 3 is still the major contributing accident sequence for the
root causes.

4.6 Sensitivity Study 6--Combination of Studies 1. 2, 3. 4 and 5

For this final sensitivity study, the changes mentioned in the five
previous studies were incorporated simultaneously. Specifically, the
EPRI seismic hazard curves were used in place of the LLNL curves to
obtain the CDF contribution for each of the seismic root causes, the
probability of a fire given tipping or sliding failure of an energized
cabinet was taken to 0.1, the mean probability of CO2 FPS damage in
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Table 4.5

Core Damage Frequencies for Sensitivity Study 4-Reduced
Probability of Barrier Failure

(Per Reactor Year)*

Root Cause Sequence

3

Total

1

2

3

4

5

6

7

8

9

10

11

12

13

Totals

1.1E-6

1. 1E-6 1.1E-6

* All entries in this table are mean values.

Fire Zone 1 was taken to be
was assumed to be 0.01, and
nearby equipment.

6.OE-4, the probability of barrier failure
it was assumed that Halon could not damage

The accident sequence cut sets were then requantified with all other
values being kept the samd as in the base case. Hence, this sensitivity
study represents the most optimistic analysis--and the most optimistic
results--in this report.

The resulting increments in core damage frequency are summarized in
Table 4.7. General transient sequence 3 and Fire Zone 3 remain the
major contributors to core damage frequency.
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Table 4.6

Core Damage Frequencies for Sensitivity Study 5-No
Equipment Damage From Halon (Per Reactor Year)*

Root Cause Sequence

3

Total

1

2

3

4

5

6

7

8

9

10

11

12

13

3.OE-7

5.9E-8

3.9E-7

1. 7E-7

3. OE-7

1.2E-6Totals 1.2E-6

* All entries in this table are mean values.

The total increment for Root Cause 4 decreases from 1.4E-6/ry in the
base case to 6.OE-8/ry here. General transient sequence 3 remains as
the dominant contributor.

For Root Cause 5, the total increment decreases from 1.1E-6/ry to
1.2E-8/ry. General transient sequence 3 remains as the dominant
contributor.

For Root Cause 6, the total increment decreases from 2.1E-6/ry to
8.OE-8/ry. General transient sequence 3 remains as the dominant
contributor.
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Table 4.7

Core Damage Frequencies for Sensitivity Study 6 - Combination
of Sensitivity Studies 1, 2, 3, 4 and 5

(Per Reactor Year)*

Root Cause Sequence Total

3 T1-3_

1

2

3

4

5

6

6. OE-8

1. 2E-8

8. OE-8

7

8 <1.OE-8 3.2E-8

9

10

11

12

13

Totals

3. 4E-8

6. OE-8

2. SE-7

4.OE-8

4.OE-8 <1.OE-8 3.2E-8 3.2E-7

* All entries in this table are mean values.

For Root Cause 11, core damage frequency decreased from 4.2E-7/ry to
3.4E-8/ry with general transient sequence 3 still being the dominant
contributor.

The total increment for the Root Cause 13 contribution to core damage
frequency decreased from 5.1E-7/ry to 6.OE-8/ry. General transient
sequence 3 is the dominant contributor.
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The core damage frequency contribution from seismic Root Cause 8, which
involves relay chatter in the Diesel Generator rooms, decreased from
2.6E-7/ry to 3.2E-8/ry. The reduction in core damage frequency of
almost an order of magnitude is a result of utilizing the EPRI hazard
curves to calculate the CDF.

For Root Cause 12, which is seismic/fire interaction in the cable
vault/tunnel, the reduction in the probability of fire given tipping or
sliding failure of an energized cabinet, combined with utilizing the
EPRI hazard curves to calculate the CDF, reduced core damage frequency
from 1.4E-6/ry to 4.OE-8/ry.

The data for this sensitivity study are shown in Table 4.7. The net
result of this most optimistic analysis is to decrease the increments in
total core damage frequency by more than an order of magnitude.
However, Root Cause 6 remains the dominant root cause.

4.7 Summary

The requantified contributions to core damage frequency are sumnarized
in Table 4.1. The results of these sensitivity studies show that the
most dominant effect was elimination of the probability of Halon damage
to nearby equipment. This reduced the core damage frequency by 60
percent. The second most dominant effect on reduction of CDF was
utilization of the EPRI hazard curves.

The effect of decreasing the probability of a seismic/fire, reduced CO2
damage to cable, and lowering of barrier failure probability led to only
relatively minor reductions in total CDF. Additional data for the
uncertain parameters varied ih these studies will be required to
understand the true incremental increase in core damage frequency due to
FPS actuations.
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5.0 RISK ASSESSMENT

This chapter will provide the derivation of the offsite dose calculations
for this analysis and present the risk calculations for each of the
applicable root causes.

Appendix B presents the uncertainty calculations for risk as well as for

each cut set for the seismic and non-seismic root causes.

5.1 Offsite Dose Calculations

To convert the calculated core damage frequencies to offsite dose, a
simple containment failure event tree was used. Section 4.3 of Reference
5.1 outlines the basic methodology that can be applied to any PWR. This
section details the specific application of this methodology to this
plant.

A detailed cable tracing and equipment location mapping for all
containment systems was performed. For a description of these
containment systems refer to Chapter 2. This vital area analysis
revealed that either the fire zones analyzed contained all containment
systems or none at all. In addition, the seismically induced station
blackout scenarios failed all AC electrical power, thus failing all
containment systems due to failure of AC electric motor-driven spray
pumps. Table 5.1 provides a listing of the containment failure branch
for each fire zone.

It was found that for both the ZC2 F' and ZC2 containment failure
sequences the dominant release category was 8v. This release category
contributed 87 percent of the total to sequence ZC2 and 65 percent to
sequence ZC2F'.

Almost the entire contribution of the seismic and non-seismic root causes
was mapped into containment failure sequence ZC2 . For the seismic root
causes (base case) approximately 99 percent mapped into ZC2 while the
remainder mapped into ZC2 F'. These percentages remained approximately
constant no matter which sensitivity study was being performed.

Table 5.2 provides the results in terms of risk (person-REM) for the base
case as well as the six sensitivity studies described in Chapter 4. The
base case total is 6.8 person-REM. It was assumed for these calculations
a remaining plant operational lifetime of 20 years.

The leading contributor to base case risk is Root Cause 12, followed by
Root Causes 6 and 13. The Root Cause 12 contribution is 51% of the
total.

As can be seen from the sensitivity study results, eliminating the
probability of damage from Halon agent release had the greatest reduction
on overall risk. This is because Fire Zone 3 (emergency switchgear room)
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Table 5.1

Containment Failure Mode for Each Fire Zone or
Fire Zone Combinations

Containment
Failure ModeFire Zone

FZ-l

FZ-2

FZ-3

FZ-4

FZ-17

FZ-6, FZ-8*

ZC 2

' C2 F'

ZC 2

Z C2 F'

Z C2 F'

ZC2

* Loss of offsite power and failure of both diesel generators.

contributes to core damage in each root cause except Root Cause 12.
Also, Fire Zone 3 maps 100 percent into the dominant release sequence
ZC 2 •

It was also found that Sensitivity Studies 4 and 5 (reduced CO2 damage
and lowering barrier failure probability) led to relatively minor
reductions in total person-REM release (10 percent and <1 percent,
respectively). In the reduced CO2 damage case, it only reduced the
contribution from Fire Zone 1. Lowering the barrier failure probability
by one order of magnitude effected only Root Cause 5.

Sensitivity Studies 1 and 2 (EPRI Hazard curve and decrease in
probability of a seismic fire) also led to relatively minor reductions
in risk. These two sensitivity studies only affected the seismic root
causes which were not the dominant contributors to risk in the base case
analysis.

The most optimistic analysis, combining all five
together, led to a 96 percent reduction in risk.
to this reduction was once again eliminating the
damage in the emergency switchgear room.

sensitivity studies
The major contributor

probability of Halon

5-2



Table 5.2

Summary of Base Case and Sensitivity Study Results
in Terms of Risk (Person-REM)

Root
Cause

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Total

Study 1
Base EPRI Hazar
Case Curves

Not applicable for

Not applicable for

Not applicable for

5.8E-1 N/A*

1.1E-1 N/A

9.3E-1 N/A

Not applicable for

5.6E-1 <0.1

Not applicable for

Not applicable for

3.8E-1 N/A

3.5 0.5

6.7E-1 N/A

6.8 3.2

Study 2 Study 3
d Decrease in Probability No Halon

of a Seismic Fire Damage

the plant under consideration.

the plant under consideration.

the plant under consideration.

N/A 1.2E-1

N/A <0.1

N/A 1.4E-1

the plant under consideration.

N/A N/A

the plant under consideration.

the plant under consideration.

N/A 1.7E-1

0.7 N/A

3.4

3.4E-1

4.8

*N/A
**All reflects no modification from the base case.

values listed in table are mean values.
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Table 5.2 (Continued)

Summary of Base Case and Sensitivity Study Results
in Terms of Risk (Person-REM)

Study 4 Study 5 Study 6
Root Base Reduced CO 2  Barrier All
Cause Case Damaqe to Cable Failure-0.01 Combined

1. Not applicable for the plant under consideration.

2. Not applicable for the plant under consideration.

3. Not applicable for the plant under consideration.

4. 5.8E-1 4.9E-1 N/A 1.8E-2

5. 1.1E-1 1.lE-1 1.lE-1 <1.OE-2

6. 9.3E-1 8.OE-1 N/A 3.6E-2

7. Not applicable for the plant under consideration.

8. 5.6E-1 5.6E-1 N/A <1.0E-2

9. Not applicable for the plant under consideration.

10. Not applicable for the plant under consideration.

11. 3.8E-1 2.5E-1 N/A • 4.2E-2

12. 3.5 N/A* N/A 1.0E-1

13. 6.7E-1 3.8E-1 N/A 4.8E-2

Total 6.8 6.1 6.8 2.4E-1

*N/A reflects no modification from the base case.
**All values listed in table are mean values.
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5.2 References

5.1 J. A. Lambright, et al., Evaluation of Generic Issue 57: Effects
of Fire Protection System Actuation on Safety-Related Equipment,
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APPENDIX A

Uncertainty Analysis
Core Damage Frequency
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QR

PDAMH

L-RAH

L-OPH

PDAMC

L-PB

L-RAC

L-UNC

L-UNH

FA4

FSI

L-SGR

L-OPC

FA3

QITG

L-CSR

QB-AUJ

PBAR

PACT

L-TB

FA2

L-AUX

FAl

A

Definition of Terms

-failure probability to cross connect unit #2 HPI

-probability of equipment damage due to Halon

-frequency of random failures of Halon system

-frequency of operator error failures of Halon system

-probability of cable damage due to CO2

-frequency of pipe breaks

-frequency of hardware failures of CO2 system

-frequency of unknown failures of CO2 system

-frequency of unknown failures of Halon system

-area ratio for fire, emergency switchgear room

-severity ratio for large fire

-frequency of fire, emergency.switchgear room

-frequency of operator error failures of CO2 system

-area ratio for fire, cable vault/tunnel

-probability of failure to manually suppress fire, cable
vault/tunnel

-frequency of fire, cable vault/tunnel

70 -probability of automatic suppression, cable vault/tunne.

-probability of barrier failure

-probability of manual actuation of FPS

-frequency of fire, turbine building

-area ratio for fire, turbine building

-frequency of fire, auxiliary building

-area ratio for fire, auxiliary building

-Root Cause 8, diesel generator rooms

i1
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Definition of Terms (Concluded)

B -Root Cause 8, cable vault/tunnel

C -Root Cause 8, emergency switchgear room

D -Root Cause 12, cable vault/tunnel

PNRDG -probability of non-recovery of the diesel generators within
7 hours after seismic event

PNRHPI -probability of non-recovery of the High Pressure Injection
system
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Top Event Matrtx Analysin Cnde

The following printouts represent the output of the Top Event
Matrix Analysis Code (TEMAC) used to quantify the uncertainty analyses for
Core Damage Frequency and for Risk. TEMAC accomplishes this quantification
using parameter value samples generated by the Latin Hypercube Sampling code
(LHS). LES is a constrained Monte Carlo technique which forces all parts of a
distribution to be sampled. For the composite, and for each Root Cause, the.
following information is provided:

" Top event frequency distribution.

• Risk increases and reductions by base events sorted by risk
reduction.

" Risk reduction by base event.

" Risk increase by base event.

* Cutset frequencies.

" Cutsets contributing to the Root Cause.

Definitions of key terms in the TEMAC printouts are:

* Risk reduction - For each basic event, the probability of
occurrence of that event is set to zero and the reduction in core damage
frequency or risk is calculated.

• Risk increase - For each basic event, the probability of
occurrence of that event is set to 1.0 and the increase in core damage
frequency or risk is calculated.

9 Uncertainty importance - For each basic event, its distribution
is eliminated from the overall uncertainty calculation by setting the event to
its mean value. The percent decrease in the logarithm of the overall
uncertainty is then calculated.
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Composite Run for all Root Causes

*11.
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COMPOSITE RUN FOR ALL ROOT

TOP EVENT COMPOSITE

THE FREQUENCY OF TOP EVENT

DESCRIPTIVE STATISTICS FOR

CAUSES -- JULY 1991 RERUN

CONTAINS 24 EVENTS IN

COMPOSITE is 7. Si

THE FREQUENCY OF TOP EVEN

14 CUT SETS

•E- s

rCOMPOSITE

N I"
MEAN 7.32E-"
STD DEV 9.IIE-I8
LOWER 6S 6.96E-07
LOWER 25X 1.84E-"
i4L•DIAN 4.16E5-0
UPPER 256 9.61E-"
UPPER 6Z 2.6&E-65

90X UNCERTAINTY INTERVAL FOR TOP EVENT FREQUE1CY (INNERMOST BRACKETS DENOTE INTEOQUARTIL.E RANGE.ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND U DENOTES MEAN)

0%

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF u FREQUENCY OF THE TOP EVENT

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
STEF - TEF(EVALUATED WITH EV(J) 0 I)

2. FOR BASE EVENTS ONLY&

RISK INCREASE a PD - RISK REDUCTION
- PD x (1 - EV(J))

TEF(EVALUATED WITH EV(J) • 1) - TEF



COPOSITE RUN FuI ALL ROOT CAUSES -- JULY 1991 RERUN

RISK REDUCTIONS
----. --lSe ----•.•o ,.~

RISK INCREASES BY BASE EVENT AN SORTED BY RISK REDUCTION

RISK
REDUCTION (RAW)

RISK
INCREASE (RAWi)BASE EVENT OCCUR PROB (RAWN)

PDAWI

L-RAN
IPMR0
A
POAUC
L-OPH
L-pe
L-RAC
L-UNC
L-"I
L-SCR
PS1
FA4
L-OPC
L-CSR

lQO-AUTO
FAS
PDAR
C

16
5
2
I
I
8
I
S
I
2

.1
I
I
2
I
I
1
1
1
I
1
1
I
1

4.46E-02
6.49E-03
S.2SE-68
2.6 •BE-0
5.JIBEs-0
1.008E-0

S. 09E-03

B."FE-03
2..30E-031.9$E-08

8. 86E-04
2.8OTE.-0

8.85E-01

1.40•-03
2.68E-03
*.eBE-01
9.59E-01
4. 8eE-01
1.00E-01
S.T7GE-093. 42E-098

9.0)
19.0)
21.0)

7.0)11.0)

43.5)42.0)

is.$)12.0)

28.6)
22.0)

26.6)
27.0)
30.0)
28.0)

96.0)

9.0)

83.0)
1.5)
6o.0)
8e.0)

24.0)

4.12E-08
8.21E-66
2. 14E-e
2.14E-66
1.2BE-06
1.6SE-08
9.96E-07
0.92E-07

7.526-07
8.49E-07

2.09E-01
2.92E-07
2.01E-67
2.91E-07

129E-9729OE-97
1.29E-07
1.29E-0?
1.295E-91.965-00

8.46E-O8
2.055-e8

I
C

I
CI
C
IC

1.0)
2.0)
8.5)
8.6)
5.0)
8.0)

9.6)

11.0)
12.0)

26.0)
25.0)
15.9)
17.0)
19.5)
19.6)
19.5)
19.5)
22.0)
28.0)
24.0)

a.93E-056.02E-04

2.89E-91
0.09E-08
2.SOE-04
7.02E-07
6.00E-01
2.97E-04
2.87E-04
2.50E-04
1.32E-04
1.82E-04
2.37E-04
6.76E-06
4.89E-07
2.06E-08
1.32E-04
4.36E-05
3.23E-08
6.79E-69
1.46E-07
S. 65E-01
6.0E-ol8.96E-01

CC

I
C

34.0)
5.0)
4.0)

27.0)
10.0)
28.0)
2.6)
8.0)
9.0)
7.0)

18.0)
12.0)
8.0)

16.0)
29.0)
28.0)
11.0)
26.0)
22.0)
.24.0)
21.0)
20.0)
2.0)
2.0)

-4
|
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s-OWDIPSTE RUN FOR ALL ROOT CAUSES -- JULLY 1991 RERUN

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAITMY INTERVALS)

RISK
asiUiC1r10N (RAWK)WAE EVENT

PNRI4Pl
L-RAH
PNRDG
A
POAMC
L-OPH
L-I'B
L-RAC
L-LINC

FSI
FA4
L-OPC
L-CSR
QITO
PB-AUlTO
FAB
PBAR
C
0

OCCUR

18
2

PawO (RANK) LOWER 6X UPPER 6%

4.40E-92
S * 4#E8-3
v.2SE-06
2.68S-81
S38E8-63

6:.E01-e
I.64E48
S.88-03
3 UE-88-3
* .68-88
2.3WEIS
3.6eE-88
o .88-84
2.97E-83
3 .88541
* .66E-01
1. 40E-03
2.6885-8
* .08-81
9.68-01
4.88E-61
i.868-01
6.76E-88
8.42E-08

C

9.0)

21.0)
7.0)

11.0)
4.0)

13.6)
12.0)
138.)
17.8)
18.0)
10.0)
26.0)
1.5)

19.0)
16.0)
8.0)
1.6)
6.0)
8.8)

23.0)
24.0)

4.115E-8
3.21E-"
2.14E-86
2.14E-08
1.26E-88
1.68E-80
9.98E-07
B.96E-07
0. 32E-07
7.62E-07
3.04E-07
2.3&E-01
2.69E-01
2 - SIE-072.81E-07
2.61E-07
2.06E-87

1.29E-87
1.29E-67
1.29E-87
1.29E-07
S. 9SE-683.48E-08

2.0SE-"8

1.8)
2.8)
3.6)
8.6)
6.8)
8.0)
7.0)

10.0)

12.6)
13.8)
16.8)
36.0)
15.0)
11.8)
19.6)
19.5)
39.5)
19.6)
22.0)
23.0)
24.9)

3.60E-07
1. 86E-87
1.995-09

4.69E-60
6.61E-18
2.24E-18
3.678-08
2.28E-68
8.02E-08
6.98E-09
6.28E-09
3.99E-09

6. OSE-89
6. OSE-09
6.36E-69
4.42E-09
4.42E-09
4.42E-09
4.42E-09
4.GTE-If
2.66E-11
6. 18E-12

2.28E-86
1.18E-06
8.44E-8"
8.44E-"8
0.81E-86
1.0m5-8
9. 8E-07
4 .8-8M-
6.29E-06
4.73E-08
1.9OE-"6

1.66E-08
1.18E-86
1.35E-"6
1.1SE-as
1.145E-"1.14E-07
G.S1E-0;

6. SIE-87'
0.18E-87
6.85E-98

2.86E-80

111,
00
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COMPOSITE RUN FOR ALL ROOT CAUSES -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
INCREASE (RAWK)BASE EVENT

B
C
A
0
F'OAMN
IDA MC
L-Pe
L-4Mt
L-OPN
L-RAH
L-OPC
L-tUC
L-RAC
L-QR
L-SOR
L-CSR

FS1
PSAR
FAS
QlTO
FA4
QP-AUTO

OCCUR

1
I
I

10

I
I

PROS (RAM) LOWER 5% UPPER 6%

3.42E-08
S. 76E-09

9.23E-08

9.9n$-04
3.56$-es

6.36$-63
1.491E-63

2.39$E-OS
4;.40E-02
2.07$-10S
2.60E-01
8.69E-f1

o4.90E-01

0.60$-el

24.9)
23.0)
22.0)
21.0)
10.0)
13.5)
13.6)
20.0)
12.0)
19.0)
1.09)
17.0)
0.0)

15.0)
16.0)
7.9)
4.0)
6.0)
9.0)
5.0)
5.0)
1.6)
1.6)

6 .SOE-01
6.92E-0l
6. 97E-01
2.69E-04
2. 2E-04
2.37E-04
2. 55E-04

2. 32E-04

1.32E-04
1. 32E-04

8.93E-08
.76?E-OS

4.69E-GS

4 ,SU$-fl

3.58E-07
1.40E-07
3. 23E-091.68eE-00
6.79E-09

2.0)
2.0)
2.9)
4.0)

7.9)
0.0)
9.0)

10.0)
11.0)
12.0)
13.0)
14.0)
16.0)16.0)

17.0)18.6)10.0)
26.6)
21.0)
22.0)
23.9)
24.6)

1. 37E-02
1.3TE-el
1.3TE-61
1.E93-el
7.22E-05
4.19E-65
1.77E-05
2 .58E-05
1. BE-05
1.6SE-05
6.23E0858. 2SE-"O
8.23E-98

1.B6E-0S
4.2IE-08
2.128E-S
6.58=$-W9

2.85E-10
1.95E-08
9. 13E-09
4.20E-09
4.66E-10
2.82E-101 .02E-le

9.aiE-e1
9.61E-eI
2.61E-O18.28E-e1
2.0eE-63

,9.2E-04

1.SOE-OS
1.5?E-OS
1.$?E-OS
1.67$E-0
6. s8E-04
S. 3FE-04

5. 68E-04a. eaE-04

3.03E-04
2.20E-04
1. ?$E-05
1.49E-08
3.214E-0
1 .90E-0B
7.33$E-6?
1 .71E--7
6.09E-99
2.39E-09

io



call ; FOR AU.L ROOT CAUSES -- JULY 1991 RERUN

ZMPORTANCE BY BASE EVENTUNCE.,. ... ,1,
- ------------------------------ --

BASE EVENT
QRPDAMHI
p
QB-AUJTO
PIaNPPNRH4P1

FS1
L-UINH
FAB
L-RAH
L-OPC
L-SGR
POAUC
POAR
L-OPH
L-UINC
L-RAC
FA4
C
QITG
L-PB
L-CSR
B
A

OCCUR
le
6

3

1

2

1

1
1
1

1

PROD
4. 40E-024.45E-ID2

0. 23&E-"
9.6&E-61
3. ME-01

3.WE-MI

0.85BE-94
4.8 E-01

1.45E-03
2.97E-03

1.80E-51

3.68E-43
1.88E-53
2 • 8E-53
9.68E-81

6. 76E-58
8 .ME-I1
3 .ME-0)
2.68E-63

8.42E-58
1 .68E-5"

(RANK)

2 1.6)
4.0)11.o)

21.0)
(28.0)

(15.0)
S19.9)

13.6)

s. 0)
12.5)
C18.0)
(17.0)

23.0)
3.0)
13.5)

S18.0)
24.0)
22s.)

% REDUCTION IN
THE UNCERTAINTY

OF LOG RISK
49.1

15.226.2
10.7

9.2
8.6
7.6
6.4
6.1
4.9
4.8
4.4
3.9
2.6

.2.2

0.0
0.0
0.5
0.0
I.0
0.0
0.1
8.8
8.0

(RAWK)
2.0)

3.0)

(10.5)

(16.0)
C28.6)
28.0)

(128.0)

( 25.0)

Y.06/TE.95.
1.93
1.60
4.89

1.98
1.011.51

0.*96
1.05
1.91
5.99
1.01
1.08

1."
1.04

Y.96/TE.95.
0.82
0.71
0.93
1.58

5.96
I."0

0.99
1.85

0.98
1.04
*. 95
1.55
1.08

I-



COMPOSITE RUN FOR ALL ROOT CAUSES -- .JULY 1901 RERUN

BASE EVENTS RANKED BY VARIOUS METHODS

BASE EVENT

pR
PDAUH
0
PftRHPI
L-RAH
PM4IO
A
PDAVC
1.-OPH
I-Pa
L-RAC
L-UNC
L-ti
L-SGR
FS1
FA4
L-OPC
L-CSR
QITG
4B-AUTO
F A3

.- PDAR-C
a

RISK
REDUCTION

1.0
2.s
8.6
8.5
6.0
7.08.6
9.6
1e.010.0

11.0
12.0
19.0

16.9

10.619.5
19.5
19.5
22.0
24.0
24.0

(RAWK I 3

RISK
INCREASE

14.0
6.6
4.6

17.6

2.0
6.6
9.0
7.6

8.0

19.0

11.6
18.0
22.0
24.0
21.6
20.0

2.0
2.0

MOST IMPORTANT) AND SORTED BY RISK REDUCTION

UICERTAINTY
IMPORTANCE

1.6

2.686

6.6

16.6
6.0

126.0
18.6

20.0
26.6D

20.0

4B.0

8.0
12.60

7.6

11.0
26.6

4.6B
9.60

14.60
26.60
26.6



COMPOSITE RUN FOR ALL ROOT CAUSES -- JULY 1991 RERUN

MATRIX OF TOP-DOIW CORRELATION COEFFICIENTS

RISK I14CR 6.0763

UNC IMP 0.7796*0 -0.1441

RISK RED RISK INCR
SIGNIFICANT AT APPROXIMATELY THE .01 LEVEL

THlE TOP-DOVIN CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN TilHE PREVIOUS TABLE. THE
TOP-DOI4 CORRELATION COEFFICIENT GIVES MORE
KIIGCT TO THE SMALLEST RANKS. NOTE THAT TiHE

SMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MOE DETAIL ON THilS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1985) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.



COMPOSITE RUN FOR ALL ROOT CAUSES -- JULY 1991 RERUN

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITh ASSOCIATED UNCERTAINTY INTERVALS)
--- --- --- -- -- -- - -- --- -- --- --- --- --

CUT
SET ORDER

3
11
12
7
9

10
4
S
2
a
1
8

14
13

2
a
2

33
a
aa
S
a

4
2
2

CUT SET
FREQUENCY

2.14E-06
1.20E-06
O.90E-0?
O.32E--7
7.13E-6?
3.04E-07
2.39Z-0?
2.09E-67
2.0lE-0?
1.8SE-07
1.290E-87
a3.9E-0s
9.460E-08
2.05E-08

C

I
C
C

1.0)
2.0)

4.0)
5.0)
6.0)
7.0)
8.0)

16.0)

12.0)
13.0)
14.0)

1.99E-69
4. 00E-09
2.24E-10
2.20E-48
2.25E-08

N.90E-09
6.Z8E-09
S. 99E-09
a. 90E-09
5. SE-09
4.42E-09
6.170E-l1
2.80E-11
5.18E-12

(RANW) LOWER 6X UPPER OX

8.44E-06
90.1E-68
9.06E-07
S.29E-08
4.6eE-a6
1.79E410
1.13E480
1.906-98
1.13E-068
1. 34E-08
6.810-07
2.18E-0?
S. $6E-08
2.80E-09

NORMALIZED
FREQUENCY

9.2931
0.1725
6.1984
0.1139
6.0977
0.0418
0.0328
0.0298
0.0276
0.0253
9.6177
8.09$4
0.0047
6.6828

CUMULATIVE
NORMALIZED
FREQUENCY

0.2931
0.486?
6.6021
0.7160
0.6137
0.8553
0.8876
0.9165
0.9448
0.9893
a. "970
S.9925
0.9972
1.0000

0.0604
0.0176
0 .0090
0.0108
0.0120
0.0023
0.001?
o.oe 17
6.0032
0.0014
0 .0613
0.00020. 0060e
0.0000

LOWER 5% UPPER 6%

0.7731
0.6589
0.2004
0.3907
0.3992
0.2681
0.1841
0.1380
0.0970
0.1472
0.1283
0.0262
0.0158
0.0040

~I



COIMOSITE RUN FOR ALL ROOT CAUSES -- JULY 1991 RERUN

CUT SET NUMFERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR lOP EVENT COMPOSITE WITH TOP EVENT FREQUENCY 7.&3iE-e6

(THE FIRST COLUUN OF 1MJUMBS IS THE LINE NUMBERS FOR TilE FILE TEMACSETS.DNF)

2 a 2 2.14E-" 0.29316 D * PtNRkIP1
& 11 3 1.26E-4 0. 4668 L-RAH e PDAUN 0 QR
4 12 2 O.98E-87 0.60211 A * PNRDG #
6 7 a 0.32E-01 0.71"84 L-OPH 0 PDA""i QR
6 9 a 7.13E-81 6.813e9 L-P8 * PDAMW * QR
7 10 a a.64E-81 0.85528 L-RAC * PDAMC 0 QR
a 4 & 2.38E-01 0.88764 L-UNC * PDAMC * PR
9 S a 2.89E-01 ,.91848 L-UNH * PDAUH * QR
1i 2 6 2.81E-01 0.94463 FA4 9 FSI * L-SOR * PDAUHi
11 QR
12 a a 1.865-57 S. 9893 L-OPC o PDAMC 0 QR
is 1 0 1.29E-07 M.98763 FAa o L-CSR o PDAMC Q QlTO
14 QR-AUTO * QR
16 6 4 3.98E-"8 .99245 L-PB 0 PBAR * PDAMC * QR
16 14 2 8.48E-"8 8.99719 C * PNRDG
17 13 2 2.5SE-5 8 1.SGSO 8 * PNRDG

I-d



Root Cause 4 Run
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ROOT CAUSE 4 RUN -- JULY 1901 RERUM

TOP EVENT ROOT-CAUSE-4 CONTAINS 6 EVENTS IN 2 CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-4 IS 1.02E-"

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-4

N I"0
MEAN 1.3.E-ff
STD DEV 2.23E-90
LOWER 65 6.84E-08
LOWER 26X 2.84E-07
MEDIAN 0.29E-07
UPPER 26% 3.30E-90
UPPER 6X 8.23E-"

90S UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERUOST BRACKETS DE•OTE INTERQUARTILE RANGE,ASTERISK DENOTES UEDIAN, N DENOTES NOMINAL VALUE ANO M DENOTES MEAN)

NOMENCLATURE:

PO a PARTIAL DERIVATIVE

TEF u FREQUENCY OF TH1E TOP EVENT

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
w FREQUE1CY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
a 1EF - TEF(EVALUATED WITH EV(J) w 6)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
* PD K (I - EV(J))
- TEF(EVALUATED WITH EV(J) a 1) - 1EF



RUUIu LAu.-. 4 RUN -- JULY 1991 RERUN

RISK REDUCTIONS
-- -- -- -- --

RISK*INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT OCCUR !RO8 (RAW)
RISK

REDUCTION (RANK)
RISK

INCREASE (RAW)

L-OPH
PDAUN
L-O?3C
PDAI*C

2 4.4BE-62 (t1.6)
8:360E-03 3 .0)

1 5.4DE-8s 2.0)
1 1.46E2-s 6.0)
1 3.6 K-03 4.0)

1 .02E-06
8. 32E-97
8.32E-07
1.96E-07
1.85E-07

C(
(
C
(

1.0)
2.5)
2.5)
4.6)
4.6)

2.21E-65
2.3tE7-4
1.63E-64
1.32E-04
a.14E-06 I

2.6)
3.0)
4.6)

-,J



ROOT CAUSE 4 RUN -- JULY 1991 RERUN

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

QR
L-OPHPOAIIN

L-OPC
PDAMC

OCCUR

2
1
1

PROD

4.4BE-02
8 .66E-63
6. 4BE-03
1.40E-03
a .DEs-03

(RAW).

2.0)

(4.0)

RISK
REDUCTION (RAWK) LOWER 5X UPPER 6%

1.02E-08 ( 1.0) 6.34E-08 6.23E-88
9.22E-87 ( 2.6) 1.66E-68 6.67E-08
8.22E-07 ( 2.6) 1.8OE-09 5.0TE-06
1.86E-97 4.5) 4.83E-09 8.68E-07
1.86E-07 C 4.6) 4.83E-89 S.6eE-01

Ir

9



ROOT CA, ... 4 RUN -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UINCERTAINTY INTERVALS)
- ------------ -

BASE EVENT

L-OPH
pDAMHL-Opc
PDAMC

OCCUR PROG

I a.58E-03
1 5. 4&E-03
1 2. 49E-03
I 3.66E-03
2 4.40E-02

RISK
(RANK) INCREASE (RAWK)

3 8.0) 2.37E-04 (1.0)
2.0) 1..s3E-04 (2.-)
6.e) 2.32E-04 (3.0)

(4.0) 6.14E-e0 4.8)
1.0) 2.21E-05 C 5.0)

LOWER 51 UPPER 5%

1.36E-06 1.44E-03
6.47E-08 5.91E-04
7.25E-06 8.79E-64
4.23E-08 2.72E-04
2.29E-08 9.10E-05

I-



ROOT CAUSE 4 RUI -- JULY 1991 RE"LM

UNCERTAINTY IMPORTANCE BY BASE EVENT

BASE EVENT
QR
PDAWI
L-OPH
L-OPC
PDAMC

OCCUR PROD (RAW)24.48E-02 1.0)

1 6.46-03 2 -)
1 8.68E-O8 3.f)
1 1.489-03 C 6.0)
1 3.00E-03 C4.8)

X REDUCTION IN
THE UNCERTAINTY

OF LOG RISK
41.2
29.2
21.6
10.9

4.2

(RAW)

8.0)

C6.0)

Y.06/TE.65.
1.04
1.29
1.96
1.24
1.16

Y. 9/TE.96,0.46
0.61

6.98

'.91

0



ROOT CAUSE 4 RUH -- JULY 1991 RERUN

BASE EVENTS RANKED BY VARIOUS METHODS (RAWK 1 t

RISK RISK
BASE EVENT REDUCTION INCREASE

QR i.e 5.0
L-OPH 2.6 1.0
PDAMH 2.5 2.0
L-OPC 4.5 3.0
PDAMC 4.6 4.0

MOST IMPORTANT) AND SORTED BY RISK REDUCTION

UNICERTAINTY
IMPORTANCE

1.6
3.'
2.0
4.6
5..

N



ROOT CAUSE 4 RUN -- JULY 1991 RERU4

MATRIX OF TOP-DOWN CORRELATION COEFFICIENTS

RISK INCR -0.1733

Uh4C IMP 6.9788o -0.2449

RISK RED RISK INCR
* SIGNIFICANT AT APPROXIMATELY 'THE .06 LEVEL*

THE TOP-DOWN CORRELATION COEFFICIENTS ARE USED
T0 DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN THE PREVIOUS TABLE. THlE
TOP-DOWN CORRELATION COEFFICIENT GIVES MORE
WEIGHT TO 14E SMALLEST RANKS. NOTE THAT THE
SMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL ON THIS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1965) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.



Ruu. -.AUSE 4 RUN -- JULY 1991 RERUN

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT CUT SET
SET ORDER FREQUENCY

2 3 0.32E-07 (
1 3 1.8SE-67 (

CUMULATIVE
NORMALIZED NORMALIZED
FREQUENCY FREQUENCY(RAWII)

1.0)
2.0)

LOIER E% UPPER 5X

1.68E-68 6.67E-08
4.83E-09 9.68E-67

LOWER 6X UPPER 6X

0.1137 0.9909
0.0091 0.8863

0.8182
0.1818

0.8182
1.B630

I



ROOT CAUSE 4 RU -- JULY 1991 RERUN

CUT SET NUMBERS, CUT SET ORDERS. CUT SET FREQUENCIES,
CUM&JLATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ROOT-CAUSE-4 WITH TOP EVENT FREQUENCY 1.082E-86

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 2 3 6.32E-07 6.91619 L-OPH * PDAMH 0 QR
8 1 3 1.86E-07 1.088" L-OPC * PDAMC 0 OR



Root Cause 5 Run
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ROOT CAUSE 6 RIM -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-6 CONTAINS 6 EVENTS IN 2 CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-6 IS 7.62E-07

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-4

N
MEAN 1.12E-"
SO DEV 2.29E-"6
LONER 6S 2.?5E-98
LONER 25X 1.33E-07
MEDIAN 3.3#E-07
UPPER 25X 9.79E-07
UPPER 6S 4.14E-80

5LRX UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD PARTIAL DERIVATIVE

TEF " FREQUENCY OF THE TOP EVENT

~ EV(J) u PROBABILITY OF EVENT J FOR BASE EVENTS
- FREQUENCY OF EVENT J FOR INITIATING EVENTS

MErASURES:

1. FOR BASE EVENTS A)D INITIATING EVENTS&

RISK REDUCTION - PD x EV(J)

a Tf. - TEF(EVALUATED WITH EV(J) a 6)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
SPD x (1 - EV(J))
STEF.(EVALUATED WITH EV(J) = 1) - TES



Houw CAUSE 5 RUN -- JULY 1991 RERUM

RISK REDUCTIONS RISK INCREASES BY BASE
--------------91 4

EVENT AND SORTED BY RISK REDUCTION

BASE EVENT OCCUR PROB (RANK)
RISK

REDUCTION (RA)"

L-PB
RR

PDAMH
PZDAUC
PBAR

2
2

3.M#E-IS
4.49E-92
5.4CE-l3
3: .IUE-O
I .SI-02

4.5)
2.&)
3 a.0)4.5)

( 2.1)

7.62E:07

?. 23E-07
3.98E-0e
3 .90E-09 C

1 .6)1.3)
a .3)
4.5)
4.5)

RISK
INCREASE (RANK)

2.56E-04 (1.0)
1.63E-05 2 .0)
1.31E-04 (2.0)
1.32E-0s C4.0)
3.58E-07 5.0)

!



ROOT CAUSE 6 RUN -- JULY 1991 RERU1N

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)
----- ----- ---- ----- ----

BASE EVENT

L-PB
QR
POAMI
PDAidC
PSAR

OCCUR PRO$

2 3."E-03
2 4.4&E-02
I 6.4&E-02
I 3.68E-03
1 1.ME-01

(RAWI)

4.6)
2.0)

(3.0)( 4.5s)
( 1.0)

RISK
REDUCTION (RANK)

7.62E-07 ( 1.5)
7.62E-? ( 1.5)
7.13E-07 3 -.0)
3.9OE-68 4.6)
3.98,-80 4.56)

LOWER 6 UPPER 5%

2.76E-09 4.14E-"6
2.76E-"8 4.14E-"0
2.16E-68 4.lE.-46
4.72E-10 2.3GE-f7
4.72E-10 2.36E-07

0I



ROOT CAUSE 6 RUtN -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UMCERTANTY INTERVALS)

BASE EVENT

L-PBI'DAWI

PDAMII
PDANCPSAR

OCCUR PROD (RANK)

2 8.OOE-OS (4.5)
I 6.46e-0s (3.0)
2 4.4&E-02 2.0).
1 3.f6E-0S 4.5)
1 1.96-el - 2.0)

RISK
INCREASE (RANK) LOWER 51 IUPER 5X
2.66E-04 (2.9) 1.2E-OS 2.40E--03
1.32E-04( 2.0) 7.10E-08e 5.23E-04

I.S8E-0S ( 8.0) 1.28E-08 7.61E-OS
1.32E-O5( 4.0) 2.29E-07 s.O6E-05
.6SE-0? ( 5.0) 1.12E-US 2.fOE-OS

r0



ROOT CAUSE 6 RUN -- JULY 1991 RERUN

UINCERTAINTY IMPORTANCE BY BASE EVENT
---------------------------------

BASE EVENT
QR
L-PB
PDAUH
PSaR
PDAMC

OCCUR
2
2
1
1
I

PROD
4.46E-62
8 ."E-03
6.4fE-63
1:" .Ut6
3 .6E-63

(RAW)
(2.6)

4.5)i a. 6)
1.6)

4.5)

% REDUCTION IN
THE UNCERTAINTY

OF LOG RISK
36.4
36.9
31.7

9.8
0.0

(RAW)(1.6)
2.6)

4.6)
.6.0)

Y.66/TE.06,
2.22
2.16
1.46
1.88

Y.96/TE.96*
0.86

1.68
6.76
I." 6

0



ROOT CAUSE S RUN -- JULY 1991 RERUN

BASE EVENTS RANKED BY VARIOUS METHODS (RANK 1 a MOST IMPORTANT) AND SORTED BY RISK REDUCTION

RISK RISK UNCERTAINTY
BASE EVENT REDUCTION INCREASE IMPORTANCE

L-PB 1.6 1.0 2.0
QR 1. 8.0 1.6
PDANH 3.6 2.e 3.0P)AUC 4.S 4.0 5.0
PEAR 4.6 5.6 4.0



ROOT CAUSE 6 RUN -- JULY 1091 RERUN

MATRIX OF TOP-DONI CORRELATION COEFFICIENTS

RISK 114CR 9.0917

U4C IMP 0.08909. 0.3326

RISK RED RISK INCR
* SIGNIFICANT AT APPROXIMATELY THE .06 LEVEL

THE TOP-DOWN CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN TiE PREVIOUS TABLE. THE
TP-DOPIH CORRELATION COEFFICIENT GIVES MORM
IIUGHT TO THE SMALLEST RANIKS. NOTE THAT THE
SMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL O1 THIS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1986) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.



ROOT CAUSE 5 RUN -- JULY 1991 RERUI

CUT SET FREQUENCIES AIND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)- - - - - --- - ---- m-- m-- - - ------- a e e e

CUT
SET

2
1

ORDER

3
4

CUT SET
FREQUENCY

7.13E-07 (
3.98E-08

(RAN3K)

1.6)
2.0)

LOWER 51 UPPER GX

2.26E-08 4.]IE-60
4.72E-10 2.39E-07

NORMALIZED
FREQUENCY

0.9474
6.5626

CUMULATIVE
NORMALIZED
FREQUENCY

0.9474
1.0006

LOWER 65 UPPER 5%

0.6620 0.9969
0.0031 0.3316



ROOT CAUSE 6 RUN -- JULY 1991 BERIM

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMJLATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ROOT-CAUSE-6 WITH TOP EVENT FREQUENCY 7.62E-0?

(TIE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 2 3 7.13E-O0 0.94737 L-PB o PDAkli * QR
3 1 4 3.90E-08 1.088U L-PB s PBAR * PDAMC * QR
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ROOT CAUSE 0 RUN -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-S CONTAINS 6 EVENTS IN 2 CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-S IS 1.66E-SO

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-8

N I"O
MEAN 2.12E-Sb
STD DEV 8.62E-"O
LOWER 6S 7.26E-08
LOWER 25X 3.09E-f7
MEDIAN S 0.46E-07
UPPER 26X 2.3SE-U
UPPER 6%S.BSE-SO

91 UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (IlNHERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTE•S MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF u FREQUE1CY OF THE TOP EVENT

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) a 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD) " RISK REDUCTION
PD (1 - EV(J))

a TEF(EVALUATED WITH EV(J) a 1) - TEF



ROOT CAUSE 6 RUH -- JULY 19t1 RERIUN

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT

QR
L-RAti
P'•AWI
L-RAC
PDAMC

OCCUR

2
2
IS
2

PROB (RAW()
RISK

REDUCTION (RAWN)
RISK

INCREASE (RAN)

4 4&E-02
5.4 BE-63

2. 101-83l

( 2.6)
3.0)
2.6)

4.0)

2.501E-68
1.26E-68
2.281-08
a .64E-67
8.64E-67

C(
C
C
C

1.0)
2.5)
2.5)
4.6)
4.6)

3.4•E1-66
2.11E-04 (
2.82E-04 (
1.32E-04 (
1.82E-04 (

.6.)

2.6)

4.6)

I



KOOT CAUSE 8 RUN -- JULY 1991 RERUN

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UN4CERTAINTY INTERVALS)

BASE EVENT

QR
L-RAH
PDAIM
L-RAC
PDAMC

OCCUR PROD

2 4.4GE-02
1 6.1DE*-5
1 6.48E-63
I 2.35E-03
I a.5803-

RISK
(RAW) REDUCTION (RAW)

3.0) 1.28-6" 2.6)
2.50) 1.28E-"8 2.6)
6.0) 3.84E-07 ( 4.6)

(4.0) 3.04E-01( 4.6)

LOWER 6X UPPER i%

7.26E-68 8.98E-s8
3.121-08 8.18E-68
3.12E-08 8.76E-60
8.04E-89 1.18E-08
8.64E-00 1.18E-"6

c~o



ROOT CAUSE 8 RUM -- JULY 1991 RERUN
RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

L-RAH
PDAMH
L-RAC
PDAUC
PR

OCCUR

2

2

mmO

5. * iE-03
S. 4SE-03
2 SDB-83
3:69EB-03
4.46E-02

(RANK)

3.0)
S2.0)

4.0)( 1.5)

RISK
INCREASE

2.30E-04
2.82E-04
1 .S2E-04
2.61E-043.46E-09

(RA"K)

2.0)

(3.0)
(4.5)
(5.0)

LOWER 51 UPPER OX

.3DOE-05 1.43E-03
2.2?E-05 0.52E-04
7.25E-08 6.70E-04
4.83E-06 2.03E-04
Se.OE-418 1.3FE-04

•D



ROOT CAUSE 8 RUN -- JULY 1991 ROM

UICERTAINTY IMPORTANCE BY BASE EVENT

BASE EVENT
PR

L-RAH4
PDAW4
L-BAC
POAMC

OCCUR
2

1

PROD
4 .46E-62
5.38NE-
5 .4&E-03
2.3&E-03
3 ."E-0l

(RAW)
I 1.9)

2.0)

(4.4)

%REDUCTION IN4
THE UNCERTAINTY

OF LOG RISK
46.3
29.9
24.4
11.0
1.2

(RANK)
( 2.6)

C 4.6)2-.6)

Y.Gs/TE.060
2.21
2.23
1.46
1.68
1.36

Y. 9/TE.96*

0.92
9.67
1.62
1.61

I



ROOT CAUSE 6 RUN - JULY 1991 RERUN

BASE EVENTS RANKED BY VARIOUS METHODS (RANW 1 a MOST IMPORTANT) AND SORTED BY RISK REDUCTION

RISK RISK UNCERTAINTY
BASE EVENT REDUCTION INCREASE IMPORTANCE

qR 1.0 .. g i.0
L-RAH 2.5 1.0 2.6
PDAMH 2.5 2.6 3.e
L-RAC 4.• 3.0 4.6
PDAMC 4.• 4.6 6.6

I-



ROOT CAUSE 6 RUN -- JALY 1991 RERUN

UATRIX OF TOP-DOMV CORRELATION COEFFICIENTS

RISK 11CR -0.1793

IlC IMP 6.976s. -. OIS8

RISK RED RISK 11CR
SIGNIFICANT AT APPROXIMATELY THE .06 LEVEL

THE TOP-NUOM CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN THE PREVIOUS TABLE. THE
TOP-DONN CORRELATION COEFFICIENT GIVES MORE
IEIGHT TO THE SMALLEST RANKS. NOTE THAT THE
SMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL ON THIS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1986) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.



ROOT CAUSE 6 RUtN -- JULY 1991 RERUI
CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT CUT SETSET ORDER FREQUENCY

2 3 1.28E-06 (1 3 3.94E-07 (

(RAWK) LOWER 5O UPPER OX
1.0) 3.12E-08 8.78E-062.0) 8.94E-09 1.18E-68

NORMALIZED
FREQUENCY

0.9657
9.1943

CUMULATIVE
NORMALIZED
FREQUENCY

6.0057
1.9666

LOWER 6% UPPER 5%

6.s229 6.99296.9631 9.8762



ROOT CAUSE 8 RUN -- JULY 1991 RERUN

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ROOT-CAUJSE-O WITH TOP EVENT FREQUENCY 1.SGE-IS

(THE FIRST COLUMIN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DWF)

2 2 a 1.28E-08 0.i6674 L-RAH * PDAMN * QR
a 1 3 B.04E-9? 1.U8" L-RAC * PDAMC * QR



Root Cause 8 Run
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ROOT CAUSE 9 RUN -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-S CONTAINS 4 EVENTS IN a CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-U iS 1.56E-98

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-S

N I
MEAN 2.64E-07
STD DEV 3.49E-07
LOWER 6X 6.24E-10
LOWER 25X 1.67E-89
MEDIAN r• 9.87E-69
UPPER 26X 7.48E-08
UPPER 53 1.64E-"8

909 UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

o•

NOMEN4CLATURE:

PD a PARTIAL DERIVATIVE

TEF a FREQUENCY OF THE TOP EVENT

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
. FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION c PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) a 6)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
, PD x (1 - EV(J))
= TEF(EVALUATED WITH EV(J) a 1) - TEl



ROOT CAUSE 8 RUN -- JULY 199I RERUN

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT

PNRDO
A
C
B

OCCUR PROD (RAW)

3 a.E-0] 1.0)
I I.68E-Se 2.0)
1 B.?OE-68 a.8)
I .42E-09 4.0)

RISK
REDUCTION (RANW)
].06E-ve 1 1.0)
9.9eE-v7 2.0)
3.46E-*0 (8.0)
2.5E-08 (4.0)

RISK
INCREASE

?.DIE-07
8.eeE-el
e.SmE-el
6.WOE-eB

(RAWK)

(4.0)
(2.0)

(2.0)

",,4



ROOT CAUSE 8 RUN -- JULY 1991 RER"

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

PNRDO
A
C
B

OCCUR PROD (a"ic)

3 O.6E-0la 1.0)
1 1."OE- 0 2.0)
1 6.76E-69 C 3.0)
1 3.42E-68 1 4.0)

RISK
REDUCTION (RAWK) LOWER 6X UPPER 6%

1.O6E-06 C 1.0) 6.14E-20 1.64E-"
9.96E-47 2.0) 2.63E-I 1.6ISE-"
8.48E-08 3 8.6) 2.26E-11 6.82E-69
2.0IE-68 ( 4.0) 3.47E-12 2.14E-00

00



ROOT CAUSE 8 RUN -- JULY 1991 RERUN
RISK INCREASE BY BASE 'EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)e---- --- e--- --

BASE EVENT

B
C
A
PNRDO

OCCUR PROS

1 3.42E-60
$.J7E-Ge
I O.E-08

3 6.61E-61

RISK
(RANK) INCREASE (RANK) LOWER 6% UPPER 65

(4.6) 6.eE-01 12.07) S E-01 9.01E-0S3 $.6) *.OUE-01 2.0) 1.5,E-01 9.e1E-012.6) o.665-62 2.0) 1.,,E-,1 9.6,E-011.6) ?.DIE-0, 4.0) ,.S6E-,6 ,.,,E-e,

!0



ROOT CAUSE a RUN -- JULY i991 RERUM

CUT SET FREQUENCIES (WITH ASSOCIATED

CUT CUT SET
SET ORDER FREQUENCY (RANK)

1 2 9.96E-97 ( 1.9)
3 2 3.48E-58 2.0)
2 2 2.85E-00i( 3.0)

U1CERTAINTY INTERVALS)

LOWER 6X UPPER 6X

2.6&E-10 1.61E-"8
2.28E-11 0.62E-08
3.47E-12 2.14E-08

I-n
0



ROOT CAUSE 9 RUN -- JULY 1t99 RERUN

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ROOT-CAUSE-S WITH TOP EVENT FREQUENCY 1 .6E-08

(THE FIRST COLUIM OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEUACSETS.DNF)

2 1 2 #.6E-97 0.66M A a PHRDG
$ 8 2 3.46E-68 0.6I998 C . pmIQ
4 2 2 2.65E-68 5.66 99 . 6 PHRDO

Lfl



Root Cause 11 Run

A-52



ROOT CAUSE 11 RUi -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-I| CONTAINS 10 EVENTS IN 2 CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-11 IS 3.36E-07

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-1l

MEAN 4.24E-07
STO DEV 5.79E-6?
LOWER 62 9.25E-08
LOWER 25% 8.201E-0
MEDIAN 1.9SE-O?
UPPER 25X 4.79E-97
UPPER 5% I..8E-08

901 UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERIARTILE RANCE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF z FREQUENCY OF THE TOP EVENT

L EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATIN• EVENTS:

RISK REDUCTION a PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) a 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
a PD (I - EV(J))
= TEF(EVALUATED WITh EV(J) a 1) - TEF



ROOT CAUSE 11 RUN -- JULY 1991 RERUM

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION
--- -- -- --

BASE EVENT OCCUR PROD (RAWI)
RISK

REDUCTION (RANK)
RISK

INCREASE (RAWI)

QR
L-SUR
PDAIII
FS1
PA4
L-CS8
QB-AUTO
QiTs
PDAMC
FAS

1

I

4.4E0
2.9:"?F-::
6.48E-83
a .ME-ol
9.68E-01
2:68E-63
9.555-51
o .SSE-&I
3."E5-03
4. G&E-01

C

C
C

6.0)
9.3)
7o.3)
5.3)
1.5)

4.0)

3. 3DE-07
2.81E-67

2.01E-07
2.61E-07
1.29E-07
1.29E-0
1.29E-07
1.29E-07
1.29E-61

1.3)
3.6)3.6)

3.6)

e.e)
9.0)
6.3)
6.0)

7.17E-"0
8. 76E-06
3.769-06
4.G0E-07
I.4E-SB
4. "E-86
6.79E-69
a. 2aE-08
4.29E-06
1.4DE-07

4.0)

4.3)

9.6)
2.0)10.0)
13.0)

a.e)7.3)

VI



ROOT CAUSE 11 RUN -- JULY 1901 RERWH

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
REDUCTION (RANW) LOWER 51 UPPER n1BASE EVENT OCCUR PROD (RANK)

QR
L-SCR
PDAWI
FSI
FA4
L-CSR
Q9-AUT0
QiIS
POAMC
FAS

2
1
I
I
I
I
I
1
I
I

4.4&E-02
2.97E-03

o .E-61

9.606E-01
2.88E-03
9.606E-01

4. 9SE-01

8.0)
9.6)
7.0)

4.0)

4.0)

3.30E-07
2.01E-8?
2 .61E-0?
2 .91E-07
2.01E-07
1 .29E-07
1. 29E-O?
1. 29E-67
1. 29E-I?
1. 29E-07

1.0)a .6)

3.6)

a .5)
8.0)
8.0)
8.0)
9.0)
8.0)

3.256E-0
6.04E-09
6.64E-69
8.84E-09
6.84E-69
2.60E-09
2.86E-09
2.8E0-09
2.00E-09
2.00E-09

1. 30E-06
1. 24E-06
1. 246-66
1. 146-e8
1. 14E-08
6.24-I?
S .246-I?
5.24E-07
S .24E-O?
6.24E.-07

Ln



ROOT CAUSt. a1 RUN -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)
----- ---- ----- ---- ----

RISK
INCREASE (RAWK) LOWER 6E UPPER E6BASE EVENT

L-SCR
L-CS9
POAMC
PDAMH
QR
FS1
FAI
QITa
FA4
Ci.AUTO

OCCUR

I

S1

I

2

PROS (RAW()

2.97E-03
2. 08E-08
9.06eE-83

6.48E-63
4.46E-62
3.08E-81
4.892-01
0.48E-81

9.6GE-01
9. 502-01

9.0)
08.0)

7.0)
6.0)
5.0)
4.0)
3.0)

3 .5)

3.6)

6. - GE-66
4.002E-0
4.292E-
3.70I-E"
7. 12E-N
4.0GE-97
1. 42BE-07
3.23E-88

8.79E-09

I
1.0)
2.0)
3.0)
4.0)
5.0)
0.0)
7.0)
8.0)
9.0)

10.0)

3.20E-O
2.80E-08
2.91E-N
2.49E-N
1. 35E-0
1.76-E48
3.48E2-9
3.89E-10
3.61E-10
9.01E-11

3. 98E-04
2.32E-04
1.22E-04
1. 58E-04
2. 79E-86
2.38E-N
6.02E-07
1. 7GE-01
6.02E-88
3.24E-08

U.,
0r'



ROOT CAUSE 11 RUN -- JULY 1991 RERUN

UNCERTAINTY IMPORTANCE BY BASE EVENT
------------- - ------------- • m -------gm

eASE EVENT
QR
POAMH
L-SCN
L-CSR
FSI
PDAMC

qB*AUTO
PA4
FA3

OCCUR
2
I
I
1
1
I
1
I
1
1

PROD
4 .4E-026 .46E-69
2.97E-03
2.6BE-98

$. VE-019.66E-01
8.595-61

9.56E-01

4.89E-01

(RAWK)
7.0)T. 0)
9.0)

C6.0)8.0)

1.5)C4.6)

X REDUCTION IN
THE UNCERTAINTY

OF LOG RISK
51.6
20.9
14.6
11.3
10.8
6.6
4.2
0.6
0.0
6.6

(RAWK)

4.0).
6.0)
7.0)
i9.0)

S9.6)
9.6)

Y.6S/TE.5..
1.67
6.99
0.94
1.19
1.06
0.84
1.02

Y.96/TE.95*
0.92
0.82

1.16
1.11
1.06
1.06
1.03

",4



ROOT CAUSE 11 RUN -- JULY 1901 RER"J4

BASE EVENTS RAN1KED BY VARIOUS METHODS

RISK
BASE EVENT REDUCTIDON

QR 1.0
L-SOR 3.6
PDAUN 3.6
PSI 3.6
FA4 3.6
L-CSR i.0
48-AUTO 8.0
QITW 0.0
PDAMC 8.6
FAS O..

(RAW( I a MOST IMPORTANT) AM) SORTED BY RISK REDUCTION

RISK UNCERTAINTY
INCREASE IMPORTANCE

6.6 1.0
1.0 3.l
4.o 2.6
8.8 6.0

9.9 9.0
2.o 4.6
to.@ 9.0
U.0 7.0
3.* .0.
7.0 9.0

co



ROOT CAUSE 11 RUN -- JULY 11991 RERUN

MATRIX OF TOP-DOWN CORRELATION COEFFICIENTS

RISK IMCR 0.6098

UNC IMP 6.8l14*0 0.3911

RISK RED RISK INCR
o. SIGNIFICANT AT APPROXIMATELY THE .61 LEVEL

THE TOP-DOWN CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN THE PREVIOUS TABLE. THE
TOP-DOWN CORRELATION COEFFICIENT GIVES MORE
WEIGHT TO THE SMALLEST RANKS. NOTE THAT THESMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL ON THIS STATISTIC CA"
BE FOUND IN THE IUAN AND COMOVER (1996) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.



ROOT CAUSE 11 RUN -- JULY 1991 REROM

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)
----- ---- -- -- -- -- m -- - - -- - - - m OJ! • J 0 l J• •O ~ ~ l J

CUT CUT SET
SET ORDER FREQUENCY

2 6 2.01E-07
1 6 1.29E-07

(RAW)

2.0)

LO•ER 6% UPPER 65

8.04E-09 1.14E-"
2.66E-09 6.24E-07

NOiUALIZED
FREQUENCY

0.6091
0.3089

CUIULATIVE
NORUALIZED
FREQUENCY

6.6091
1.0ma

LOWER 63 UPPER 65

6.1346 0.9782
0.6210 0.8066

a'
0



ROOT CAUSL 11 RUN -- JULY 1091 RERUN

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCZtS AND CUT SETS
FOR TOP EVENT ROOT-CAUSE-11 WITh TOP EVENT FREQUENCY 3.30E-67

(THE FIRST COLUMN OF NUJMBERS IS TilE LINE NUMBERS FOR THE FILE TEMACSETS.DHF)

2 2 5 2.02E-07 6.68913 "FA4 s FSI * L-SOR * PDAMH
S qR 0
4 1 6 1.29E-07 1.966500 FAS s L-CSR o PDAMC m QITG
6 qB-AUTO 4 QR

ol



Root Cause 12 Run

A-62



ROOl tAuIE 12 RUN -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-12 CONTAINS 2 EVENTS IN I CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-i2 IS 2.14E-fB

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-12

H
MEAN 1.46E-0e
STO yEV 3.S5E-06
LOWER 51 1.99E-09
LOWER 26% 2.89E-08
MEDIAN 1.49E-0?
UPPER 261 9.78E-*?
UPPER 61 S.44E-ft

n UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTE$ MEAN)

NOMENCLATURE.

PD a PARTIAL DERIVATIVE

TEF a FREQUENCY OF THE TOP EVENT
ON

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
- FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AN INITIATING EVENTS:

RISK REDUCTION - PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) a B)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
PP x (1 - EV(J))

* TEF(EVALUATED WITH EV(J) a 1) - TEF



ROOT CAUSE 12 RUN -- JULY 3991 RERUN

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT

PNRHIPl
0

OCCUR PROD (RAM).

8 2.2E-03 2l.0)1 S.23lE-O C(2.0)

RISK
REDUCTION (RANK)

;.14E-6 (1.6)
2314E-"0 (1.6)

RISK
1NCREASE (RANK)

6.09E-" (2.0)
2.666-63 (1.6)

!
,L'-



ROOT CAUSE 12 RUN -- JULY 1991 RERUN

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
BASE EVENT OCCUR PROB (RAW) REDUCTION (RAW) LOWER 5% UPPER 5X

PNHPI 1 2.86E-01 1.0) 2.14E-05 ( 1.5) 1.99E-09 8.44E-08
D 1 9.23E-96 ( 2.9) 2.14E08 ( 1.5) 3.99E-99 8.44E-08

Lf



ROOT CAUSE 12 RUN -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)
-------- -- -----

BASE EVENT

D
P11HPI

OCCUR PROB (R"AK)

1 0.239-0 j -0
.1 2.8-0 .0)

RISK
INCREASE (RANK) LOWER OX UPPER 6%

2.OSE-01 ( 1.0) 1.93E-01 3.99E-01
5.89f-O0 ( 2.0) 6.689-09 1.T8E-06

10



ROOT CAUSE 12 RUN -- JULY 2991 RERUN

CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)--------- ---

CUT
SET ORDER

1 
2

CUT SET
FREQUENCY (RAWK) LOWER 6% UPPER 6'

2.14E-08 ( 1.0) 2.99E-09 8.44E-06

o%



ROOT CAUSE 12 RUN -- JULY 1991 RE"IM

CUT SET NJUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AM) CUT SETS
FOR TOP EVENT ROOT-CAUSE-12 WITH TOP EVENT FREQUENCY 2.14E-66

(THE FIRST COLUIMN OF NUMERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 1 2 2.149-"6 0,88 0 PNR&Pl



Root Cause 13 Run

A-69



ROOT CAUSE 13 RUN -- JULY 1991 RERUN

TOP EVENT ROOT-CAUSE-13 CONTAINS 6 EVENTS IN 2 CUT SETS

THE FREQUENCY OF TOP EVENT ROOT-CAUSE-13 IS 4.47E-07

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ROOT-CAUSE-13

N 308
MEAN •.76E-lr
5TD DEV 9.81E-07
LOWER 6% 2.34E-88
LOWER 2SX 1.SJE-87
MEDIAN 2.38E-07
UPPER 26X 8.68E-01
UPPER 6% 2.42E-8

909 UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD u PARTIAL DERIVATIVE

TEF = FREQUENCY OF THE TOP EVENT

0 EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES;

I. FOR BASE EVENTS AND INITIATING EVENTSi

RISK REDUCTION a PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) 0 B)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
a PD x (I - EV(J))
a TEF(EVALUATED WITH EV(J) a 1) - TEF



ROOT CAUSE 13 RUN -- JULY Il"I RERUN

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT

€IR
P'DAMC
L-UNC
PDAMH
L--UH

OCCUR PROD

2 4.4BE-02
I 3:0E-03
1 M.e-03
1 5.49E-es
I 6.8UE-04

(RAW)o

( 1.0)
4 .0)
2.6)

6 .6)

RISK
REDUCTION (RAWK)

4.47E-07 1 1.6)2.3eE-07 2 .6)

2.39E-,7 2.6)
2.69E-,07 4.5S)
2.8E•-07 4.9)

RISK
INCREASE (RAWK)

9.71E-06 ( 5.6)
T. E-Os 3.60)
1.32E-.4 (2.6)
3.0SE-eS (4.0)
2.37E-64 21.6)

".4



ROOT CAUSE 13 RUN -- JULY 1991 RER"h
RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)------ ---------------

BASE EVENT

QR
PDAMC
L-UIMC
PDAMNL-UNH

OCCUR PROD

2 4.48E-82
1 I.E-G&
2 i98a-0a

1 E. 46E-
I 8.8E-04

RISK
(RAWK) REDUCTION (RANK)

2 .0) .4.47E-07 ( 1.0)
8 .0) 2 .389-07 2.6;)4.9) 2.38E-07 2.6)

2.9) 2.OOE-07 4.5)(5.6) 2.e6E-07 (4.6)

LOWER 6X UPPER 6X

2.34E-" 2.42E-"

6.71E-89 t.27E-"
6.62E-89 1.26E-"
6.52E-69 1.26E-"



ROOT CAUSE 12 RUN -- JULY 1991 RERUN

RISK INCREASE BY BASE EVENT (WITh ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

L--UAH
L-UNC
PDAUC

QR

OCCUR PROD (RAWN)

I *.SSE-04 ( -.)
1. eSE-03 4.0)

I $.WE-S ( 3.0)
3 5.4i1E-03 2.0)
2 4.46E-02 (1.0)

RISK
INCREASE (RAWK) LOWER S6 UPPER 5S

2.37E-04 ( 1.0) 1.31E-05 1.44E-03
1.32E-04 2 .6) 7.25E-68 6.69E-04
-.96-BS ( 3.0) 6.28E-6M 8.59E-04

8.S8E-05 ( 4.0) 2.20E-08 1.s.1E04
9.71E-fb 5 8.0) 2.32E-08 3.98E-05

-J



ROOT CAUSE 13 RUN -- JULY 1981 RERUN

UNCERTAINTY IMPORTANCE BY BASE EVENT

BASE EVENT

L-IMII
L-IUC
PDAMCPDAMC

OCCUR PROS (RANK)
2 4.46E-2 1.6)
I 8.6E-64 6.o)

1 1.86E-63 4.0)
1 S.48E-63 2.0)
1 a.Ue-6a (3.0)

% REDUCTION IN
THlE UNCERTAINTY

OF LOG RISK
46.4
19.8
17.6
18.0
11.6

(RANK)

2 .0)

4.0)
(s.9)

Y.66/TE.06,
2.08
1.77
1.48
1.63
1.70

Y.96/TE.96*
6.72
0.070.90

6.79
1.69

-J"



ROOT CAUSE 13 RUN -- JULY 1992 RERUN

BASE EVENTS RANKED BY VARIOUS METHODS (RANK I a MOST IMPORTANIT) AND SORTED BY RISK REDUCTION

RISK RISK UNCERTAINTY
BASE EVENT REDUCTION INCREASE IMPORTANCE

QR 1.e 6.0 1.0
PDAMC 2.5 3.0 5.0
L-UNC 2.5 2.0 3.0
PDAMN 4.5 4.0 4.0
L-tJNN 4.5 1.0 2.0

,1..

-,n



ROOT CAUSE 13 RUN -- JULY 1991 RERUN

MATRIX OF TOP-DOWd CORRELATION COEFFICIENTS

RISK INCR -0.6701

UNC IMP 0.6799 -6.0916

RISK RED RISK INCR
THERE ARE NO TOP-DOWN CORRELATIONS THAT ARE SIGNIFICANT AT
THE .65 LEVEL OR LESS

THE TOP-DOWN CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONO ALL
PAIRS OF RANKIHGS IN THE PREVIOUS TABLE. THE
TOP-DOWN CORRELATION COEFFICIENT GIVES MORE
IEIGHT TO THE SMALLEST RAN(KS. NOTE THAT THE
SUALLEST RAI•KS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL ON THIS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1986) REFERENCE
IN THE USER'S GUIDE THAT ACCOMPANIES THIS CODE.

,,,J
0r%



ROOT CAUSE 12 RUN -- JULY 1991 RERIUN

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET ORDER

1 3
2 3

CUT SET
FREQUENCY (RANK)

2.38E-67 ( 1.0)
2.89E-67 ( 2.0)

LOWER 6% UPPER 6%

6.71E-09 1.27E-06
5.62E-09 1.28E-98

NORMALIZED
FREQUENCY

06.5319
9.4881

CUMULATIVE
NORMALIZED
FREQUENCY

6.6319
1.0069

LOWER 65 UPPER 6%

6.6397 9.9772
0.0228 0.9893

"-,



ROOT CAUSE 13 RUN -- JULY 1991 k•khUN

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUIUJLATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ROOT-CAUSE-13 WITH TOP EVENT FREQUENCY 4.47E-67

(THE FIRST COLUJMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 1 a 2.38E-67 0.63191 L-UNC o PDAMC 0 QR
a 2 3 2.9E-947 1.68M L-UNH * PDAM4 0 QR

co



APPENDIX B

Uncertainty Analysis
(Risk)

B-I



Composite Uncertainty Analysis

B-2



SURRY RISK UNCERTAINTY COMPOSITE RUN 6-22-92

TOP EVENT ALL-RSK-UNC CONTAINS 22 EVENTS IN 40 CUT SETS

THE FREQUENCY OF TOP EVENT ALL-RSK-UNC IS 7. SE+00

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT ALL-RSK-UNC

N 16o
MEAN 6. 79E,00
STD DEV 6.44E+00
LOWER S% 1. * E.99
LOWER 2S% 2.41E+06
MEDIAN 4.37E+00
UPPER 250 0.62E+00
UPPER 5% 2.17E+01

W% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD = PARTIAL DERIVATIVE

TEP = FREQUENCY OF THE TOP EVENT
wI i EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS

a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION = PD x EV(J)
= TEF - TEF(EVALUATED WITH EV(J) = 9)

2. FOR BASE EVENTS ONLY:

RISK INCREASE = PD - RISK REDUCTION
= PD x (1 - EV(J))
= TEF(EVALUATED WITH EV(J) = 1) - TEF



SURRY RISK UNCERTAINTY COMPOSITE RUN 8-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)BASE EVENT OCCUR PROS (RANK)

RISK
INCREASE (RANK)

S4.-
CDF12
CDP6
CDFG
CON-gi
CDF4
CDFIS
Sa
WOF11
Ss
CDF$
S2
CON-63
51

8
S
S

10
S
S
S
8
S
B
5
8
S
8

1.802E-01
1.46E-06
3.42E-07
2.64E-07
9J.7E-01
2.563E-07
2. 38E-07
1.40E-02
1.8SE-0?
2.02E-01
4.49E-08
2.66E-03
3.8OE-02
1.0•E-04

(C
C
(
(
(
(
(
(
(
(
(
(
(

3.0)8.0)
9.0)

10.0)
1.0)

11.0)
12.0)
6.0)

13.0)
2.0)

14.0)
6.0)
4.0)
7.0)

6.16E÷90
3.74E+00
8.77E-01
8.61E-01
6. 67E-01
8.49E-01
6. 1OE-01
5. 81E-01
4.26E-01
3.04E-01
1.14E-01
2.98E-02
4.94E-09
3.65E-03

1.0)
2.0)
3.0)
4.0)
S.0)
6.0))
7.0)
8.0)
9.0)

10.0)
11.0)
12.0)
13.0)
14.0)

2.81E+01
2. 58E206
2. 68E+08
2. 502.06
2.03E-02
2.66E+.0
2. 582.06
4.09E+01
2.5682+08
9. 11E-01
2.582E+08
1.49E+01
1.402E-0
3.65E*01

((
(
(
(
(
(
(
(
(
C
(
(
(

10.0)
3.5)
3.5)
7.0)

14.0)
3.5)
3.5)
8.0)
3.5)

12.0)
3.5)

11.0)
13.0)
9.0)

w
RISK REDUCTIONS

INIT EVENT

ZE-20
IE-RC3
1E-RC2
12-RC6
IE-RC4
IE-RC1
1E-RC6
IE-RC7

BY INITIATING EVENT AND SORTED BY RISK REDUCTION

OCCUR

40
8
7
7
7
8
2
1

FREQ (RANK)
RISK

REDUCTION (RANK)

2.20E+01
8.20E+06
7.502E+05
2.20•+04
2.70÷+06
6.08E+06
1.080E+6
1.70E+03

((
(
C
(
(
C
C

8.0)
3.0)
1.0)
6.0)
4.0)
2.0)
6.0)
7.0)

7.082Ee0
6.16E+00
S. 79E-01
3. 04E-p
2.98E 6ý
3.65E-03
2.88E-03
6.73E-06

((
(

(
(

1.0)
2.0)
3.0)
4.0)
6.0)

7.0)
8.0)



SURRY RISK UNCERTAINTY COMPOSITE RUN 6-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
REDUCTION (RANK)BASE EVENT OCCUR PROD (RANK) LOWER 5% UPPER 5%

S4
CDF12
CDP8
CDF8
CO14-97
CDF4
CDFl8
S3
CDFll
so
CDPS
$2
CON-es
Sl

8S
5

10
5
5
5
8
5
8
5
8
S
8

1. OVE-01
1 .46E-66
a3.42E-07
2.6 4E-47
9.7g6E-o1
2. 53E-07
2.30E-07
1. 4VE-02
1 .68E-07
2. SVE-f
4 .43E-08
2.095-08
$.M06-2
1 .60E-04

((
(
(
(
C
(
(
(
(
(
(
(
(

9.6)
10.0)
1.6)

11.6)
12.0)
5.6)
13.0)
2.0)
14.0)
8.0)
4.0)
7.0)

G. 18Ei69
S. 74E+00
9 .77E-02
6.61E-01
S. 67E-01
S. 49E-01
a.105-601
S. e1E-01
4.26E-01
3.04E-01
1. 14E-01
2.9"E-02
4.34E-03
S. 8 E-08

((
(
(
(
C
(
(
C
(
C
(
(
(

1.0)
2.0)

4.0)
5.0)
8.0)
7.0)
8.0)
9.0)

11.0)
12.0)
13.0)
14.0)

2.08E-02
8. 42E-02
1. OE-03

2.58E-02
2. 9E-02

1.0E5-02

3. SIE-03

2.98E.61
4. 09E00
83.63E+06

2 .67Ei00
2.865+60

1. 42E+00

4.73E-01

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

d
i'

RISK
REDUCTION (RANK)1N"T EVENT OCCUR FREq (RAN) LOWER !X UPPER 5%

IE-20
IE-RC3
IE-RC2
I5-RCe
IE-RC4
rE-RCl
IE-RCS
IE-RC?

40

7
7
7
a
2
1

2.00E+01
8. 20E+05
7. 50E505
2.20E+04
2. 70E.09
8.80E+05
1. OOE+05
1. 76E+03

C(

(
(
(
(

8.6)

8.6)

4.0)
2.0)
5.6)
7.0)

7 •.68E.00
8.185,00
5.795-01

8.04E-01
2.98E-02
8.6SE-03
2.885-08a8.28E-03

(
(

(

1.0)
2.0)
3.0)
4.0)
5.0).
6.0)
7.0)
8.0)

8.79E-61
9.18*-62
4.85E-02
4.88E,-03
S. 20E-04
9.45E-06
2.13E-07

1.94E+61
1. 65E.+0
1.29E+00
9.52E-02
9.92E-03
1.71E-02
3.78E-04



SURRY RISK UNCERTAINTY COIAPOSITE RUN 8-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)
------ - - --- --------

BASE EVENT OCCUR PROB (RAWK)

CDFS
CDF12
CDF13
CDF4
CDF8
CDF12
CDF8
Sa
Si
S4
S2
Ss
CON-s
CON-97

6
6

10
8

4.43E-08
1.68E-07
2.38E-07
2. 36E-07
3.42E-07
1.46E-08
2.84E-07
1.40E-02
1.05E-04
1. s8E-01
2.00E-03
2.SOE-01
3.OOE-02
9.70E-01

(
(
(
C
C
C
C
(
(
C
C
C
(
C

14.0)
13.0)
12.0)
11.0)
9.0)
8.0)

10.0)
6.0)
7.0)
3.0)
8.0)
2.0)
4.0)
1 .0)

RISK
INCREASE

2.58E.08
2.658-+08
2. 8E.06
2.586E+6
2.6$E+06
2.86E+06
2.56E+08
4.09E2+0
3.a56+01
2.81E+01
1.49E+01
9.11E-01
1.40E-01
2.03E-02

(RANK) LOWER 5; UPPER 56

((
(

(
(

C
(
(

3.5)
3.6)

11.0)
12.0)73.0)

84.0)

1.98E*06
1.98E+06
1.98E+06
1.98E+06

1.98E+086
1.93E*+6

3.42E+08
3.42E-06
3.42E+"
3.42E+"
3.42E+06
3.42E+08
3.94E+08

0i



SURRY RISK UNCERTAINTY COMPOSITE RUN 6-22-92

BASE EVENTS RANKED BY VARIOUS METHODS (RAWK I = MOST IMPORTANT) AND SORTED BY RISK REDUCTION

RISK RISK
BASE EVENT REDUCTION INCREASE

S4 1.0 10.0
CDF12 2.8 3.5
CDF8 3.6 3.5
CDF8 4.0 7.0
CON-97 6.0 14.0
CDF4 6.0 3.5
CDF13 7.0 3.5
S$ 8.0 8.0
CDF11 9.0 3.5
S5 10.0 12.0
CDFS 11.0 3.5
S2 12.0 11.0
CON-03 13.0 13.0
Si 14.0 9.0

I
,,J



SURRY RISK UNCERTAINTY COMPOSITE RUN 6-22-92

MATRIX OF TOP-DOWN CORRELATION COEFFICIENTS

RISK INCR 0.1369

RISK RED
THERE ARE NO TOP-DOWN CORRELATIONS THAT ARE SIGNIFICANT AT
THE .06 LEVEL OR LESS

THE TOP-DOWN CORRELATION COEFFICIENTS ARE USED
TO DETERMINE THE LEVEL OF AGREEMENT AMONG ALL
PAIRS OF RANKINGS IN THE PREVIOUS TABLE. THE
TOP-DOWN CORRELATION COEFFICIENT GIVES MORE
WEIGHT TO THE SMALLEST RANKS. NOTE THAT THE
SMALLEST RANKS ARE ASSIGNED TO THE MOST IMPORTANT
BASE EVENTS. MORE DETAIL ON THIS STATISTIC CAN
BE FOUND IN THE IMAN AND CONOVER (1986) REFERENCE
IN THE USER'S GrUIDE THAT ACCOMPANIES THIS CODE.

w



SURRY RISK UNCERTAINTY COMPOSITE RUN 8-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET ORDER

w
'a

34
14
19

4
.39
29
33
35

9
13
18

3
38
15
28
20

5
40
30
32

8

12
24
17

2
37
31
27
237

11
18

1
36
28
25

8
22
21

CUT SET
FREQUENCY

3.28E+00
7.63E-01
5.72E-01
5.65E-01
5.31E-01
3. 71E-91
3.07E-01
1.61E-01
9.89E-02
7. 18E-02
6.39E-02
6.3 rE-02
6.00E-02
3.78E-02
3.49E-02
2.82E-02
2.78E-02
2.62E-02
1.83E-02
1.58E-02
9.305E-03
4.87E-03
3.69E-03
2.85E-M3
2.77E-03
2. 73E-03
2.57E-03
1.93E-03
1.79E-03
1.37E-03
4.78E-04
4.61E-04
3.38E-04
3.34E-04
3.14E-04
2.19E-04
8.73E-05
5.8SE-95
3.17E-05
1.05E-05

1.0)
2.0)
3.0)
4.9)
6.0)
8.9)
7.9)
8.0)
9.0)

10.6)
11.0)
12.0)

14.0)
15.0)

17.0)
18.0)
19.0)
20.0)
21.0)
22.0)
23.0)
24.0)
25.0)
26.0)
27.0)
28.0)
29.0)
30.0)
31.0)
32.0)
33.0)
34.0)
35.0)
38.0)
37.0)
38.0)
39.0)
40.0)

1.77E-02
3. 01E-02
1.65E-03
2.23E-02
2.54E-02
1.39E-02
1.39E-03
S.,9VE-04
2.89E-03
2.34E-03
1.39E-04
1.78E-03
2.20E-03
1.57E-03
1. 46E-03
B. 28E-05
1.17E-03
1.45E-03
8.23E-04
9.94E-05
2.25E-04
1.44E-04
1.51E-04
9.35E-06
8.48E-06
1.0•8E-04
1.18E-04
1.01E-05
7.56E-05
4. 0E-06
1.49E-06
1. 35E-05
8. 81E-07
1. 02E-05
1.34E-05
9. 20E-0
2.13E-07
1. 57E-06
1.04E-07
2.72E-08

1.76E052
3. 63E+0
2.67E+00
2.32E,00
2.27E5.9
1.24E+00
1.29E00
1.02E+00
4.11E-01
2. 91E-01
2.39E-01
1.91E-01
1. 79E-01
2. .18E-01
2.08E-01
1. 80E-01
1.44E-01
1. 29E-01
7.94E-02
7. TTE-02
3.56E-02
2.77E-02
1.96E-02
.1.89E-02
1.76E-02
1.14E-02
1.26E-02
8.29E-03
7.05E-03
8.18E-03
2.92E-•3
1. 93E-03
1. 52E-03
1. 28E-03
1.27E-03
6. 47E-04
3.78E-04
2.28E-04
1.87E-04
4.71E-06

(RANK) LOWER 5X UPPER 6X
NORMALIZED
FREQUENCY

0.4803
0.1078
0. *0807

0.0798
0.0760
0.0523
0.0438
0.0227
0.0140
0.0201
0.0076
0. 0075
el.su30.0071
0.0053
0•0049
0.0040
0.0939
0.0037
6.0028
0.0022
0.0013
0.0007
0.0005
0.0004
0.0004
0.0094
0.0004
9.0003
0.0003
0.0002
0.*0091
0.0001
0.0000
0.09000
0.0000
0.0000
0.60009
0.0090
0. 0900
6.0090

CUMULATIVE
NORMALIZED
FREQUENCY

0.4603
0.5681
0.6488
0.7286
0.8036
0.6580
0.8993
0.9220
0.9359
0.9481
0.9537
0.9612
0.9882
0.9736
9.9785
0.9825
0.9864
0.9901
0.9927
0.9949
0.9962
0.9969
0.9974
0.9978
0.9982

."9998
0.9990
0.9992
0.9995
0.9997
0.9997
0.9998
9.9999
0.9999
0.9999
1.0009
1.0m
1.6000
1.0000
1.0000

0.0080
0.0636
0. 0002
0.0047
0.0942
0. 027

0. 1mo2
0.0904
0.0003
0.*0000
0.0004
0.0003
8.9002
6.0002
0.0000
0.0002
0. 0002
6.0062
0.0000
0.0m
0.90000
0.*0099
0.0000
0.09000

0.0009

0.0900

0.09000
0.0000
0.0099f

0. one

9.0900. 000
0.0900

0.0000
0.0000
0.0000
0.0099

0, * 099

0.7981
9.5956
0.4937
0.4174
0.4882
0.3163
e. 0869
0.0607
0.21298
0.049S
0.0386
0.0352
0.0397
0.0403
0.0306
0.0237
0.0269
0.0276
0.0225
0.0043
0.0114
0.00985
0.0031
0.0028
0.0030
0.022
0.0028
0.0904
0.0919
0.0012
0.0008
0.0903
0.0002
0.0002

0. 002
0.0001
0.0001
0.0900
0.0000

LOWER 5% UPPER 5%



SURRY RISK UNCERTAINTY COMPOSITE RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT ALL-RSK-UNC WITH TOP EVENT FREQUENCY 7.08E+00

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 34 4 3.26E+00 0.46029 CDF12 * IE-20 * IE-RC3 * S4
3 14 4 7.63E-01 0.56611 CDF6 * IE-20 * IE-RC$ * S4
4 19 6 5.72E-01 0.64884 CDFG * CON-97 * ZE-20 * IE-RC3 a
6 S4
6 4 4 5.66E-01 0.72861 CDF4 I IE-20 * IE-RC3 * S4 ÷
7 39 4 6.31E-01 0.80364 CDF13 I 1E-20 * IE-RC3 * S4 ÷
8 29 4 3.71E-01 0.85597 CDF11 I 1E-20 * IE-RC3 * S4
9 33 4 3.07E-01 0.99928 CDF12 * IE-20 * IE-RC2 * $3 S

10 36 4 1.61E-01 0.92197 CDF12 I 1E-20 * IE-RC6 0 S5
11 9 4 9.89E-02 0.93593 CDF6 I 1E-20 * IE-RC3 * S4 +
12 13 4 7.18E-02 0.94608 CDF6 I IE-20 * IE-RC2 * S3 +
13 18 6 6.68E-02 0.96367 CDF$ * CON-97 * IE-20 * IE-RC2 0
14 S3
15 3 4 5.31E-02 0.96118 CDF4 I 1E-20 * IE-RC2 * S3 +
18 38 4 6.00E-02 0.96824 CDF13 ZE-20 0 IE-RC2 * S3 +
17 15 4 3.76E-02 0.97355 CDF6 I 1E-20 * IE-RC6 * S5 +
18 28 4 3.49E-02 0.97847 CDF11 Z IE-20 * IE-RC2 * $3 +
19 20 6 2.82E-02 0.98246 CDF8 * CON-97 * IE-20 * 1E-RC6 0
20 Ss
21 5 4 2.78E-02 0.98638 CDF4 I 1E-20 * IE-RC6 * Ss
22 40 4 2.82E-02 0.99008 CDF13 I 1E-20 * ZE-RC6 * s5 +
23 30 4 1.83E-02 0.99266 CDFll I IE-20 * IE-RC6 * Ss +
24 32 4 1.58E-02 0.99489 CDF12 I 1E-20 * IE-RC4 * S2 +
25 8 4 9.30E-03 0.99620 CDF6 * IE-20 * IE-RC2 * S3 +
26 10 4 4.87E-03 0.99689 CDF5 * IE-20 0 IE-RC6 * S5 +
27 12 4 3.69E-03 0.99741 CDF6 * IE-20 0 IE-RC4 * S2 +
26 24 5 2.86E-03 0.99782 CDF8 * CON-03 * IE-20 * IE-RC5 S
29 S4 +
30 17 5 2.772-03 0.99821 CDF8 * CON-97 * IE-20 * IE-RC4
31 S2 +
32 2 4 2.73E-03 0.99859 CDF4 * ZE-20 * IE-RC4 * 52
33 37 4 2.67E-03 0.99895 CDF19 * IE-20 * IE-RC4 * $2
34 31 4 1.93E-03 0.99923 CDF12 * IE-20 * IE-RC * $1 4

36 27 4 1.792-03 0.99948 CDF11 I 1E-20 * IE-RC4 * S2 ÷
36 23 5 1.37E-03 0.99967 CDF8 * CON-03 * IE-20 * IE-RC3 *
37 53 +
38 7 4 4.78E-04 0.99974 CDF5 * IE-20 * IE-RC4 * S2 ÷
39 11 4 4.512-04 0.99981 CDF6 * IE-20 * IE-RC1 * S1
40 16 5 3.382-04 0.99985 CDF8 * CON-97 * IE-20 * IE-RC1 a
41 51 +
42 1 4 3.34E-04 0.99990 CDF4 * IE-20 * IE-RCI * S1
43 38 4 3.14E-04 0.99995 CDF13 * IE-20 * 1E-RC1 * $1
44 26 4 2.19E-04 0.99998 CDF1l * IE-20 * IE-RCI * S1
46 25 6 6.73E-05 0.99999 CDF8 * CON-03 * ZE-20 * IE-RC7 *
46 S5 +
47 6 4 5.85E-05 0.99999 CDF5 * IE-20 * 1E-RC * 1 S1
48 22 5 3.17E-06 1.00000 CDF8 * CON-03 a IE-20 * IE-RCS

.49 S2 +
5s 21 5 1.05E-05 1.00000 CDF8 * CON-03 * IE-20 * IE-RC1



Root Cause 4

4

B-II



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 8-22-92

TOP EVENT RC4-RSK-UNC CONTAINS 12 EVENTS IN S CUT SETS

THE FREQUENCY OF TOP EVENT RC4-RSK-UNC IS 8.49E-01

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RC4-RSK-UNC

N 100
MEAN 5.82E-01
STD DEV 8.17E-01
LOWER 5% 2.56E-02
LOWER 26% 6.26E-02
MEDIAN 1.89E-02
UPPER 25X 6.08E-01
UPPER 5% 2.67E+t00

90% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK. DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD = PARTIAL DERIVATIVE

TEF x FREQUENCY OF THE TOP EVENT
w

EV(J) = PROBABILITY OF EVENT J FOR BASE EVENTS
a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENT$ AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
= TFS - TEF(EVALUATED WITH EV(J) a 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE u PD - RISK REDUCTION
a PD x (1 - EV(J))
= TEF(EVALUATED WITH EV(J) = 1) - TEP



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT OCCUR PROB (RAW)
RISK

REDUCTION (RANK)
RISK

INCREASE (RANK)

CDF4
S4
Sa
SS
S2
$1

S 2.53E-07
1 1. BOBE-01
1 1.40E-02
1 2.S0E,-02
1 2.66E-03
1 1. OVE-04

((
(
(
(
(

8.0)
2.0)
3.0)
1.0)
4.0)
5.0)

86.49E-02
5 .85E-02
S. SIE-02
2. TOE-02
2. 73E-03
3.34E-04

((
(
(
(
(

1.0)
2.0)
8.0)
4.0)
5.0)
8.0)

2.58E*08
2.57E*00
3.74E.08
S. 3SE-02
1.38E*00
8. 34E+00

((
(
(
(
C

1.0)
4.0)
2.0)
6.0)
5.0)
3.0)

RISK REDUCTIONS BY IN1TIATING EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)MNIT EVENT OCCUR FREQ (RANK)

ZE-20
IE-RC3
IE-RC2
IE-RCS
IE-RC4
IE-RCI

51
1
1
1
1

2.MFE+02
S.20•E05
7.50E+05
2.20E.04
2.E&0*06
8.802*05

to

C(
C
(
C
(

6.0)
3.0)

S.0)

4.0)
2.0)

6.49E-01
5.65E-01
5.31E-02
2.78E-02
2.73E-03
3.34E-04

C

(
C

1.0)
2.0)
3.0)
4.0)
6.0)
6.0)



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 6-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
BASE EVENT OCCUR PROD (RANK) REDUCTION (RANK) LOWER 5% UPPER 51

CDF4 5 2.63E-07 (6.0). 6.49E-01 (1.0) 2.56E-02 2.67E÷00
S4 1 1.80E-01 (2.0) 6.65E-01 (2.0)
53 1 1.40E-02 (3.0) 6.31E-02 (3.0)
S5 1 2.60E-01 (1.0) 2.78E-02 (4.0)
S2 1 2.OE-03 (4.0) 2.73E-03 (6.0)
51 1 1.0E-04 (6.0) 3.34E-04 (6.0)

RISK REDUCTION BY INITIATING EVENT' (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
INIT EVENT OCCUR FREQ (RANK) REDUCTION (RANK) LOWER 5% UPPER 6%

IE-20 6 2.E+01 (6.0) 6.49E-01 (1.0)
IE-RC3 1 8.20E+06 (3.0) 6.65E-01 (2.0) 2.23E-02 2.32E500
IE-RC2 1 7.50E05 ( 1.0) 5.31E-02 (3.0) 1.78E-03 1.91E-01

w IE-RCO 1 2.20E64 (6.0) 2.78E-02 (4.0) 1.17E-03 1.44E-01
I IE-RC4 1 2.70656 ( 4.0) 2.73E-03 ( 5.0) 1.08E-04 1.14E-02
IE-RC1 1 6.66E+06 (2.0) 3.34E-04 (6.0) 1.02E-06 1.28E-03



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 8-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF4
S3
Si
S4
S2
S$

OCCUR PROS (RANK)

9 2.53E-M7 (6.0)
1 1.46E-02 (3.0)
1 1.00E-04 (5.0)
1 .8E-01 ( 2.0)
1 2.0E-03 4.0)
1 2.68E-01 ( .0)

RISK
INCREASE (RANK) LOWER 9% UPPER 5%

2.6E+0 ( 1.0) 1.98E*06 3.42E+06
S.74E+00 (2.0)
3.34E+00 (3.0)
2.57E500 (4.0)
1.38w+"0 5.0)
8.35E-02 (6.0)

t
i-

uLI



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 8-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET

4
8

2
1

ORDER

4
4
4
4
4

CUT SET
FREQUENCY

6.65E-01 (
5.31E-02 (
2.78E-02 (
2.73E-08 (
3.34E-04 (

(RANK)

1.0)
2.0)
3.0)
4.0)
5.0)

LOWER 5% UPPER 6%

2.23E-02 2.32E.00
1.78E-03 1.91E-01
1.17E-03 1.44E-01
1.08E--4 1.14E-02
1.02E-06 1.28E-03

NORMALIZED
FREQUENCY

0.8706
0.0819
0.0429
0.0042
0.*0005

CUMULATIVE
NORMALIZED
FREQUENCY

0.8705
0. 9524
0.9963
0.9995
1.8m00

LOWER 5%

0.82"
0.0648
0.0288
0.0026
0.0"3

UPPER 5%

0.9029
0.1028
0.0914
0.0073
0.0007

w



SURRY RISK UNCERTAINTY ROOT CAUSE 4 RUN 8-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RC4-RSK-UNC • WITH TOP EVENT FREQUENCY 6.49E-01

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 4 4 S.6FE-01 0.8747 CDF4 * IE-20 * IE-RCX * S4
3 3 4 8.31E-02 0.96287 CDF4 * IE-20 * IE-RC2 * S34 6 4 2.78E-02 0.99527 CDF4 * rE-20 * IE-RCS . 5s
6 2 4 2.73E-03 0.99949 CDF4 * rE-20 * IE-RC4 * S2
6 1 4 3.34E-04 1.60O CDF4 * IE-20 * IE-RC1 Si

w
I-
-J.



Root Cause 5

B-18



SURRY RISK UNCERTAINTY ROOT CAUSE 9 RUN 6-22-92

TOP EVENT RCS-RSK-UNC CONTAINS 12 EVENTS IN, 5 CUT SETS

THE FREQUENCY OF TOP EVENT RCS-RSK-UNC IS 1.14E-01

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RCS-RSK-UNC

N le
MEAN 1.14E-01
STD DEV 1.82E-02
LOWER 9% S.31E-03
LOWER 25% 1.14E-02
MEDIAN 3.36E-02
UPPER 25% 1.82E-01
UPPER 5% 4.73E-01

9M UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF - FREQUENCY OF THE TOP EVENT
0

EV(J) = PROBABILITY OF EVENT J FOR BASE EVENTS
= FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
= TEF - TEF(EVALUATED WrITH EV(J) = 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE = PD - RISK REDUCTION
= PD x (1 - EV(J))
= TEF(EVALUATED WITH EV(J) = 1) - T&F



SURRY RISK UNCERTAINTY ROOT CAUSE 5 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANW)

RISK
INCREASE (RANK)BASE EVENT OCCUR PROS (RANK)

CDF6
S4
$3
$5

S2
$1

6 4.43E-08
1 1l.ME-01
1 2.40E-02
1 2.5SE0E1
1 2. OOE-03
1 1.00E.4"

(

(

8.0)
2.0)
3.0)
1.0)
4.0)
6.0)

1. 14E-01
9. ODE-02
9.3SOE-03
4.87E-03
4.78E-04
S. SSE-06

CC
(
(
(
C

1.0)
2.0)
3.0)
4.0)
6.0)
6.0)

2. 68E*08
4. 50E-01
S.55SE-01
1. 48E-02
2.39E-01
S.6.85-01

C

(
(
(

1.0)
4.0)
2.0)
6.0)
5.0)
3.0)

RISK REDUCTIONS BY INITIATING EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)INIT EVENT OCCUR FREQ (RANK)

IE-20
IE-RC3
IE-RC2
IE-RC6
IE-RC4
IE-RCI

5 2 -OEe01
1 6.2@E+06
1 7. 68E+06
I 2. 20E.04
1 2.*70E*06
1 S.60BE+06

CC
C
(
C
(

6.0)
3.0)
1.0)
6.0)
4.0)
2.0)

1.14E-01
9.89E-02
9.30E-03
4.87E-03
4.78E-04
S.OSE-06

CC
C
(
C
C

1.0)
2.0)
3.0)
4.0)
6.0)
6.0)

w
i

C



SURRY RISK UNCERTAINTY ROOT CAUSE 5 RUN 8-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF5
$4
SS
SS
S2
Si

OCCUR

5
1
1
1
1
1

PROS

4 .43E-08
2. OVE-01
1. 4VE-02
2. SOE-01
2.eOE!-S
1.005-04

(RANK)

(2.0)
( 80)( 1.0)

(4.0)
(5.0)

RISK
REDUCTION (RANK)

1.14E-02 (1.0)
9.899-02 (2.0)
9.30E-08 (3.0)
4.87E-03 (4.0)
4.78E-04 (5.0)
5.85E-05 (6.0)

LOWER 5% UPPER 5%

3.31E-03 4.73E-M1

RISK REDUCTION BY INITIATIN EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

INIT EVENT

1E-20
IE-RC3
rE-RC2
IE-RC6
IE-RC4
IE-RCI

OCCUR

5
1
1
1
1
1

FREQ

2.60E+0B1
6. 205E05
7. SV05.0
2.20•504
2 .70E50S8. B05.05

(RANK)

(6.0)
( 80)( 1.0)

(5.0)
(4.0)
(2.0)

RISK
REDUCTION (RANK)

1.14E-01 (1-.0)

9.89E-02 (2.0)
9.30E-03 (8.0)
4.87E-03 (4.0)
4.78E-04 (5.0)
5.85E-05 (6.0)

LOWER •% UPPER 5%

wUp

tI-

2.89E-03
2.25E-04
1.44E-04
1.49E-0S
1. 57E-08

4.11E-01
3.55E-02
2.77E-02
2.92E-03
2.28.•-4



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 8-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF5
SU
Si
S4
S2
SS

OCCUR PROB

5 4.43E-08
1 1.40E-02
1 1.OGE-04
1 1.680E-01
1 2."E-03
1 2.56E-01

(RANK)

(6.0)
(3.0)
(5.0)
(2.0)
(4.0)
(1.0)

RISK
INCREASE (RANK)

2.58E+06 ( 1.0)
6.66E-01 (2.0)
6.86E-ol 3.0)
4.6SE-01 (4.0)
2.39E-01 (6.0)
1.46E-02 (6.0)

LOWER 5% UPPER 56

1.98E,06 3.42E+06

W
r%



SURRY RISK UNCERTAINTY ROOT CAUSE 5 RUN 8-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET

4
3
S
2
1

ORDER

4
4
4
4
4

CUT SET
FREQUENCY

9.89E-02
9.36E-03
4.87E-03
4.78E-04
5.8SE-65

((
(
(
(

(RANK)

2.0)
2.0)
3.0)
4.0)
5.0)

LOM 0 UPPER 9%

2.89E-03 4.11E-01
2.29E-04 3.55E-02
1.44E-04 2.77E-02
1.49E-09 2.92E-03
1.57E-08 2.28E-04

NORMALIZED
FREQUENCY

0.8705
0.0819
0.0429
0.0042
0 * 000

CUMULATIVE
NORMALIZED
FREQUENCY

0 .8705
0.9524
0.9958
0.9995
1. 0000

LOWER 5%;

0. 8266
0.0946
0.0288
0 .0025
0.0003

UPPER 5%

0.9029
0.1028
0.0914
0.0073
0 * 007

w
w,



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RCS-RSK-UNC WITH TOP EVENT FREQUENCY 1.14E-01

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 4 4 9.89E-02 0.87047 CDFG * IE-20 * IE-RC3 * S4
3 3 4 9.30E-03 0.96237 COFP * IE-20 * IE-RC2 * S3
4 6 4 4.87E-03 0.99527 CDFO * ZE-20 * IE-RC6 * S5 S
6 2 4 4.78E-04 0.99949 CODF * IE-20 * IE-RC4 * S2
6 1 4 5.85E-06 1.00000 CDFG * IE-20 * ZE-RCI * $1

I



Root Cause 6

B-25



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 8-22-92

TOP EVENT RCO-RSK-UNC CONTAINS 12 EVENTS IN 5 CUT SETS

THE FREQUENCY OF TOP EVENT RC6-RSK-UNC IS 8.77E-01

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RC6-RSK-UNC

N 100
MEAN 9.30E-01
STD DEV 1.28E+00
LOWER 5% 3.42E-02
LOWER 25% 1.09E-01
MEDIAN 3.41E-01
UPPER 25% 8.92E-01
.UPPER 5% 4.09E.0

90 UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF a FREQUENCY OF THE TOP EVENT
w

EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
- FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
= TEF - TEF(EVALUATED WITH EV(J) = 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE = PD - RISK REDUCTION
a PD x (I - EV(J))
= TEF(EVALUATED WITH EV(J) = 1) - TEF



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT OCCUR PROB (RANK)

CDF6
S4
$3
S5
S2
s5

5 3.42E-07
1 1. BeE-01
1 1.40E-02
1 2.SeE-01
1. 2. 00-03
1 1.06E-04

( 6.6)
(2.0)
(3.0)

(4.0)( 5.6)

RISK
REDUCTION (RANK)

0.77E-01 ( 1.0)
7.63E-01 (2.0)
7.18E-02 (3.0)
8.76E-62 (4.0)
3.69E-08 (5.6)
4.51E-64 (6.6)

RISK
INCREASE (RANK)

2.565.608
3.48E+60
5.68E+00
1.1ISE-01
1. 84E+00
4.515+65

(
(
(
(
(

1.0)
4.6)
2.o)
2.0)
6.6)

3.6)

RISK REDUCTIONS BY INITIATING EVENT AND SORTED BY RISK REDUCTION

INrT EVENT

IE-20
IE-RCS
IE-RC2
rE-RC6
rE-RC4
IE-RC1

OCCUR FREQ (RANK)

5 2.80E+81
1 6.20Eg5+
1 7.5OE05+
1 2.20E+04
1 2.70E+05
1 6.60E+65

( 66

(4.0)

(2.6)

RISK
REDUCTION (RANK)

8.77E-01 (1.0)
7.63E-01 (2.0)
7.15E-02 (3.0)
3.76E-02 (4.6)
3.89E-63 (5.6)
4.51E-64 (8.0)

I3
-j3



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 6-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
BASE EVENT OCCUR PROB (RANK) REDUCTION (RAN) LOWER 6X UPPER 6%

CDFS 6 3.42E-07 ( 6.0) 8.77E-01 ( 1.0) 3.42E-02 4.09E+00
S4 1 1.80E-01 ( 2.0) 7.63E-01 ( 2.0)
Sa 1 1.40E-02 (3.0) 7.182E-02 (3.0)
S5 1 2.60E-01 (1.0) 3.76E-02 (4.0)
S2 1 2.0E-03 (4.0) 3.69E-03 5.0)
S1 1 1.E-04 65.0) 4.61E-04 6.0)

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
INIT EVENT OCCUR FREQ (RANK) REDUCTION (RANK) LOWER OX UPPER 5X

ZE-20 5 2.08E+21 ( 6.0) 8.77E-01 ( 1.0)
IE-RC3 1 6.20E+06 ( 3.0) 7.63E-01 ( 2.0) 3.01E-02 3.53E+00
IE-RC2 1 7.50E*05 (1.0) 7.1E-02 (3.0) 2.34E-03 2.91E-01

w IE-RC6 1 2.20E*04 (6.0) 3.76E-02 (4.0) 1.57E-03 2.16E-01
IE-RC4 . 2.70E+06 ( 4.0) 3.69E-03 ( 6.0) 1.51E-04 1.98E-02

OD IE-RCI 1 6.60E+06 ( 2.0) 4.51E-04 ( 6.0) 1.35E-06 1.93E-03



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 6-22-92

RISK INCREASE BY BASE EVENT (WIMh ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

cDF6
S3
Sl
S4
$S2
$s

OCCUR PROB

5 8.42E-07
I 1.40E-02
1 2.60FE-04
1 1.BUE-e1
2 2.OOE-43
1 2. SeE-01

(RANK)

(6.0)

(6.0)
(2.0)
(4.0)( 1.6)

RISK
INCREASE

2. SE068
5 .IMEg.6
4 SIR.00
3. 48E*00
2.94E+00
1. ISE-02

(RANK) LOWER EX UPPER 6X

( 1.0) 1.98E+06 3.42E+08
(2.6)

(3.0)
(4.6)
(5.0)

6 .0)

t



SURRY RISK UNCERTAINTY ROOT CAUSE 6 RUN 6-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)
---- ~n~-- --- --------------

CUT
SET

4
3

2
1

ORDER

4
4
4
4
4

CUT SET
FREQUENCY

7.63E-01
7.18E-02
3.76E-02
3.69E-03
4.61E-04

((
C
C
C

(RANK) LOWER 5% UPPER 6%

1.0) 3.01E-02 3.63E+00
2.0) 2.34E-03 2.91E-01
3.0) 1.57E-03 2.16E-01
4.0) 1.51E-04 1.9"E-02
5.0) 1.36E-0S 1.93E-03

NORMALIZED
FREQUENCY

0.8705
0.0819
0.0429
0.0042
0.00s

CUMULATIVE
NORMALIZED
FREQUENCY

0.8705
0.9624
0.9963
0.9995
1.0000

LOWER 5% UPPER 5%

0.820w
0.0646
0.0288
0.0025
0.0"3

0. 9029
0. 1028
0.0914
0.0073
0.0007

w
0



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RC8-RSK-UNC WITH TOP EVENT FREQUENCY 8.77E-01

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 4 4 7.83E-01 0.87047 CDF8 * IE-20 * IE-RC3 * S4 +
3 3 4 7.18E-02 0.95287 CDFG * ZE-20 * IE-RC2 0 S3
4 5 4 3.78E-02 0.99527 CDF8 * ZE-20 * IE-RC8 * SS
6 2 4 3.69E-03 0.99949 CDF8 * IE-20 * IE-RC4 * S2
a 1 4 4.61E-04 1.M000 CDF6 * ZE-20 * IE-RCl * S1

I-



Root Cause 8

B-32



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 8-22-92

TOP EVENT RCS-RSK-UNC CONTAINS 16 EVENTS IN le CUT SETS

THE FREQUENCY OF TOP EVENT RCB-RSK-UNC iS 6.81E-e1

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RCS-RSK-UNC

N lee
MEAN 6.61E-01
STD DEV 1.07E.00
LOWER % 1.290E-03
LOWER 25% 4.79E-03
MEDIAN 3.01E-02
UPPER 25= 2.59E-01
UPPER 5% 3.03E+00

9M% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD = PARTIAL DERIVATIVE

TEF = FREQUENCY OF THE TOP EVENT

I EV(J) - PROBABILITY OF EVENT J FOR BASE EVENTS:a FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) - 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
• PD x (1 - EV(J))
- TE(EVALUATED WITH EV(J) a 1) - TEF



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)BASE EVENT OCCUR PROB (RANK)

RISK
INCREASE (RANK)

CDF8
CON-97
S4
$a
55
CON-08*
S2
51

10
5

2
2
2
6
2
2

2.84E-07
9. 70E-01
1. BOE-01
1. 40E-02
2. GOE-01
3.90ME-02
2. ZE-03
2. .OE-04

(C
(
(
(
C
(
C

8.0)
1.0)
8.0)
5.0)2.0)
4.0)
6.0)
7.0)

6.61E-01
6.567E-01
S. 74E-01
5. 62E-02
2.62E-02
4. 34E-03
2. 80E-03
3.48E-04

((
(
(
(
(
(
C

1.0)
2.0)
3.0)
4.0)
5.0)
6.0)
7.0)
6.0)

2.505E•06
2.03E-02
2.62E+00
3.68E+00
8 .47E-02
1.40E-01
1.40E+00

.486E+00

(
(
(

(

1.0)
8.0)
4.0)
2.0)
7.0)
6.0)
5.0)
3.0)

RISK REDUCTIONS BY INITIATINI EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)INIT EVENT OCCUR FREQ (RANK)

w
i.&

IE-20
IE-RC3
IE-RC2
IE-RCG
IE-RCS
IE-RC4
IE-RC1
IE-RC7

10
2
1
1
2
1
2
1

2.OOE021
6. 20E+06
7. s÷o505.
2.20E+04
1."0E+06
2.70E.05
S.860E+05
1. 702E03

(C
(
C
C.
(
C
(

8.0)
3.0)
1.0)
6.0)
6.0)
4.0)
2.0)
7.0)

6.61E-01
5.73E-01
6.38E-02
2.82E-02
2.88E-03
2.77E-03
3.48E-"4
6.73E-06

C

(
(
C
C
(

1.0)
2.0)
3.0)
4.0)
5.0)

'6.0)
7.0)
8.0)



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 6-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
REDUCTION (RANK) LOWER 6X UPPER 6%BASE EVENT OCCUR PROB (RANK)

CDF8
CON-97
S4
S3
Ss
CON-03
S2
51

10
5

2
2
2
5
2
2

2 .84E47"
9.70E-01
1. OVE-01
1 .40E-02
2. SCE-01
S .0VE-02
2.ME05-3
1.00E-04

(C
C
(
(
C
C
C

8.0)
1.0)
3.0)
5.0)
2.01)
4.0)
6.0)
7.0)

6.61E-01
6. 97E-01
S. 74E-01
S.52E-02
2.82E-02
4.34E-03
2. 80E-03
3.48E-04

(C
(
(
(
(
(
C

1.0)
2.0)
3.0)
4.0)
6.0)
6.0)
7.0)
0.0)

1.901E-03 3.03E5.0

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

w
w

u,

IN•T EVENT

ZE-20
IE-RC3
IE-RC2
IE-RCe
IE-RC5
IE-RC4
IE-RCI
IE-RC7

OCCUR

10
2
1
1

2
1
2
1

FREQ CRANK)
RISK •

REDUCTION (RANK)

2.06E+01
8 .20E+05
7. 506+05
2.20E+04
1.00E+05
2. 70E5.0
8.80E+05
1.70E+03

(C
C
(
(
C
€
(

8.0)
3.0)
1.0)
8.0)
5.0)
4.0)
2.0
7.0)

6.61E-01
5.73E-01
5. 3SE-02
2.82E-02
2.88E-03
2.77E-03
3.48E-04
6.7 M-05

(
(
(
(
C
C
(

1.0)2.0)

3.0)
4.0)
6.0)
8.0)
7.0)
8.0)

1.87E-03
1.39E-04
8.28E-05
9.46E-08
8.48E-06
9.B8E-07
2.15E-07

2. SeE+00
2.• SE-01
1.80M-61
1.71E-02
1.78E-02
1. 57E-03
3.78E-04

LOWER 5% UPPER 5%



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 8-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF8
$3
Sl
S4
S2
CON-03
S5
COM-97

OCCUR

le
2
2
2
2
6
2
5

PROS

2.64E-07
1 .40E-02
1 .0OE-im
1. GBE-01
2.809E-03
3 .00E-02
2. SOE-01
9. 70E-02

(RAWK)

(6.0)

(4.0)
(2.0)
(2.0)

RISK
INCREASE

2.50E*08
3.88E.o0
3.48E+00
2.62E*00
1.40E.00
1.40E-01
6.47E-02
2.03E-02

(RANK) LOWER 69 UPPER 56

(1.0) 1.93E+06 3.34E+06
(2.0)
( 30)

(4.0)
(6.0)

(8.0)
(7.0)
(8.0)

w
w1



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 8-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET

4
3
5
9

28
1

10

7
6

ORDER

S
5
5
5
5
5
5
5
S

.5

CUT SET
FREQUENCY

S. 72E-61
5.83E-02
2.82E-02
2.BSE-03
2. 77E-03
1. 3TE-03
3.38E-04
8.7SE-05
3.17E-05
1.05E-05

((

(
(
(
C
(
(

(RANK)

1.0)
2.0)
3.0)
4.0)
5.0)
6.0)
7.0)
8.0)
9.0)

10.0)

LOWER 6%

2. 88E-03
1.39E-04
8.28E-095
9. 55E-0
8.48E-08
4.005-08
8.81E-07
2.13E-07
1.04E-07
2.72E-098

UPPER 5%

2.57E.40
2.39E-01
1.80E-01

.69E--02
1. 76E-02

1.52E-03
S. 78E-04
1.87E-04
4.71E-o5

NORMALIZED
FREQUENCY

0.88480.* 814

0.0426
0.0043
0.0042
0.9W21
0.0005
0.6001
0.0m0
0.0000

CUMULATIVE
NORMALIZED
FREQUENCY

0.8648
0.9461
0.9987
0. 991
0.9972
0. 9993
0.9998
0.9999
1.0m
1 .Vo00

LOWER 51A

0.8127
0.05420 .0288

0.0027
0.0025
0.0020
0.0003
0.0001

6.0m0

UPPER 5%

0. 8975
0.1020
0.0909
0.0089
0.0072
0.0022
0.0007
0.*0002
0 .0001
0.0000

1
w
-3



SURRY RISK UNCERTAINTY ROOT CAUSE 8 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RCS-RSK-UNC WITH TOP EVENT FREQUENCY

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE

8.61E-01

FILE TEMACSETS. DNF)

2
3
4
5
6
7
8
9

10
11

12
13
14
15
16

17
18
19

w 20
21

4

3

5

9

2

8

1

10

7

8

S

5

5

5

S

5

5

5

6

5

G.72E-01

S. S8E-02

2.82E-02

2. SE-03

2.77E-03

1.37E-03

a.S8E-04

8.73E-06

3.17E-06

1.06E-06

0.88476

0.94613

0.98874

0.99308

0.99724

0.99932

0.99983

0.99994

0.99998

1. *00000

CDF8
S4
CDF8

S3
CDF8
S5
CDF8

S4
CDF8
S2
CDF8
53
CDF8
St
COFS
Ss
CDF8
S2
CDFS
Si

* CON-97
CON-97

* CON-97

.CON-0

* CON-97

• CON-03

* CON-97

* CON-03

CON-03

CON-03 C

" IE-20

" IE-20

" IE-20

" IE-20

" IE-20

" IE-20

" IE-20

* IE-20

" IE-20

" IE-20

* IE-RC3

* IE-RC2

* IE-RC6

* IE-RC5

" IE-RC4

* IE-RC3

" IE-RCI

* IE-RC7

* IE-RC5

* IE-RCI

*

*

*

*

*

*

*

*



Root Cause 11

B-39



SURRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 6-22-92

TOP EVENT RCI1-RSK-UNC CONTAINS 12 EVENTS IN 6 CUT SETS

THE FREQUENCY OF TOP EVENT RC11-RSK-UNC IS 4.26E-01

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RCII-RSK-UNC

N 100
MEAN 3.81E-01
STD DEV 4.45E-01
LOWER 6% 1.46E-02
LOWER 265 6.23E-02
MEDIAN 1.6GE-01
UPPER 25% 6.35E-01
UPPER 6X 1.42E+00

98% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD = PARTIAL DERIVATIVE

TEF = FREQUENCY OF THE TOP EVENT
w

EV(J) u PROBABILITY OF EVENT J FOR BASE EVENTS
CDP = FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION a PD x EV(J)
a TEF - TEF(EVALUATED WITH EV(J) = 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE a PD - RISK REDUCTION
=PD x (1 - EV(J))
= TEF(EVALUATED WITH EV(J) a 1) - TEF



SVRRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

RISK
REDUCTION (RANK)BASE EVENT OCCUR PROB (RANK)

CDF11
S4
Sa
55
S2
51

s 2.88E-07 (6.0)
1 2.80E-01 (2.0)
1 1.40E-02 (3.0)
1 2.50E-01 (1.0)
1 2.oE-e0 ( 4.0)
2 1.0VE-04 (5.8)

4.26E-01
3.71E-01
a .49E-02
1:.83E-02
1.79E-03
2.19E-04

((
(
(
(
(

1 .0)
2.0)
3.0)
4.0)
.5.0)
6.0)

RISK
INCREASE (RANK)

2. s8E+" ( 1.0)
1.69E+00 4.0)
2.48E+M (2.0)
5.49E-02 (6.0)
8.95E-01 (5.0)
2.19Ee00 (3.0)

RISK REDUCTIONS BY INITIATING EVENT AND SORTED BY RISK REDUCTION

INIT EVENT

IE-20
IE-RC3
IE-RC2
IE-RCs
IE-RC4
IE-RC1

OCCUR FREQ (RANK)

w

'-a

5 2.00E+01 (6.0)
1 8.20Es05 ( 3.0)
1 7.506E05 ( 1.0)
1 2.20E+04 ( 5.0)
1 2.70E505 (4.0)
1 6.605,05 ( 2.0)

RISK
REDUCTION (RANK)

4.26E-01 ("1.0)
3.71E-01 (2.0)
3.49E-02 (3.0)
1.83E-02 ( 4.0)
1.79E-03 (5.0)
2.19E-04 (6.0)



SURRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 6-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
BASE EVENT OCCUR PROD (RANK) REDUCTION (RANK) LOWER 6% UPPER 5%

CDF1l 6 1.66E-07 (6.0) 4.28E-01 (1.0) 1.680E-02 1.42E+00
S4 1 1.80E-01 (2.0) 3.71E-01 (2.0)
S3 1 1.40E-02 (3.0) 3.49E-02 (3.0)
55 1 2.60E-01 (1.0) 1.83E-02 (4.0)
52 1 2.OOE-03 (4.0) 1.79E-03 (5.0)
$1 1 1.00E-04 (5.0) 2.19E-04 (6.0)

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
INIT EVENT OCCUR FREQ (RANK) REDUCTION (RANK) LOWER 5% UPPER 5%

IE-20 5 2.00Ee01 ( 6.0) 4.26E-01 ( 1.0)
IE-RC3 1 6.20E+05 ( 3.0) 3.71E-01 ( 2.0) 1.39E-02 1,24E00
IE-RC2 1 7.58E05 6 1.0) 3.49E-02 ( 8.0) 1.46E-03 1.08E-01
IE-RCO 1 2.20E+84 65.0) 1.83E-02 ( 4.0) 8.23E-04 7.94E-02

I9 IE-RC4 1 2.70E065 (4.0) 1.79E-03 ( 6.0) 7.56E-06 7.06E-03
IE-RC1 1 6.60E05 6 2.0) 2.19E-04 ( 6.0) 9.20E-"8 8.47E-04



SURRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 8-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF21
S3
S1
S4
S2
Ss

OCCUR

6
1
1
1
1
1

PROS

1 .68E-07
1. Q0E-02
1 .6E-04
1. BEE-02
2.66E-03
2. OVE-01

(RANK)

C3.0)
C5.0)
(2.0)
(4.6)
(1.0)

RISK
INCREASE

2.58E•05
2.46E.+0
2.19E#06
1.69.E00
9.95E-01
6.48E-02

(RANK)

12.0)

C3.0)
(4.0)

(8.0)

LOWER 6% UPPER 5%

1.98E+08 3.42E+06

w
w



SURRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 6-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET ORDER

4
a
6
2
1

4
4
4
4
4

CUT SET
FREQUENCY (RANK) LOWER 5% UPPER 5%

3.71E-01 ( 1.0) 1.39E-02 1.24E+00
3.49E-02 ( 2.0) 1.48E-03 1."8E-01
1.83E-02 ( 3.0) 8.23E-04 7.94E-02
1.79E-03 ( 4.0) 7.66E-05 7.06E-03
2.19E-84 ( 6.0) 9.20E-08 6.47E-04

NORMALIZED
FREQUENCY

0.87086
0.0819
0.0429
0.0042
0.0006

CUMULATIVE
NORMALIZED
FREQUENCY

0.8705
0.9624
0.9963
0.9996
1.0m

LOWER 6%

0.8200
0 .0546
0.0288
0.0026
0.0003

UPPER 5%

0.9029
0. 1028
0.0914
0.0•73
0.0007

w



SURRY RISK UNCERTAINTY ROOT CAUSE 11 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RC11-RSK-UNC WITH TOP EVENT FREQUENCY 4.26E-02

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DNF)

2 4 4 3.71E-02 0.87047 CDFll * ZE-20 * IE-RC3 * S4
a 3 4 3.49E-02 0.95237 CDFll * ZE-20 * IE-RC2 * S$
4 5 4 1.83E-02 0.99927 CDFl * IE-20 * IE-RC6 * 55
5 2 4 1.79E-03 0.99949 CDFll * IE-20 * IE-RC4 * S2
8 1 4 2.19E-04 1.66M CDF12 * IE-20 * IE-RC1 * Si

tI



Root Cause 12

4

B-46



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 6-22-92

TOP EVENT RC12-RSK-UNC CONTAINS 12 EVENTS IN 5 CUT SETS

THE FREQUENCY OF TOP EVENT RC12-RSK-UNC IS 3.74E+ff

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RC12-RSK-UNC

N l0
MEAN 3.54E+00
STD DEV 6.10E+00
LOWER 5% 2.69E-02
LOWER 2S% 8.43E-02
MEDIAN 4.36E-01
UPPER 25% 3.02E+00
UPPER 5% 1.93E+01

9M% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTILE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD = PARTIAL DERIVATIVE

w TEF = FREQUENCY OF THE TOP EVENT

'• EV(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
= FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION = PD x EV(J)
- TEF - TEF(EVALUATED WITH EV(J) - 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE = PD - RISK REDUCTION
= PD x (1 - EV(J))
* TEF(EVALUATED WITH EV(J) z 2) - TEF



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT

CDF12
54
S3
Ss
S2
S1

OCCUR

S
1
1
1
1
1

PROB

1.46E-"
1.80E-01
1.40E-62
2.50E-01
2 .0E-03

(RANK)

(6.0)
(2.0)
(3.0)( 1.0)
(4.0)
(5.0)

RISK
REDUCTION (RANK)

3.74+00 (1.0)
3.26E00 ( 2.0)
3.07E-01 (3.0)
1.61E-01 (4.0)
1.68E-02 (6.0)
1.93E-03 (6.0)

RISK
INCREASE

2.68E-08
1.48E201
2.16E201
4.82E-01
7.87E+"
1.93E201

(RANK)

(1.0)
(4.0)
(2.0)
(6.0)

6 .0)
(3.0)

RISK REDUCTIONS BY INITIATING EVENT AND SORTED BY RISK REDUCTION

INIT EVENT

ZE-20
IE-RC3
IE-RC2
IE-RC6
IE-RC4
IE-RC1

OCCUR

5
1
1
1
1
1

FREQ

2. 002E01
6.20F-+06
7. 50E2.6
2.20E204
2. 70E206
6.86E.06

(RANK)

C8.0)
(3.0)
(1.0)

6 .0)
C4.0)
(2.0)

RISK
REDUCTION (RANK)

3.74E+00 ( 1.0)
9.26E+" ( 2.0)
3.07E-01 (3.0)
1.61E-01 (4.0)
1.68E-02 (6.0)
1.93E-03 6e.0)

wto
CD



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 8-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
BASE EVENT OCCUR PROB (RANK) REDUCTION (RANK) LOWER 0' UPPER M'

CDF12 5 1.46E-06 8O.0) 3.74E+00 (1.0) 2.08E-02 1.93E+01
S4 1 1.80E-01 (2.0) 3.26E+00 (2.0)
S3 1 1.40E-02 (3.0) S.97E-02 (3.0)
S5 1 2.56E-01 (1.0) 1.61E-01 4.0)
S2 1 2.00E-03 ( 4.0) 1.58E-02 (5.0)
S1 1 1.0E0-04 ( 5.0) 1.93E-03 ( 6.0)

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

RISK
INIT EVENT OCCUR FREQ (RANK) REDUCTION (RANK) LOWER 6' UPPER I%

ZE-20 5 2.60E+01 C 8.6) 3.74E+00 ( 1.0)
IE-RC3 1 6.20E+06 (a.0) 3.26E+00 (2.0) 1.77E-02 1.70E+01
IE-RC2 1 7.SVE0.S( 1.A) 3.07E-01 (3.0) 1.39E-03 1.29E+00

Wv IE-RC6 1 2.20E104 (5.0) 1.61E-01 ( 4.0) 8.90E-04 1.02E+00
1E-RC4 1 2.70E+05 (4.0) 1.680E-2 5.0) 9.94E-06 7.77E-02
IE-RC1 1 6.86E+05 (2.0) 1.93E-03 (6.0) 1.61E-06 8.29E-03



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 6-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF12
S3
$1
S4
S2
Ss

OCCUR PROB (RANK)

6 1.46E-08 (6.0)
1 1.40E-02 (3.0)
1 OE-" (5.0)
1 1.:8E-•1 (2.0)
1 2.00E-03 (4.0)
1 2.60E-01 (1.0)

RISK
INCREASE (RANK)

2.6$E+08 ( 1.0)
2.16E+02 (2.0)
1.93E,02 3.0)
1.48E+01 (4.0)
7.87E.00 ( 5.0)
4.82E-01 (6.0)

LOWER 6S UPPER 0

1.98E+08 3.42E08"

w
U'
0



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 8-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT °
SET ORDER

4

2
2
1

4
4
4
4
4

CUT SET
FREQUENCY (RANK) LOWE 5% UPPER 5%

3.28E•00 ( 1.0) 1.77E-02 1.70E+01
3.07E-01 ( 2.0) 1.39E-03 1.29E+00
1.61E-01 ( 8.0) 8.96E-04 1.02E.00
1.SB-02 ( 4.0) 9.94E-05 7.77E-02
1.93E-03 ( 6.0) 1.61E-05 8.29E-03

NORMALIZED
FREQUENCY

5.8705
0.0819
0.0429
0.0042
0.m05

CUMULATIVE
NORMALIZED
FREQUENCY

0.8705
0.9524
0.9958
0.9995
1.09000

LOWER 5%

0.8200
0.0546
6.0288
0.0025
0.003

UPPER 5%

0.9029
0.1028
0.0914
0.0073
0.0007

t
(.n
I-.



SURRY RISK UNCERTAINTY ROOT CAUSE 12 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RC12-RSK-UNC WITH TOP EVENT FREQUENCY 3.74E+00

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS .DNF)

2 4 4 3.26E+00 0.87047 CDF12 * IE-20 * IE-RC3 * S4 43 3 4 3.97E-01 0.95237 CDF12 * IE-20 * IE-RC2 * S34 5 4 1.61E-01 0.99827 CDF12 * IE-20 0 IE-RC6 * Ss 45 2 4- 1.58E-02 0.99949 CDF12 * IE-20 * IE-RC4 * S26 1 4 1.93E-03 1.00000 CDF12 * ZE-20 * IE-RC1 * Si

w
I'



Root Cause 13

B-53



SURRY RISK UNCERTAINTY ROOT CAUSE 13 RUN 6-22-92

TOP EVENT RC13-RSK-UNC CONTAINS 12 EVENTS IN 6 CUT SETS

THE FREQUENCY OF TOP EVENT RC13-RSK-INC IS 6.16E-01

DESCRIPTIVE STATISTICS FOR THE FREQUENCY OF TOP EVENT RC13-RSK-UNC

N 1le
MEAN 6.74E-01
STD DEV 8.27E-01
LOWER 5% 2.96E-02
LOWER 25% 9.26E-02
MEDIAN 2.98E-01
UPPER 25% 9.19E-01
UPPER 5% 2.65E•uI

90% UNCERTAINTY INTERVAL FOR TOP EVENT FREQUENCY (INNERMOST BRACKETS DENOTE INTERQUARTZLE RANGE,
ASTERISK DENOTES MEDIAN, N DENOTES NOMINAL VALUE AND M DENOTES MEAN)

NOMENCLATURE:

PD a PARTIAL DERIVATIVE

TEF a FREQUENCY OF THE TOP EVENT
w

o V(J) a PROBABILITY OF EVENT J FOR BASE EVENTS
= FREQUENCY OF EVENT J FOR INITIATING EVENTS

MEASURES:

1. FOR BASE EVENTS AND INITIATING EVENTS:

RISK REDUCTION = PD x EV(J)
a TES - TEF(EVALUATED WITH EV(J) = 0)

2. FOR BASE EVENTS ONLY:

RISK INCREASE = PD - RISK REDUCTION
, PD x (1 - EV(J))
a TEF(EVALUATED WITH EV(J) a 1) - TEl



SURRY RISK UNCERTAINTY ROOT CAUSE 13 RUN 6-22-92

RISK REDUCTIONS RISK INCREASES BY BASE EVENT AND SORTED BY RISK REDUCTION

BASE EVENT OCCUR PROD (RANK)

CDF13
S4
S3
S5

$2
Si

6 2.38E-07
1 1.8VE-01
1 1.4BE-02
1 2.55E-01
1 2.V0E-03
1 1. O0-04

(
(
(

6.0)
2.0)
3.0)
1.0)
4.0)
5.0)

RISK
REDUCTION (RANK)

8.10E-01 (1.0)
6.31E-02 (2.0)
S.0E5-02 8s.0)
2.82E-02 (4.0)
2.57E-03 (5.0)
3.14E-04 (6.0)

RISK
INCREASE (RANK)

2.SE+0E (1.0)
2.42E500 (4.0)
3.52E+00 (2.0)
7.8SE-02 (6.0)
1.28E500 (9.0)
3.14E+00 (3.0)

RISK REDUCTIONS BY INITIATING EVENT AND SORTED BY RISK REDUCTION

INT EVENT OCCUR FREQ (RANK)

to

ZE-20
IE-RC3
IE-RC2
IE-RC8
IE-RC4
IE-RCI

5 2.06E+01
1 6.205E05
1 7.50E÷05
1 2.20E+04
1 2.70E+05
1 6.80E+05

(4.0)
(2.0)

RISK
REDUCTION (RANK)

8.10E-01 (1.0)
6.31E-02 (2.0)
6.00E-02 (8.0)
2.82E-02 (4.0)
2.57E-03 65.0)
3.14E-04 e8.0)



SURRY RISK UNCERTAINTY ROOT CAUSE 13 RUN 8-22-92

RISK REDUCTION BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDF13
54
$8
Ss
S2
S1

OCCUR

6
1
1
1
1
1

PROS

2.38E-07
1 .80E-01
12.40E-02
2. OE-02
2 .OE-'43
1 .60E-"A

(RANK)

(2.0)

(3.0)
C 1.0)
(4.0)
(6.0)

RISK
REDUCTION (RANK)

6.10E-01 1.0)
6.31E-01 (2.0)6 "Em-02 3a.0)
2.52E-02( 4.0)
2.67E-03 6.0)
9.14E-04 (6.0)

LOWER 6% UPPER 69

2.90E-02 2.66E.+0

RISK REDUCTION BY INITIATING EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

INIT EVENT

rE-20
IE-RC3
IE-RC2
IE-RCo
IE-RC4
IE-Rcl

OCCUR

6
1
1
1
1
1

FREQ

2 .00E+01
6 .20E+05
7. 60E.06
2.20E+04
2 .70Ee.06
8 .60E+05

(RANK)

(6.0)
C3.0)

(1.0)
(6.0)
(4.0)
(2.0)

RISK
REDUCTION (RANK) LOWER 5X UPPER S6

6.18E-01 (1.0)
5.31E-01 ( 2.0) 2.64E-02 2.27E.00
G.WE-02 (3.0) 2.20E-03 1.79EB-e
2.62E-02 (4.0) 1.45E-03 1.29E-01
2.67E-03 (6.0) 1.18E-04 1.26E-92
3.14E-04 (6.0) 1.34E-06 1.27E-03

w
0'i

9



SUJRRY RISK UNCERTAINTY ROOT CAUSE 18 RUN 6-22-92

RISK INCREASE BY BASE EVENT (WITH ASSOCIATED UNCERTAINTY INTERVALS)

BASE EVENT

CDFl3
SS
Si
S4
32
S;

OCCUR

5
1
1
1
1
1

PROS (RANK)

2.38E-07 (8.0)
1.48E-02 3-.0)
1.O6E-04 (6.0)
1. on-al ( 2.6)
2.06E-03 (4.6)
2.5VE-1 1.0)

RISK
INCREASE

3. 52E+.0
3.14E,00
2.42E+06
2.29EE+0
7.86E-02

(RAW)

(2.0)

(4.6)
(5.0)

e6-.6)

LOWER 5% UPPER 9%

1.98E+08 3.42E+68

w
i,

-Jn



SURRY RISK UNCERTAINTY ROOT CAUSE 13 RUN 6-22-92

CUT SET FREQUENCIES AND NORMALIZED CUT SET FREQUENCIES (WITH ASSOCIATED UNCERTAINTY INTERVALS)

CUT
SET ORDER

4

2
2
1

4
4
4
4
4

CUT SET
FREQUENCY (RANK) LOWER 5% UPPER 5%

6.31E-01 ( 1.0) 2.54E-02 2.27E+00
6.00E-02 ( 2.0) 2.20E-03 1.79E-01
2.62E-02 ( 3.0) 1.46E-03 1.29E-01
2.57E-03 ( 4.0) 1.18E-"4 1.26E-02
3.14E-04 ( 6.0) 1.34E-06 1.27E-03

NORMALIZED
FREQUENCY

0.8706
0.0819
0.0429
0.0.42
0.0806

CUMULATIVE
NORMALIZED
FREQUENCY

0.8706
0.9524
0.9953
0.9995
1.0m8

LOWER 5% UPPER 5%

0.8200
0.0546
0.0268
0.0026
0.0"3

0.9029
0. 1028
0.0914
0. 073
0.0007

w
UO



SURRY RISK UNCERTAINTY ROOT CAUSE 13 RUN 6-22-92

CUT SET NUMBERS, CUT SET ORDERS, CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT RC1S-RSK-UNC WITH TOP EVENT FREQUENCY 6.16E-01

(THE FIRST COLUMN OF NUMBERS IS THE LINE NUMBERS FOR THE FILE TEMACSETS.DHF)

2 4 4 5.32E-01 0.87047 CDF13 * IE-20 * IE-RC3 * S4
a 3 4 5.06E-02 0.96237 CDF13 * IE-20 * IE-RC2 * S3
4 5 4 2.62E-02 6.99527 CDF13 * IE-20 * IE-RC8 * S5
9 2 4 2.67E-03 0.99949 CDF13 * IE-20 * IE-RC4 * S2
6 1 4 3.14E-04 1.W690 COFIS * IE-20 * IE-RC1 * 1.

(J1
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