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I'

E This report describes and applies a process for validating a model for a
L risk based performance indicator. The purpose of the risk based indicator
' evaluated, Safety System Function Trend (SSPT), is to monitor the unavaila-

bility of selected safety systems. Interim validation of this indicator is
' based on three aspects: a theoret.tcal basis, an empirical basis relying on

L statistical correlations, and case studios employing 25 plant years of histor-
; ical data collected from five plants for a number of safety systems. Results I

using the SSPT model are encouraging. Application of the model through case
studies dealing with the performance of important safety systems shows that
statistically significant trends in, and levels of, system performance can be,

discerned which thereby can provide leading indications of degrading and/or i

'improving performancea.
:
' Methods for developing system performance tolerance bounds are discussed

and applied to aid in the interpretation of the trends in this risk based in-i

L ditator,'

g Some additional characteristics of the SSFT indicator, learned through the
data collection efforts and subsequent data analyses performed, are also dis.
cussed. The usefulness and practicality of other data sources for validation
purposes are explored. Further vali6ation of this indicator is noted. Also,t

additional research is underway in developing a more detailed estimator of-

system unavailability,
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EXECUTIVE SUMMARY ,

'

I Brookhaven National Laboratory (BNL) and its subcontractor, Science Ap-
,

' plications International Corporation (SAIC), have been conducting research in
the development, evaluation, and validation of an indicator which can be used
to monitor the performance of safety systems. The purpose of this research,
sponsored by the Office of Research of the U.S. Nuclear Regulatory Commission,
is to develop more responsive indicators of system performance using available

{ data basically associated with safety performance.

[ This report describes work carried out to validate a safety system func-
i tion trend (SSFT) indicator. By taking into consideration general logic

models of plant systems, SSFT indicators utilize data collected on trains or
'

plant components to form an indicator of system unavailability. This indica-
L tor is then smoothed to produce an SSFT indicator. Because of the level of

data employed, viz., train / component downtime data, SSFT indicators are more
responsive to changing trends then the current NRC indicator of safety system
failures (SSFs), since the latter indicator employs observations of system
failures as opposed to downtime observations at the train / component level. As. ,

such, the SS R indicator, through its construction, the information it re-
quires, and the statistical characteristics it possesses, is able to detect
trends more quickly and with a higher degree of reliability.

Basic information used in constructing the SSFT indicator include the un-
observed portions of the downtime associated dith components discovered failed
as well as maintenance, test and repair downtimes, all of which are necessary
for estimating the unavailability of systems. This process not only yields a
more responsive measure of safety system performance, it also provides a
framework for evaluating plant safety performance on a broader plane, using
higher levels of risk measures such as core-melt frequency. In addition,
since the SSFT indicator is risk based, corresponding warning limits, or tol-
erance bounds, on these indicators can be determined that also have a risk as

, their basis. These risk based warning limits depict when the unavailabilities
I of systems have deteriorated sufficiently to impact core melt frequency and ;

public health risk.

This report describes the theoretical bases for the SSFT indicator, em-
L ploying risk and reliability approaches, which show that the SSFT indicator is
l~ directly tied to plant risk and safety performance. Empirical analyses are
|- presented which describe the smoothing techniques employed and statistical
| testa performed for analyzing significant trends and for determining abnormal-
L ly high levels of system unavailability. Utilizing approximately 25 plant

years of historical data on equipment failures and downtimes, case studies are
also reported to demonstrate the performance of the SS R indicator.

4

The case studies involved estimating the performance of the auxiliary
.

feedwater system and the emergency power system at two plants and the auxil-
) iary feedwater system at three additional plants. The SS W indicator for

these systems and plants provided a significant amount of information for
these case studies. In a number of cases, significant trends in system

.v.
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unavailability were observed and periods of abnormally high unavailability
levels identified. One case in particular, the SSFT indicator showed an ab.
normally high level before a shutdown had occurred. This shutdown was largely

'

due to system prob 1' ens that, in retrospect, were also flagged by the indica.
tor. -After restart, the indicator decreased significantly, conveying that
changes instituted during the extended plant outage had measurable, beneficial i

effects in terms of improvements in system availability.

Various plots are presented to graphically illustrate how the output of
the SSFT indicators can be used to provide an effective means for viewing and
interpreting the indicators. The contributions from component repair and
maintenar.ce downtimes and from undetected failure downtimes are clearly de-
picted in these graphical output. These show that the undetected downtime
contributions are generally the dominant contributors to system unavaila-
bility. However, these are some situations when downtimes associated with
maintenance activities dominate the unavailability observed. Other aspects of
system performance can be gleaned from these presentations. For example,-the
effects of technical specification requirements on system unavailability are
presented which can provide feedback for possible technical specification in- i
provements.

The studies documented show that the SSFT indicators correlated with the
SSF' indicators and provided much faster response. Because the SSFT indicator
is also risk based, it can provide more direct measures of impacts to risk.

;Thus, the SSFT indicator appears to be a highly useful and powerful tool for l

monitoring safety system perforr.ance and for aggregating basic plant informa-
tion to monitor safety performance.

Because of these encouraging results, it is recommended.that SSFT indica-
tors be further pursued in terms of additional applications and understanding
further the properties of this indicator.
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1. INTRODUCTION

<

The purpose of this report is to summarize and document research con-
ducted under the sponsorship of the Nuclear Regulatory Commission (NRC) on the,

|
L validation of quantitative indicators of safety performance. This work, per.

formed under the project ' Risk Based Performance Indicators," FIN A 3295 for'

the Office of Research (RES), is considered part of NRC's Performance Indica.
tor Program which is being coordinated through the Office for the Analysis and
Evaluation of Operational Data (AEOD). ,

In approving the Performance Indicator Program presented in SECY 86-317,
the Commission directed the staff to continue to explore and develop new indi-
cators beyond those included in the current program. The current set of per- ;

- formance indicators is logically related to safety but in a qualitative way, ,

The purpose of this part of the overall developmental effort on new indicators
is to develop risk and reliability methods for improving objectivity and to
augment the predictive capabilities of the current set of indicators.

Work proceeded at Brookhaven National Laboratory (BNL) in developing more
objective indicators that would respond faster than the currently used indica-
tors to changes in plant safety margins. In April 1988, SECY-88-103 described
the results of research to develop an indicator for safety system unavaila-
bility that is more responsive for indicating trends than the currently used
indicator, viz., Safety System Failures. This new indicator estimates un-
availability of safety system trains rather than just counting those instances
of complete system inoperability ,2,t

The Commissien, in response to the research reported, requested more in-
depth validation of the new indicator, Safety System Function Trends, using

8actual plant data '*. -

Also, the EDO concluded that proposed rulemaking to obtain train level
,

data for this indicator is premature, given the state of development. In par-

! ticular, a concern was noted that implementing this indicator, through rule.
L making, could have the unintended effect of decreasing safety by increasing

3

|x the frequency of on-line testing .

The collection of train level unavailability data for this validation

phase of the research project was coordinated through AE0D's parallel trial
program for analyzing candidate indicators of maintenance effectiveness. This
trial program also utilized actual operational data from a set of commercial
power reactors for evaluating candidate indicators of maintenance effective-
ness.

Validation of this indicator, Safety System Function Trends (SSPI) is
based on three aspects: the theoretical basis, case studies, and statistical

correlations.

1 '
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The theoretical basis has been already documented,''' and will be high. Ilighted in Section 2. The case studien, reported in Section 3, involve,

-

ergineering interpretations of trends in the SSPT indicator using system. andn
i

train.itvel data collected at eight plant sites. Plant operational histories '

were also used to interpret trends in the unavailability indicators. This,

data set included data collected at plants during the earlier phases of this ;t
!research project as well as data collected during July August 1988 as part of (the trial program conducted by AEOD on maintenance indicator evaluation.
;

Statistical significance in the trends and in the levels of the safety
system unavailability indicator are also discussed in Section 3, along with -

evaluations of the dominant contributors to system unavailability. ;

in Section 4 the indicator is compared with observed system failures. An !example is presented which shows that the number of hours / year a system is ex. ;pected to be unavailable correlates with the number of failures which that jsystem experienced over an eight year period.
;

The issue of valid tolerance bounds for determining warnin5 levels is !
discussed in Section 5. An approach for estimating tolerance bounds, less '

approximate than the one employe.1 in Section 3, is explored and an application !
described,

l

Settion 6 documents preliminary statistical analyser performed to show
whether correlations existed between this new indicator and the currently used
'.ndicato r s .

,

Lessons learned in analyzing plant historical data are delineated in Sec.
tion 7. In this section the use of industry's component failure reporting
system, NPRDS, in lieu of using historical records maintained by the plant, is
addressed. This section also discusses the inherent uncertainties in the ap.
proach used for calculating the SSFT indicator, especisily in the use of ,

-

direct observations of component failures, together with estimates of expected
dosentimes associated with these failures. *

Summary and conclusions are given in Section 8; backup material and addi. I
tional results are provided in the attendant appendices.

]
,

i
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i
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r 2. THEORETICAL BASIS AND TECHNICAL APPROACH RATIONALE
I :
I. f

The overall objective of this research project is to develop and validav !
'

a method which more fully utilizes basic risk and reliability technology to .

help select, interpret, and evaluate qu ntitative indicators of safety perfor. t

mance at operating plants.

As illustrated in Figure 1, operational safety requires a low frequency
of transients coupled with a high availability of safety systems needed to re. ,

spond to these transients.- We underlying concept of risk based indicators
deals more directly with the risk implications of events and activities that ;

occur at a plant. These events and activities depend upon the frequencies at :

which they occur. For example, the risk implication of component failures de.
ponds upon the frequency at which failures occur; and, as part of the frequen.
cy implications, the recurrence of the event also needs to be considered. The |
duration of the event can also have risk implications, for example, where un. |
availability considerations enter. The likelihood of an accident progressing
to core damage is the product of the frequency of initiatin5 events and the t

probability that safety systems will not respond and the operator will not re. ,

cover from this initial upset condition. Therefore, one measure of the ;

safety performance of operating nuclear power plants is the unavailability of !
important safety systems, i.e., the probability that safety systems will not !

'respond when needed.
,

PLANT SAFETY ,

P

[-

INHERENT DESIGN
"

LOW FREQUENCY NION AhAILAB:LITY FEATURES AND LOW
OF TRANSIENTS OF SAFETY SYSTEMS POTENTIAL FOR ,

COGNITIVE ERRORS j

i

NION TRAIN LOW POTENTIAL

AMILABILIT Y FOR COMMON.
CAUSE FAILURES

;

|

,

.

Pie Pie Pls Pls .

Figure 1. Plant safety logic model.
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) Indicators of unavailability of safety systems are intended to track

changes in safety margins (i.e., loss of system redundancy) before loss of
i system function. Such indicators can be based on loss of components or train 1' function. In contrast to NRC's currently used indicator of safety systems |

performance, which is safety system failures reported through Licensee Event j
Reports (LERs). this improved approach ut111 es more frequent and more basic '

data, and results in a more responsive estimate of the safety margin of impor.
tant systems. Thus, this improved indicator should more accurately reflect
the magnitude and trend of unavailability thereby providing indications of po.

,

'

tential declining system performance before loss of system function is ob.
served. As such, the thrust of the research effort has been on developing ap.
proaches that rely on system operational data, coupled with risk and tella.
bility models, for estimating system unavailability. The bas!c operational
data used to estimate unavailability are the frequency and durat. ions with
which trains within selected safety systems are brought down for preventive i

and corrective maintenance and for surveillance tests. The primary sources of
,

these data are plant's operator logs, plant records on limiting conditions of '

operation (140s) and maintenance work requests,
i

These data provide the necessary ingredients for developing two basic
measures of equipment and system performance, viz., availability and relia.
bility, both measures are important to safety and risk. The equipment must ;

be available to perform its function and must be reliable for carrying out its i

function. Equipment which fails often but is quickly repaired has a low re- i

liability and a high availability, whereas equipment that fails infrequently
but remains down for a leng time has a high reliability and a low availa. *

bility. When combined with systems models, trerding changes in these two
basip measures with time can provide a means for estimating changes in the

,

system's ability to perform its function.

Recognizing that operational data on system trains can be somewhat
' noisy * several characteristics of indicators of unavailability were evaluated
to assess various smoothing techniques as well as the ability of the indica.
tors to filter out noise and to estimate unavailability.

,

The theoretical basis for investigating basic characteristics of risk.
based performance indicators is described in Reference 6 which shows how
traindevel' data can be aggregated to obtain information on system perfor.
mance. Additionally, Reference 7 presents the results of statistical simula.
tions, using assuined train level information, that further provide technical
justification t'or the use of these indicators. These simulations explore the
trend detection power of the indicator versus the safety system failure indi.
cator and the viability of using existing plant operational data with the
developed approach.

These simulation studies, reported in two cited references, have shown
that the SSIT indicator can be a more responsive indicetor than the safety
system failure indicator, SSF. In addition, these studies have shown that
more powerful sta'istical tests can be utilized to test the significance of

4
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the trends and levels of this risk based indicator. These past studies fora
the technical foundation upon which rests the validation process of the SSTT

,

L

indicator. However, further developmental work is currently underway in the
' areas of: 1) indicator aggregation, ii) statistical / engineering interpreta-,

tion, and 111) indicator refinement to include dependent failures.

This theoretical concept was tested with existing historical data, col.
lected from unit logs at eight plants (five sites) and supplemented, where ap.
propriate, with maintenance records. Approximately 25 reactor years of his-
torical data were used to validate the SSTT indicator for selected safety sys-
tems. The operating histories ranged between 5 1/4 years at one plant to ap.
proximately 2 years at other plants depending on the relative ease with which
archival information could be collected.

For each plant and for each system, information on the number of times
trains are taken out of service and the amount of time trains are down were
aggregated over calendar quarters. Critical hours within each quarter were
also ascertained to obtain train unavailability. Simplified system models
(based on the number of system trains) were used for calculating the unavaila.
bility indicator of selected safety systems.

Processed data were plotted, smoothing techniques employed, and statisti.
cal tests performed to assess significance of the level of the indicator and
of the trends observed. Levels and trends were evaluated in concert with past
events and perception of the performance of each plant during the observation
period.

The results of this validation process are discussed in the sections that
follow.

|
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3. CASE STUDIES
|: -

|
This section presents results of the SSFT indicator approach using past

historical data collected at five plants. These data were largely collected
as part of AEOD's evaluation of candidate maintenance performance indicators
conducted in July August,1988. The plants whe e data was collected for SSFT
analysis were selected to answer the following questions: |

s

1. For a plant where a major operational event occurred, does the indi. |

cator show poor or degrading performance before the event, and has
performance improved after restart? i

i

2. For a plant where performance changed over time, does the indicator |

show this change?

3. For a plant with few safety problems, does the indicator reflect
generally good performance?

In Section 3.1, the basic approach for calculating train level and
system. level indicators of una'ailability is summarized. This method, com.
putes specific train / system unavailability based on train level downtime in.
formation averaged over three previous non zero downtime quarters. A non zero j

downtime quarter is defined as that quarter of a calendar year within which a d
train in a specific system was ' brought down" for test, maintenance, or re.
pair, j

.

Results employing this approach are presented in Sections 3.2, 3.3, and !

3.4 Five case studies, using historical data collected from five plants for
two specific systems, are describec in these three subsections.

The guestion regarding the tine a component could have been in a failed
state (undetected downtime) prior to when it was discovered as failed is ad-
dressed in Section 3.5. In this r,ubsection, the relative contributions of un- *

detected devntine and detected downtime to system unavailability are analyzed.

Adjustments to the system unavailability indicator trends which take into y

account requirements imposed by technical specifications are discussed in Sec- ,

tion 3.6 and examples are presented which show the effects of tech spec con. .

'

trols on unavailability trends. Issues regarding the averaging process en-
ployed and uncertainties in data employed for calculating the basic downtime
parameters are discussed in a later section. More detail on the approach
taken for these case studies can be found in Reference 8. ,

3.1 Annroach Summary ,

'

For two of the five case studies, the safety systems analyzed were the
Auxiliary Feedwater System (AUX FEED) and the Emergency AC Power System (EPS).
The remaining three case studies include only AUX FEED. For each of the sys.
tems, trends in the SSFT indicator with time are depicted in terms of changes
in 1) system unavailability, 2) average train unavailability, and 3) system

|

|
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unavailability based on train averages *. Superimposed on each is a train
unavailability goal of 0.05/ train for aux, feed and 0.1/ train for EPS. ilow
these level and trend tests are performed will be discussed later. Also shown
are those periods in which the plant had a major shutdown, either scheduled or
unscheduled. The dotted lines in each of the figures represent periods of
plant shutdown.

The unavailability results presented in each of the figures are obtained
by first calculating the unavailability of individual system trains within
each quarter and then dividing by the number of critical hours within each
quarter. The results presented are based on averaging over the past three
quarters, or number of quarters containing three quarters, where trains within
the system analyzed were brought down for repair. This indicator forms a run.
ning average indicator where only the past three quarters of downtime informa-
tion are used along with the reported critical time within each quarter and
those intervening. This approach serves to smooth the behavior of the system
unavi.ilability estimate while still showing time trends and significant

| changes in the estimate. This approach then is a compromise between calculat.
; ing the unavailability based on all past down times of system trains (as pre.

sented in Section 6) and those calculated based on only the train downtime in:

| each quarter.

In calculating the system unavailability indicator, the average train un
availability indicator was first calculated by recording the total downtime
per quarter for each train and then aggregating the downtime data by summing

'

over all the trains in the system. Average train values were obtained by
dividing this aggregated value by the number of trains within the system.

! System unavailability, based on average train unavailability, was obtained by
i raising the average train value to a power equal to the number cf trains
l within the system. The calculations are re initiated after each shutdown

period.

|

Tables of t.he calculated indicator values are provided in Appendix A.
These calculations were performed using historical plant data listed in Appen.
dix H. Further calculational details are documented in References 6 and 7 and

i the three. downtime average approach is further described in Reference 8. For
completeness, however, we highlight in Appendix B the statistical trend tests
performed; in Appendix C we provide the rationale for safety system selection;

! and in Appendix D we detail further the basic measures of equipment / system
| performance as well as the data collection and calculational procedures.

,

P

l

I

,

* Unavailability based on train average is somewhat similar to INPO's approach
for tracking system unavailability. '

l
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3.2 Plant 1 Svaten Unavailability Trenda'

System unavailability trends for the Auxiliary Feedwater System
(AUX. FEED) and Emergency Power System (EPS) for Plant 1 are shown in Figures 2
and 3 respectively. For t.his plant, AUX. FEED is a three train system; EPS is
comprised of two trains. Each figure presents the following: 3. quarter cycle
average unavailability, average train unavailability, and system unavalla.
bility based on average train unavailability.

In the spreadsheet table, shown in Appendix A, for the AUX FEED system
for Plant 1, the downtime hours per quarter per train (DWA, DWB, DWC) in.
clude the detected plus undetected hours. Undetected downtime hours are in.
cluded in the calculations when a failure (loss of function) of a train is
noted. For these cases, the undetected downtime added to the observed down.
time hours is taken as one. half the interval from the last demand or test of
the train.

The aggregated train unavailability (sunned over 3 trains) and the
average train unavailability over a 3 1/2 year period (1985 Mid.1988) are
presented in Figure 2a. The left hand ordinate in Figure 2a represents the
aggregate (summed across three trains) train unavailability; the right. hand
ordinate represents the average train unavailability, i.e., the a&6,regated ,

value divided by the number of trains. System unavailability, obtained by '

cubing (3 trains) the average train availability is shown in Figure 2b. |

The unavailability of the auxiliary feedwater system for Plant 1 (Figure
2) indicates a slight increase prior to the plant shutdown which began in the |

second quarter of 1986 and lasted until the second quarter of 1987. However, ,

!

the magnitude of the calculated unavailability is seen to be well below the
I95% warning limit.* After the shutdown, the indicator value is above the

warning limit, possibly indicative of increased off line testing and mainte. |
nance initiated as a result of plant modifications that took place during the

|shutdown. However, there is a downward trend in the indicator over 4 quarters
after this unscheduled shutdown.

! i

The EPS train and system unavailabilities (Figures 3a and 3b) show an in.
creasing trend from 851 and leveling off two quarters prior to the unsched.
uled shutdown in 86 2. After the shutdown, the unavailability of the EPS is || above the warning limit in 87 3 and remains at a fairly high level through
88 2. :

| Overall, the changes in the level of system performance for the AWS and
i EPS are quite large. The AWS increase could be explained as an initial
I period of extremely low unavailabilities where no downtimes were reported for

'

several quarters, and those downtimes that were reported were of short dura.
tion. Subsequently, even a moderate increase in downtimes would appear rela. ,

tively large. This reason, coupled with one identified train failure
;

|
|

| *An approximate 954 tolerance bound is based on train unavailability goal *

| values of 0.05/ train for AUX FEED and 0.1/ train for EPS.
,
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Figure 2. Plant 1, auxiliary feedwater system unavailability indicator: -

a) unavailability per train, b) system unavailability
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(Train 8c) in 87 2 provides an explanation to the sharp rise in AWS unavalla.
bility. The EPS also exhibited a relatively large increase from 45 1 through
88 2, approximat91y an order of magnitude increase at train level, and ap. '

proximately a twe.. order of magnitude increase at the system level. The EPS"

increase, however, was steady throughout the period under analysis going from
a low of IE.4 to a high of approximately 2E.2 after the outage. This increase i

can be attributed to four train failures, two occurring in the same quarter
(87 3).

In a parallel' study engaged in developing and demonstrating a mainte. !nance indicator evaluation process, the frequency and duration of maintenance.
]related activities at Plant 1 associated with two classes of equipment (valves ;and pumps) were analyzed and significant trends determined. |

The results from this analysis were presentations of the trends in a rel. ;

ative maintenance ineffectiveness indicator that is based on normalized values
of the downtime (DT) associated with maintenance activities, and the number of

,

'

reported equipment failures (F) across nine systems. For example, in Figure 4 :the following information is depicted:
!

>
1. Effective maintenance on both pumps and valves significantly deteri. |orated from 1983 until the major shutdown occurred at Plant 1 in -

1986. The significance in the trend was at least 954.
$

2. For both pumps and valves, the level of maintent.nce ineffectiveness
|was above the 956 warning level for approximately one year prior to ;the major shutdown in the second quarter of 1986. -

t

3. After the plant restarted in 1987, maintenance effectiveness seems '

to be improving.
|

More details of the approach used for exploring a measure of maintenance ;ineffectiveness are provided in Reference 9. Overall, it appears that both of ;

these indicators for this case study would appear to be inconsistent. Where
the maintenance effactiveness indicator and the system unavailability indica. |
tor both show increasing trends prior to the 86 2 outage, the maintenance in.
dicator shows an immediate decrease after the outage, whereas, the system un.

.

availability indicators reach their respective peaks just after the outage '

with both the AWS and EPS violating the 954 warning limit. The A W system
did show an improving trend after this initial large increase, the EPS however
remained fairly high until the end of the period analyzed (88 2). This seems

,

to be consistent since the AW system, as compared to the EPS system, is
largely composed of pumps and valves.

,

It appears that the system unavailability indicator can provide an in.'

dication of ineffective maintenance; however, the SSFT indicator did not fully '

show an improving trend as that indicated by the maintenance effectiveness in. t

dicator. This may be due to the local behavior of the two systems analyzed
for the SSPI indicator (AW and EPS) versus the broad scope (nine systems)

| undertaken in the calculation of the maintenance effectiveness indicator.

12-
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l 3.3 Plant 2 System Unavailability Trenda j
,

Plant 2 also experienced a major, unplanned shutdown. This shutdown oc. 'f
curred in 1985. For this plant, trends in the unavailability for the AUX FEED J
system and the EPS are respectively shown in Figures 5 and 6. The same type ,

of unavailability information depicted for Plant 1 is also shown for Plant 2. ;

Figuros $a and Sb show trends in AUX FEED unavailability; Figures 6a and 6b ,

depict trends in EPS train and system unavailability. The bas 2c data used are ;

also listed in Appendix A. |
;

For this plant, the auxiliary feedwater system unavailability remained ;

well above the 954 tolerance bounds between 83 2 and the unplanned shutdown in i

85 2. In fact, the shutdown was largely due to AUX. FEED problems. The high ;
'

value of the indicator tends to convey a concern about the likelihood of in.
pending problems and incidents. After this shutdown, the AUX. FEED unavaila. .

bility decreased and continued on a significant decreasing trend during the !
Ilast year. This could imply that design and procedure changes that were in.

stituted during the shutdown had measurable, beneficial effects in terms of f
Iimprovements in unavailability.
i

i on the other hand the EPS showed a decreasing trend from 83 2 to 87 1
'

while in the last year from 87 1 to 87 4 there is an upward trend in EPS un.
availability but still below the tolerance limit. These changes in the level
are large and seem to indicate that the performance of this system needs to be j
wat;hed and causes for these changes determined. .

3.4 Plants 3. 4 and 5 . System Unavailahility Tr uda f

None of these plants experienced any major, unplanned shutdowns. Results f
are grouped together in this section since the plants are similar and the data ,

were obtained from similar data sources. These three plants are all loc.ted i
'on one site.
i

The turbine. driven pump train and the two electric motor pump trains were !
first analyzed separately. Data presented in Appendix A for Plant 3 reflects
these separate calculations with turbine driven pump train downtimes shown in i

the column DWT and the two electric motor train downtimes respectively listed
in the DWA and DWB columns that appear in Appendix A. However, the turbine

train and the average electric trains did not separately show significantly i

different behavior. Accordingly, the figures depicting AUX FEED system un.
I availability trends are based on aggregating all three trains together.

Tne AUX FLED system unavailability for Plant 3 (Figures 7a and 7b) shows t
'

generally increasing trend from 85 2 to 87 1 and then a decreasing trend.a
,

The system unavailability changed by approximately two orders of magnitude (a ;'

| factor of 100) over this period. ;
'

| The AUX FEED system unavailability for Plant 4 (Figures 8a and 8b) shows
a general upward trend from 85 2 to 86 3 and then a downward trend from 86 3'

'

I to 87 4. The system unavailability changed significantly over this period,
varying by orders of magnitude. ,

,
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The AUX REED system unavailability for Plant 5 (rigures 9a and 9b) sig.
nificantly increased over the period from 85 2 to 86 3 though remaining below
the tolerance limit.

3.5 Undetected vs Detected Downtime Contributions

The previous results were obtained by including both the undetected down.
time contributions and the detected downtire contributions of system compo.
nents. The undetected dovntime is an estimate of the fault. exposure time be.
fore the actual fault is discovered. That is, components within standby
safety system could have been in a failed state prior to when the component
was discovared failed. Therefore, to estimate the total number of hours a
component is unavailable, the fault. exposure time is added to the time re.
quired for repairing the failed component. This section addresses which of
the two contributors, viz., the undetected downtime or the detected downtime,
dominate the observed trends.

For each of the plants investigated plots of the undetected and detected >

downtino contributions were generated for each of the systems analyzed. These
'

are presented in Reference 8. As an example, rigures 10a and 10b show these
two contributions for the AUX REED system for Plant. 2. These figures, along
with those presented in Reference 8, indicate that both contributions are in.

,

portant and need to be recorded for establishing significant trends and for
helping to determining the underlying factors which contribute to changing
performance. The issue of undetected vs detected downtime is further dis.
cussed in Section 7.

3.6 Tech Soce Corrected System Unnvailability Indicators
4

The system unavailability indicators in the previous sections can be con.
sidered as transformations (squares or cubes) of indicators of train unavalla.

bility. Recall, the warning limit in each plot was defined for a single t rain
and was simply scaled for the system plots. Technical specification require.
ments that do not allow multiple trains to be down for maintenance at the same
time are not taken into account by the approach previously described.

In this section, two examples are presented which show how tech spec re.
quirements control system unavailability. Two cases are re analyzed, i.e.,
the EPS unavailability for Plant 1 and Plant 2. More details of the approach
are discussed in Reference 8.

'

Briefly, the corrected system unavailability was calculated by first sep.
arating the total train downtime per quarter into a maintenance detected down.
time and a failure undetected downtime. Train unavailability due to mainte.
nance downtimes was then averaged using the same three quarter downtime
averaging procedure previously described. Since the number of failures ob.
served for these two cases was small, contributions to the corrected system
indicator from train failures vere simply calculated as the total undetectedi

downtime over the entire recording period divided by the product of the total
number of critical hours and the number of trains within the system. Thus,
train unavailability due to the observed train failure downtimes contributed a

|
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constant value to the other factors that me asure system unavailability. For a
two train system, for example, the corrected system indicator is calculated as
the sum of two terna. One term is the square of the train unavailability due
to failures; the other is the product of failure contribution to train un.
availability with the unavailability contribution due to maintenance.

Figures 11 and 12, taken from Reference 8, respectively summarize the re.
suits for the EPS in Plants 1 and 2 obtained by using this procedure to cor.
rect fox toch spec requirements. Figures lla and 12a provide comparisons bet. i

ween the corrected system indicator and the uncorrected indicator. The curves ;
ncted in each of these two figures as '3. Cycle Run Ave" are the same plots as '

those presented in Figures 3b and 6b. The curves denoted as " Tech Spec" pre.
sent the trend in EPS unavailability using the method just described.

Figures 11b and 12b provide representations of the failure and mainte.
;

nance contributions to the tech spec corrected indicator. '

,

Comparing the two curves in Figures lla and 12a we observe that the tech '

spec corrected unavailability indicator shows reduced swings in the unavaila. !
bility variation. This provides an indication as to how tech spec require. i
ments can control unavailability. In both figures, the same general time ;

trends are shown for each indicator. J

The contributions to the corrected, two train EPS (Plant 1) unavaila. j
bility indicator shown in Figure 11b dows that the maintenance failure con. I

tribution is the dominant contributor to this system whereas in Figure 12b the
contributions from failures and failure maintenance interactions are nearly I

equal for the three train EPS (Plant 2). We conclude from observing this '

trend that maintenance performed on EPS at Plant 2 is near optimal. Overall, ;
we observe through these two examples that indicators of train unavailability i

are more responsive in showing performance trends than the tech spec corrected
system unavailability. ;

3.7 game study sn===ry

In this chapter, five out of the eight case studies were examined. The ,

'emphasis in this chapter was on examining relative changes in unavailability,
the levels of unavailability observed, the significance of these levels as i
well as the significance of the observed trends, especially before and after
plant shutdowns. Also, the case studies focussed on examining unav.tilability I

| trends for two systems,
i

'Based upon historical information, Plants 1 and 2 were chosen to address
the first two questions posed at the beginning of this chapter, i.e., |

For a plant where a major operational event occurred, does the indi.. ,,

| cator show poor or degrading performance before the event, and has
|

performance improved after restart?

For a plant where performance changed over time, does the indicator*

show this change?

,
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Plants 3,4, and 5 appeared to be valid examples for responding to the third
question i.e., j

i

for a plant with few safety problems, does the indicator reflecte

generally good performance? ;

|

Although answers to each of these three questions cannot be definitively
given, the calculated system unavailability indicators for these five plants ,

ahow an ability to identify significant time trends and to identify those time i

periods when the unavailability becomes h1 h enough to flag attention.6
,

Since unavailability is a direct factor in the risk and core melt fre.
quency of a plant, the SSPT indicators are measures of the risk and core melt

,

frequency performance, particularly when key systems are evaluated. It thus
appears that these indicators can provide a sensitive tracking and auditing
tool to track and audit key factors of safety performance. Causes associated ;

with significant trends and levels in the unavailabilities that are beyond ex. i

pected tolerance limits can then be investigated to identify good practices or
to identify potential corrective measures for bad practices, i

Refinements in the approach, especially in accountinb for those unavaila.
bility contributions associated with common.cause failures, should be further
investigated to obtain more realistic appraisals of system performance. An
approach for including common.cause contributions into the model are described i
in Referenes 7 Differences in the results when this factor is included in f

the statistical simulations is also discussed in Reference 7. '

'The case studies presented in this report did not take into account the
contributions of common.cause failures to system unavailability. Only the ef.

'

Ifects of independent failures were addressed. The potential usefulness for
including the contribution of dependent failures in the unavailability model
becomes apparent when we compare the results depicted for Plants 4 and 5 with r

the results from the other three plants. For the first three plants, system
unavailability appears to be dominated by independent failures. However, the '

low unavailability values exhibited for Plants 4 and 5 lead to the conclusion ;

that common.cause failures could be a dominant contributor to system unavaila. ;

bility. As such, the model should be modified for accounting for this addi.
tional contributor.

Based upon the observations made through these case studies, it is there.
fore recommended that these indicators be pursued further, especially in i

developing and understanding these indicetors as well as in performing further !

applications using plant data. In addition, the model should be extended to '

account for all types of failures, dependent as well as independent.

Approximate tolerance bounds were employed in these investigations. It j

is therefore recommended that procedures be developed for obtaining more ac.
curate representation of the tolerance bounds on safety systems being mont.
tored. This aspect is discussed in a later section.

*2b*
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4. SAFETY SYSTEM FUNCTION TREND INDICATOR VS OBSERVED SAFETY SYSTEM FAILURES

Results of performing exploratory correlation analysis between the SSFT
indicator and NRC's current set of performance indicators are discussed in

! Section 6. The results documented, mainly based on statistical evaluations
using Spearman correlation coefficients, were obtained using quarterly based
information on both sets of indicators. Contrary to our expectations, quar.
terly data for one of the NRC current set of indicators, Safety System Fail-
ures (SSFs), did not show a strong correlation with the SSFT indicators. This ,

was retrospectively attributable to the small amount of SSF data, espacially
when quarterly data is used.

'

For example, a total of three AWS and one EPS failures were observed
over a period spanning eight years for all the plants * under investigation.
This translates to 0.05 AWS failures per year and 0.03 EPS failures per year. ,

It is, therefore, not surprising that correlation coefficients, based on quar-
,

terly data, showed no relationship between the SSFT indicator and the number
of SSFa. A simplified approach, described in this section, was used to aggre-
gate system failures in order to investigate relationships between observed

,

system failures ano trends in the corresponding SSFT indicator. An applica- :

tion of the approach shows that the unavailability of a selected safety system
is directly related to the number of failures of that system, which tends to
corroborate the simulations performed in Reference 6 and 7.

Basically, the approach employed examines whether the expected unavaila-
bility (SSFT) for a given system correlated with the failures that occurred ,

'for the system. In the particular system analyzed, viz. , AWS, the SSFT is
base 3 on roughly three years of historical data, while the system failure data
were taken from eight years of LER data. This period of eight yei.rs was |

selected because:

1. it was the period for which LERs were aveilable for all the Pk'R case
study plants ur. der investigation, and

2. it was considered to be a sufficient period to observe system fail-
ure.

Table 1 is a compilation of the system failures identified through a re-
view of the LERs. Figure 13a depicts a scatter plot of the number of observed
system failures versus a three year average value of the SSFT indicator.
(Three years was the average time span of train downtime data common to each
plant for the SS1T indicator calculation.)

*Three out of the eight plants use hydro electric power for emergency power
and therefore were not included in this survey; similarly, one Bk'R plant was
not included in the AWS survey.
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Table 1. Compilation of Observed System Failures APWS and EPS; Source: LER

AFWS EPS

Plant # # Faildres LER# Date # Failures LERe Date

1 1 002 1 06 82 1 025 6 26 81
2 2 094 12 26 80 0

013 6 09 85
N/A N/A3 0 ... ....

N/A N/A4 0 ... ....

N/A N/A5 0 ... ....

6 N/A N/A 0 ...

07 0 ......

08 0 ...... ....

In Figure 13, results are depicted based on APW system unavailabilities
calculated using average train values (Figure 13a) and individual train values
(Figure 13b) for each of the seven plants analyzed. In Figure 13a, the be.
havior of the observed AIV system failures and the calculated AFW system un.
availability based on train averages do not seem to be consistent. However,
in our judgment there is a consistency when one considers the noise associated
with the data. In this calculation of system unavailability the average
values are made up of contributions that are dominated by single trains. In

Figure 13a for the three plants with system unavailabilities greater than 10
hrs /yr and no observed failures, the turbine driven trains for each plant were
the major contributors to the average train unavailability. Calculating the
system level unavailability using this method did not correlate as well with
the observed system failures obtained from the LER data as compared to the
method used to generate Figure 13b.

t
'

In Figure 13b, the same observed system failure data are presented but
the system unavailability indicator is now based on individual train data and '

not average train data. In this case, a 0.75 attenuation factor is used along j

with simplified AFW system model for each of the seven plants (see Appendix B :

and Reference 7). The results shown in Figure 13b include unavailability cal.
culations using train data for the APWS of Plant 7. A log. regression line is j
also shown in Figure 13b indicating a consistent trend between system failures |

and system unavailability.

The following conclusions can be drawn from these two figures: ;

1. Both figures show a clear relationship between the observed system
failures and the calculated unavailability indicators. Confidence
levels based on the randomization process for both figures are above
806. The confidence level for the proportionality of tho SSFT indi.
cator in Figure 13b is as high as 954.

I
,

29
'

1

I

_ .. -_. _-

|



2. The SSFT indicator using train averaged data did not describe the
observed reliability of Plant 7. However, the SSFT indicator using
individual train data does account for che behavior of Flant 7's
AFWS reliability.

It should be noted that none of the system failures were used ir. evaluating
the SSFT indicators, hence avoiding any possibility of biasing the relation-
ships.

This example tends to validate the hypothesis that the indicator of un-
availability for selected safety systems is directly related to the number of
failures of those systems. Although more data would be useful in this regard,
the performance trends shown in Section 3 also lend credence to the usefulness
of this indicator,

i
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5. DETERMINATION OF TOLERANCE BOUNDS

The approach used for validating the indicator of unavailability of
selected safety systens is based on three aspects: a theoretical basis, an ,

empirical basis, i.e., statistical correlations, and case studies. ;

The theoretical concept, based on the assumption that trends and signifi. !

cant changes in the unavailability of safety systems give a direct measure of
trends and significant changes in the safety and risk of a plant, was tested ,

through case studies as discussed in Section 3. Observations of plant / system !

performance drawn from these case studies were made using an approximate 954 !

tolerance bound value, previously described.

In this section, a less approximate method for obtaining tolerance bounds
which was investigated is described and applied to one of the case studies
presented in Section 3.

'1 Tolerance Bound Obinetives.

!

Establishmer.c of the tolerance bounds around an indicator aids in its in-
terpretation. It can help in determining which values of indicators are sig-
nificantly hi h or low. It also can aid in assessing whether an indicator's ;5
behavior is consistent with a given performance goal. There are a variety of '

ways to define tolerance bounds depending upon the usage and the objective of r

the study. Two objectives of general interest to this project, and in specif- ;

ically evaluating indicators for safety system unavailabilities, are to
develop tolerance bounds to: i

'1. show whether the values of the indicator are significantly high or
low, at any given quarter, in comparison with built in design ex-
pectation, and ,

2. provide a measure of the uncertainty (variations) of the indicator
in any given quarter. Uncertainty in this context reflects the pre- !

sent performance of the equipment rather than its built in design
value and therefore accounts for such factors as aging, wear out,

,

improper maintenance, etc.

Tolerance bounds to meet objective (1) are considered useful for screen- .

ing and identifying abnormally high or icw values of an indicator as compared
to its built in design expectation. Tolerance bounds to meet objective (2) ,

facilitate the projection of the indicator behavior into the future (part of
the predictor indicator function). This can also be used for investigating

i whether or not a prescribed performance goal is met.
1

l
.

|

|
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P 5.2 Determination of Tolerance Bounds

In this exploratory analysis, we have conerntrated on developing toler-
ance bounds for comparing performance indicators against design expectations.
A computer program which is described in Appendix E was developed to estimate,

these tolerance bounds. The program accepts two input files. A'brief des-
cription of these files is provided in the following (for more detail, please
refer to the cited appendix). The two input files are:

1. Reliabilit; Mca file: containing the design based reliability data
of the components being monitored. Each record usually consists of
the component name, component failure rate information (mean and ar-

"
ror factor for log normal distribution), and the test and mainte-
nance teformation,

u

y'4 / 2. Cutset file: containing the cutsets assoc! sted with the logic tree
for which the indicator is evaluated.'

Figure 14 shows the SSFT indicator of an average train of AFWS'at Plant 1
(the indicator is similar to the INPO indicator but with an attenuation factor
of 0.75). The results show that the AFWS at Plant 1 performed within the
bounds of its built-in design reliability in the early stages of the data col-
1ection period where the unavailability was below the lower 10% limit. This
is not an unexpected result within the first five quarters of calculating the
indicator of SSFT. As indicated in Reference 7, when' calculating the SSFT
using'a .75 attenuation factor and quarterly data the instability could last
up to five quarters. Similar results can be obtained for other types of indi-
cators studied by this research project. It should be noted that SSFT indica-
tors with an attenuation factor of zero (exactly what INPO calculates) have a
10 percentile-lower bound of zero, and 95 percentile upper bound of about the
same obtained here. Therefore, with a train averaged indicator, it would be
almost impossible to violate the lower bound regardless of how perfectly the

!system is operating unless periods longer than a quarter are used.

Based on this' preliminary study, the followin6 general conclusions can be ;

asde:

1. The developed tolerance bounds for individual trains (or a system
composed of one train) based on qurrterly data (for a design relia-
bi?.ity expected for a typical train in nuclear power plants) is ef-
fectively between zero and one for a long period of time. There-
fore, monitoring of a single train would not provide information re-
garding the level of performance (it may pro"ide trend information
but not level information).

2. As the number of trains increased and the train indicators are ag-
gregated in some manner, the tolerance bounds would improve (become
ruch narrower). The method of aggregation plays an important role
i the width of the tolerance bounds, however. it appears to have
se mdary effect compared to the number of trains.

-32,
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3. The use of an attenuation factor is also important in narrowing the

tolerance bounds (the higher the attenuation factor the narrower the ,

tolerance bounds). However, as discussed in Reference /, large at. |
tenuation factors would create sluggish behavior therefore minimiz. >

',

ing the effect of.the local variations.

Further work in the area of tolerance bounds determination for the pur- r

pose of screening and prediction is currently planned.- ;
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6. EXPLORATORY STATISTICAL ANALYSIS CURRENT PIs VS SSFT INDICATOR,

,

The case studies previously discussed pointed out that indicators of sys-
tem unavailability exhibit sufficient information for identifying those
periods when system performance is above or below prescribed tolerance bounds
and whether or not trends are significant. It was generally concluded that ,

based upon the five cases studied, measures of system unavailability showed
promise for being a responsive indicator of safety system performance and
thereby could provide additional information for analyzing overall plant per-
formance as well as helping to assers performance in specific functional areas '

within the plant, such as maintenance. ,

in this section, we describe and discuss some of the exploratory statis-
tical analyses that were performed to draw inferences between this indicator
and other currently used indicators. Test statistics between the following
two sets of indicators were determir.ed using quarterly performance indicator
data from the eight plants:

Set 1: Current Performance Indicators:

EFO/1000 Equipment forced outages /1000 critical hours,
SSF Safety system failures, i

SIGE Significant events,
SSA Safety system actuations,
FOR Forced outage rate.

Set 2: Unavailability Indicators

QS(AFW) Auxiliary feedwater system (AFW) unavailability,
QT(AFW) Average train unavailability for AFW system,
QS(EPS) Emergency power system (EPS) unavailability,
QT(EPS) Average train unavailability of EPS,

; QS(HPCI) High pressure coolant injection (HPCI) systen un-

| availability,
'

Q5(RCIC) Reactor core isolation cooling (RCIC) system
unavailability, and

QT(AFW6EPS) Aggregate average train unavailability.

For each of the eight plants, we examined the degree of correlation between
these two sets of data. In addition to within plant correlations, across-
plant correlations were also conducted. The results show that little or no
correlations exist between the two sets of data. Reasons for this lack of
correlation are given and further statistical analysis is recommen6ed.

Also investigated was whether or not the parameters in Set 2 lead or lag
the current set of performence indicators, listed in Set 1. This analysis was
performed to ascertain whether an indicator of system unavailability provides
a leading indicator of plant performance. Recall that the statistical simula-
tions performeds.7 demonstrated that the system unavailability indicator
showed degrading crends sooner than safety system failures. In this context.

J5-
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it should also be noted that the simulations utilized idealized train data.3-

-It remains to be proven if such attributes are demonstrable using real,
quarterly averaged, train data, and if not, why.

6.1 connonite Reoresentations Between Sets of Indicators +

Figures 15 and 16 are sample presentations of elements within each of the
two data sets. Figures 15a and 15b respectively show the unavailability indi-
cator for the AFWS and EPS for Plant 1; Figures 16a and 16b respectively show
the average train unavailability for each of these two systems. Each figure ;
presents five plots. In each plot, one of the five current NRC performance
indicators (Set i list) is superimposed. A complete set of figures for the
eight plants are provided in Appendix F. The system unavailability shown was
calculated using all past history (Appendix H), and calculations were not re-
initialized after. shutdowns.

These plots were developed primarily for visual comparison of the two
sets of parameters and to ascertain whether or not one can distinguish leading
or lagging behaviors between each set of parameters or corresponding trends.
Our investigations show that, in general, none are readily apparent nor is *

there any indication of relationships between trends in the two sets of indi-
cators.

6.2 Lar-Zero cross-Correlation Results

Table 2 lists the entire collection of within plant correlation coeffi-
cients between contemporaneous indicator values within Set 1 and Set 2. For
example, this table reveals that in Plant 1, the correlation between the AFW
system unavailability indicator (QS(AFW)) and the equipment forced outage rate
indicator (EFO/1000) is 0.274; whereas for Plant 3, the correlation between
these two parameters is 0.775. Using the EPS system unavailability indicator
(QS(EPS)), similar comparisons for these two plants show a negative correla-
tion. Indeed, the results do not appear interesting. The reasons why are
given below with more detail provided in Appendix G.

1One drawback to looking at each plant correlation coefficient is that we
|

are inspecting a number of statistics simultaneously in judging the statisti- |

cal significance of results using quarterly-based information. A correlation
coefficient is judged to be statistically significant if it is so far (in ab-
solute value) from zero that the probability of its being this far by accident
is, for example, less than 0.05. If we have such an aberrant coefficient, we
conclude that it is probably not by accident, and the two parameters are
actually related. However, since in this exploratory analysis we are examin-
ing a large number of statistics simultaneously, a pair (or several pairs) can
show " significance" by accident. The problem we have just alluded to is
called the Simultaneous Testing Problem.

For our exploratory analysis, one way to possibly circumvent this problem
was to inspect the average of the coefficients across plants rather than the
entire collection of coefficients. The average values are listed in Table 3
along with respective measures of significance based on using Fisher's
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Table 2. Lag Zero Cross Correlation (Within Plant)
-

Plant et(APW) ST(AFW) OS(EPS) Of(EPS) 08(NPCI) DS(RCIC) Of(AFW+EPS)
1 EF0/1000 0.274 0.004 0.119 0.188 N/A N/A 0.158

SSF 0.143 0.321 0.216 0.021 N/A N/A 0.095 ;

SIDE 0.245 0.066 0.339 0.182 N/A N/A 0.178

$$A 0.129 0.246 0.034 0.030 N/A N/A 0.063
|

POR 0.193 0.576 0.436 0.375 N/A N/A 0.519

2 EF0/1000 0.020 0.064 0.099 0.'121 N/A N/A 0.097 ,

'
ssF 0.335 0.124 0.002 0.105 N/A N/A 0.073

i

i 810E 0.867 0.711 0.908 0.791 N/A N/A 0.734

- SEA 0.018 0.171 0.123 0.183 .N/A 'N/A 0.212

FOR 0.418 0.556 0.337 0.448 N/A N/A *0.638 ;

3 EF0/1000 0.775 0.482 N/A N/A N/A N/A N/A.

$$F. 0.198 0.169 N/A N/A N/A N/A N/A

s!0E 0.257 0.359 N/A N/A N/A N/A N/A.

ssA 0.000 0.000 N/A N/A N/A N/A N/A.

FOR 0.258 0.217 N/A N/A N/A N/A N/A

4 EF0/1000 0.025 0.066 N/A N/A N/A N/A N/A

ssF 0.161 0.299 N/A N/A N/A N/A N/A

SIGE 0.522 0.554 N/A N/A N/A N/A N/A

$$A 0.166 -0.214 N/A N/A N/A N/A N/A

FOR 0.695 0.077 N/A N/A N/A N/A N/A

5 EF0/1000 0.011 0.053 N/A N/A N/A N/A N/A

BSF 0.211 0.251 N/A N/A N/A N/A N/A

$10E 0.328 0.181 N/A N/A N/A N/A N/A j

stA 0.264 0.201 N/A N/A N/A N/A N/A

FOR 0.230 0.235 N/A N/A N/A N/A N/A
>

6 EF0/1000 N/A N/A 0.333 0.684 -0.057 0.089 N/A ;

SSF N/A N/A 0.501 0.450 0.487 0.599 'N/A
SIGE N/A N/A 0.000 0.000 0.000 C.000 N/A

S$A N/A N/A 0.426 0.336 0.318 0.131 N/A

FOR N/A N/A 0.635 0.514 0.204 0.025 N/A

7 EF0/1000 0.414 0.007 0.415 0.792 N/A N/A 0.383

SSF 0.454 0.550 0.577 0.043 N/A N/A 0.479 ,

SIGE 0.262 0.051 0.275 0.815 N/A N/A 0.355 !

| $$A 0.031 0.205 0.260 0.243 N/A si/A 0.067

FOR 0.279 0.034 0.7% 0.837 N/A N/A -0.442

8 EF0/1000 0.000 0.159 0.000 0.161 N/A N/A 0.159

I. ssF 0.000 0.150 0.000 0.155 N/A N/A 0.151
'

SIGE 0.000 0.227 0.000 -0.196 N/A N/A *0.217
ssA 0.000 0.219 0.000 0.171 N/A N/A 0.205

FOR 0.000 0.737 0.000 0.740 N/A N/A 9.739

Key: 08()= system unevettability; QT()= frein Ave. Unevellability ; N/Am Not Applicable
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z transformation. The results shown in this table tend to confirm that deter-
mining correlations between contemporaneous, quarterly-averaged information is
not the way to investigate relationships between these two sets of performance
data, Wa presented these results for completeness and document the approach
in Appendix G.

These negative findings are presented to show that because of the rela-
tively noisy nature of the variables, different statistical approachos for
finding relationships between and amongst the risk based indicators and the
current set of performance indicators need to be explored. This research pro-
ject will be exploring different approaches.

Table 3. 1.ag Zero Cross Correlations (Across-plant)

Averese r valuee
0$(AFW) OT(AFW) 0$(EPS) OT(EPS) 0$(NPCI) 0$(RCIC) QT( AFW+EPS)

EF0/100 0.0611 0.0216 0.075 0.0408 -0.0547 0.0889 0.1203 |

ssF 0.1379 0.0882 0.0346 0.1228 0.4875 0.5988 0.167
SIGE 0.3022 0.2317 0.0984 *0.0609 N/A N/A 0.0672

SSA 0.0213 *0.2074 0.1936 -0.0616 0.3178 0.1307 0.1138
FOR- 0.005* 0.0528 0.1057 0.0811 0.204 0.025 0.2151 ,

Heterogenelty Test
0$(AFW) QT(AFW) QS(EPs) QT(EPS) 0$(HPCI) 0$(RCIC) QT(AFV+EPS)

EF0/100 0.0545 0.8503 0.7243 0.1046 N/A N/A 0.8452
:88F 0.6148 0.5297 0.3604 0.8272 N/A N/A 0.7198

SIGE 0.0018 0.0822 0.0001 0.0007 N/A N/A 0.0202
SSA 0.8279 0.9984 0.8868 0.8026 N/A N/A 0.9014
POR ~ 0.0391 0.0302 0.1008 0.0064 N/A N/A 0.0055

Test A0elnst Zero Correlation
QS(AFW) QT(AFW) QS(EPS) QT(EPS) QS(HPCI) Q$(RCIC) OT(AFW+EPS)

EF0/100 f.0694 0.9094 0.8357 0.1754 0.899 0.842 0.9099
$$F U.6886 0.6288 0.4949 0.8603 0.2335 0.1222 0.8049

$1GE 0.0004 0.0671 0.0001 0.0022 N/A N/A 0.0342
$$A 0.9225 0.3559 0.8392 0.881 0.4617 0.7688 0.904
FOR 0 a704 0.0424 0.1452 0.0112 0.6436 0.9554 0.0046

Keys 0$()s System Uneveliability; OT()= frein Avg. Unevellebf Lity ; N/Ae Not Applicebte

|

' 6.3 Nan Zero-Lac Cross Correlation Results
l'

In attempting to ascertain whether indicators within each set lead or lag,

L indicators in the other set, analyses were performed using pairs (Set 1 param-
eters vs Set 2 parameters) of data where one element in Set 2 lagged or led
one element in Set 1 by 1, 2, 3, and 4 quarters. Tables 4 and 5 present
similar information as contained respectively in Tables 2 and 3, but for this
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Table 4. Lag Minus Four Cross Correlation (Within Plant) |

|
>.

.

' Plant DS(AFW) 01(AFW) 06(EPS) 'Of(EPE) GB(NPCI) 08(RCIC) QT(AFWEPS)
~

1 EF0/1000 >0 0.6085 0.3495 0.4626 N/A- N/A- 0.2121 -

S$F 0 0.0539 0.2366 0.5964 N/A N/A 0.3658 ;

$10E O 0.4084 0.0193 *0.0834 N/A N/A 0.1411

stA 0 0.4236 0.1595 0.012 N/A N/A 0.3307 |
D FOR '0 0.2918 0.6304 0.7751 li/A N/A 0.6482 ~

2 EF0/1000 0.1799 0.2147 0.1763 0.2238 N/A N/A 0.2761 *

$$F 0.2413 0.3146 0.2249 0.2565' N/A N/A 0.3828 |.

SIGE 0.2382 0.2122 0.1191 0.0794 N/A N/A *0.1404 '

stA 0.4605 0.2129 0.2687 +0.2239 N/A N/A 0.1173 '

FOR 0.3518 0.0189 0.2393 0.059 N/A -N/A 0.0034 ,

3 .EF0/1000 0.3697 0.1104 .N/A N/A N/A N/A N/A

ssF 0.3565 0.3717 N/A N/A N/A N/A N/A ;

I stGE 0.2521 0.5006 N/A N/A N/A N/A N/A

S$A 0 0 N/A N/A N/A N/A. N/A

FOR 0.2997 0.164 N/A N/A N/A N/A N/A ;

4 EF0/1000 0.8982 =0.1749 N/A N/A N/A N/A N/A

SSF 0.2867 *0.2889 N/A N/A N/A N/A N/A

SIDE 0.1889 +0.2113 N/A N/A N/A N/A N/A

:$SA 0.2756 0.2887 N/A N/A N/A N/A N/A

FOR 0.2928 0.4637 N/A N/A N/A N/A N/A q
;

5 EF0/1000 0.367 0.3335 N/A N/A N/A N/A N/A

'S5F 0.2672 0.3543 N/A N/A N/A N/A N/A *

SIGE 0.3166 0.2766 N/A N/A N/A N/A N/A

SSA 0.2185 0.3032 N/A N/A N/A N/A N/A ;,

FOR 0.2045 0.2646 N/A N/A N/A N/A N/A |

6 EF0/1000 N/A N/A 0.3696 0.7917 0.2188 0.14 N/A

$$F N/A N/A 0.1291 +0.1356 0.3475 0.462 N/A >

$1GF N/A N/A 0 0 0- 0 N/A

S$A N/A N/A 0.8482 0.2932 0.712 0.8044 N/A

FOR N/A N/A +0.0395 0.68A 0.4668 0.198 -N/A

7 EF0/1000 0.2654 0.0002 0.8635 0.7243 N/A N/A 0.1131
SSF 0.3653 0.4883 0.6084 0.4578 N/A N/A 0.7295

- SIGE 0.2747 0.2966 0.2548 0.1566 N/A N/A 0.2731
l SSA 0.6389 0.7917 0.5774 0.5605 N/A N/A 0.7477
|.

- FOR 0.1314 0.1252 0.6803 0.9257 N/A N/A 0.0123 i

- 8 EF0/1000 0 0 0 0 N/A N/A 0
'

i

I SSF 0 0 0 0 N/A N/A 0f
l SIGF 0 1 0 0.999 N/A N/A 0.9999

SSA 0 0 0 0 N/A N/A 0

FOR 0 0.9601 0 0.2943 N/A N/A 0.5354

Keys 0$()= System Unevellebility; QT() Train Ave. Unevellebility ; N/Ae Not Appilceble

1
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Table 5. Lag Minus Four Cross Correlations (Across Plant)

Average r Volume

OS(APW) OT(AFW) 00(EPS) OT(EPS) SS(NPCI) SS(RCIC) OT(AFW+EPS)
EF0/100 0.0494 +0.0321 0.4397 0.1659 0.2188 0.14 0.0123
. asF 0.1573 0.294 0.1814 0.0634 0.3475 *0.462 0.2488
sl0E 0.2564 0.0335 0.0388 0.0509 N/A N/A 0.0908

SSA 0.1513 0.1675 0.0404 0.2664 0.712 0.8044 0.3966
-p FOR 0.0018 0.0362 0.0822 -0.5248 0.4668 0.198 0.2981

Meterogenelty Test
OS(AFW) OT(AFW) OS(EPS) OT(EPS).OS(NPCI) QS(RCIC) QT(AFW+EPS)

EF0/100 0.015 0.3371 0.8926 0.2589 N/A N/A 0.7046
SSF 0.8344 0.9558 0.5656 0.0738 N/A N/A 0.0906

SIGE 0.794 0.2851 0.8609 0.9193 N/A N/A 0.7762
}

stA 0.3159 0.3916 0.3759 0.9437 N/A N/A O.8574
POR 0.6300 0.3714 0.0644 0.091 N/A N/A 0.2195

;

Test Agelnet Zero correlation
OS(AFW) QT(AFW) 0$(EPS) QT(EPS) 08(NPCI) QS(RCIC) QT(AFW+EPS)

EF0/100 0.0271 0.4465 0.4522 0.3 775 0.824 0.8879 0.843
SSF 0.7267 0.657 0.6703 0.1346 0.6081 0.4796 0.1423

81GE 0.6877 0.4695 0.9633 0.9803 N/A N/A 0.9058
$$A 0.4133 0.4343 0.5388 0.8998 - 0.3728 0.2666 0.4959
FOR 0.7536 0.4751 0.1161 0.0094 0.6129 0.841 0.1404

!

Key S$()e Byetem Unevellability; GT()* Train Ave, unevellability ; N/Ae Not Applicable

case, the " row" variables lead the " column" variables by 4 quarters (one year)
~

as identified in the tables by the " lag minus four" description. A complete
set of tables is provided in Appendix G.

The table.s of across-plant averages (Tables 3 and 5 and similar ones in '

Appendix C) represent some compression of results but not enough to resolve
the simultaneous testing issue discussed in Appendix F. We restricted our in-
vestigation further by comparing the Set 2 variables with only the SSF vari-
able in Set 1 and only looking at those values when the unavailability indica-
tors (Set 2) lead the SSF indicator. This results in 20 statistics. Inspec-
tion of the tests for " heterogeneity" reveals significance values ranging from
0.09 to 0.96 whereas the significance for " tests against zero correlation"
range from 0.09 to 0.86. Considering the number of statistics investigated,
these significance values are also uninteresting for similar reasons as those ,

noted previously.
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7. DATA ANALYSIS: LESSONS LEARNED

In this section, we highlight some of the lessons learned through the
course of this study. We provide our assessment of the data collection pro-
cess, our judgments as to why we focussed on specific systems, and the via-
bility of other data sources besides the records archived at plants. We also
amplify why we consider it important to include undetected downtime in the
calculations for the SSFT indicator and why we chose the averaging schemes em-
ployed instead of other average approaches such as those presently employed in
trending the current set of performance indicators.

7.1 Data Collection Process: Lessons Learned ;

The results presented in the report are based on examining approximately
25 plant years of operating data. These data were largely culled from reading
the operators' logs at eight plants. Primary emphasis was in extracting down-
time information for trains within specific safety systems. Where possible,
information within operators' logbooks and LCO logbooks were supplemented with
the plant's maintenance work requests (MWRs), Technical Specifications and
system diagrams, as well as reliability data each plant provides through the
NPRDS, and performance data each plant gives INPO. Data from the NRC's cur-
rent performance indicator tracking databares were also employed in this
analysis.

Extracting train downtime information from operator daily logbooks was a
tedious process, especially when information had to be obtained from the
plant's archives. Because each plant has its own way for maintaining and re-
cording information, and since each operator within a plant has his own style
of inputting daily plant status, the data collection process and analysis had
to be geared to each plant's mede of operation. As such, the quality of data
extracted and the subsequent analysis may not have been as consistent as one
would like.

Data collection difficulties notwithstanding, the results obtained using
indicators of safety system unavailabilities appear to provide a meaningful
tracking and auditing tool. Causes for changing performance of selected
safety systems can be investigated to identify the underlying reasons.

7.2 systems Trended: Lessons Learned

During this validation process, we also found that investigating two or
three systems (e.g., for PWRs: EPS, AFWS, and possibly HPI service water; for
BWRs: FPS, HPCI, RCIC, and perhaps Residual Heat Removal) was sufficient for
validating the indicator and ascertaining significant trends. For the other

, important safety systems proposed in SECY 88 103, the train failures occurred
! too infrequently to provide useful trends.

|

|

|
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7.3 Data Sources: Lassons Laarned

To possibly circumvent the tedious data collection process and to help
plan an implementation strategy for trending the SSFT indicator in the future,
this project also explored 'the usefulness of employing industry's component
failure reporting system, NPRDS, as the prime source of downtime informatiou.
Although comparative results obtained from using NPRDS in lieu of plant
records are not conclusive, several concerns in using NPRDS have been raised
throughout the course of this study. Foremost is the concern that not all
utilities report regularly to the NPRDS, although the number and quality of
reports has been increasing. Another concern is the accuracy of the restora-
tion time reported to NPRDS, which is critical for determining the downtimes
of safety system trains. A few of the recorded restoration times seen in-
ordinately high. Also, it was sometimes difficult to extract from the NPRDS
narrative an indication of the component or system train associated with the
particular. event. On the contrary, operators' logs' identify when components /
trains within safety systems are down in order to help plant personnel manage
and control requirements imposed through Technical Specifications. However,
sometimes operators' logs were unclear as to whether component failures were
severe enough to cause loss of train function. Further work involving the use
of NPRDS as a source of.dsta for calculating the SSFT indicator is currently
planned along with collecting data from plants that maintain particularly good

*equipment histories.
'

Comparisons between the SSFT indicator and INPO's Safety System Perfor-
mance (SSP) indicator are also. inconclusive, largely due.to the short time :

period since INPO implemented the SSP indicator. In some instances, plant ,

records containing data for calculating the SSP indicator, which were subse-
"quently given to INPO, were inconsistent, largely in estimating the undis-

covered downtime of safety system trains. Our results have shown that undis-
covered downtime can be as important an ingrediant as the observed downtime in
determining significant trends and levels in system performance.

However, examination of the usefulness of INPO's approach for calculating
safety system performance is currently planned. Retrogressive analyses will
be performed, and comparisons in trends between the SSFT and SSP indicators
will be made utilizing data at those plants that are considered to have par-
ticularly good records on equipment histories. ;

7.4 Uncertainties in Determinine Undetected Downtime Contributionst
Imssons Learned .

In our calculations observed train failures were assumed to have occurred
midway between the time period the train was last observed to be operational
and'the time it was discovered failed. Usually, this downtime period was
equated to one-half the surveillance test interval imposed by tech spec re-
quiremente on specific components whose failure would render the train of the
system inoperable. Granted, this piece of information on standby components
cannot be extracted from "hard" data. However, by assuming the train failed
midway between demands placed on this train (operational demands or test de-
mands) we are employing in the calculation procedure for the indicator a
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measure of the expected value of the time of failure that assumes the proba.
bility of failure within the interval is small (e.g. , less than 0.1). The'

same approach is normally used in reliability / unavailability analyses and
hence the approach is consistent with the usage of the data employed. There
are those who may question the use of observed data, (e.g. , numbers of compo-
nent failures, the time taken to repafr components, etc.) with assumed (not
observed) information, e.g. , the overall time a standby component may have
been in a failed state prior to failure discovery (i.e., the undetected down-

>

time). However, we consider it extremely important to include undetected
downtime associated with failures, even if it has to be provided as an esti-
mate to an expected value. If this additional factor was not included with
measurable downtimes, then' failures would be counted equally as other
. maintenance / test activities in determining train / system unavailabilities. We ,

feel that this would not only give an incorrect unavailability measure, but it
would also penalize the benefits ascribed to maintenance. From a trending
point of view, maintenance downtimes will tend to convey the same deleterious
effect on system unavailability as failures. In our judgment, penalizing-
maintenance activity (maintenance downtime for predictive, preventive, and
corrective actions) is not only incorrect but it can have potentially the
negative effect of causing maintenance to be reduced when it should not be re.

I' duced, assuming a system performance trending strategy were in place. Preven-
tive maintenance downtime trends would have the same effect in assessing un-
availability as times required to repair components.

But, if undetected downtimes are included for failures and trended ac.
cordingly, contributions from failure occurrences would be more heavily
weighted then contributions due to maintenance activities. This is because
total downtime due to failures (detected plus undetected) is generally much
larger than the downtimes associated with maintenance and the undetected con-
tribution is generally larger than the detected contribution. By performing
maintenance regularly and effectively, failures are reduced and hence unavail- *

ability is reduced. It is only when the maintenance downtime becomes inordin-
ately large (as compared to the total failure downtime) that maintenance dom-
inates the unavailability thereby providing an indication of ineffective main-
tenance.

7.5 Averatine Procedures Emnloved: Lessons Learned
t

in Section 3, a three downtime quarter averaging procedure was employed
for calculating and trending the SSFT indicator. Rocall that this entailed
the formulation of a running average indicator where past history covered the
previous three yearly quarters that contained non zero downtimes for a system
train. The unavailability is calculated by dividing the downtime in these
past three quarters or however many quarters are required to have three
quarters of non zero downtime, by the cumulative critical operating hours.
This downtime quarter-cycle averaging process is a modification of an approach
described in Reference 6. Other averaging schemes, using one- and two.
downtime quarters were explored and discussed in Reference 8. Also reported
in this reference are system unavailability trends, obtained by taking one
quarter and four quarter run averages regardless of whether quarters contained
train downtimes. All these averaging approaches utilized the same data listed
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in Appendix H. The results presented show that indicators which average
downtimes (i.e., cycle based) are better for smoothing than indicators which
simply' average quarters (e.g., four quarter running average). Comparing one.
cycle, two cycle, and three cycle results indicate that the three cycle scheme
exhibits the best compromise for smoothing the observations without masking
out significant trends in the indicator of system unavailability. Of course,
when there are few quarters with zero downtimes then the cycle based indica-
tor yields nearly the same results as the quarter running average indicator.'
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8. SUMMARY / CONC 111SIONS

This report is a summary of work conducted on the validation of the
safety system function trend (SSFT) indicator. This indicator provides a mea- '

aure of the unavailability of important safety systems and is considered to be
more responsive than just counting those instances of complete system inopera-
bility.

Validation of this indicator of unavailability for relected safety sys-
tems-has been based on three aspects:

a theoretical basis, employing risk and reliability approaches,.

which show that this indicator can be directly tied to plant safety
performance,-

an empirical basis, employing powerful statistical tests and data.

smoothing techniques for analyzing significant trends and levels for
alert, and

case studies which resorted to analyzing approximately 25 plant.

years of historical data on equipment performance.

The case studies in Section 3 have shown that indicators of unavaila- i
bility of important safety systems convey a significant amount of information
through their magnitude and their ability to identify significant time trends.
The capability of the indicator is encouraging and appears to provide a mean-
ingful tracking and auditing tool for evaluating key factors of plant safety
performance. In Section 4, an example calculation is presented which shows
that the SSFT indicator for a selected safety system correlates with the num- |ber of failures of that system. '

F

1- The inclusion of both discovered and undiscovered downtime in the ap-
'

proach is considered valid; it has been shown that undiscovered downtime can
be a significant contributor to unavailability. If undiscovered downtime were i

not included, then downtimes due to component failures will essentially have
the same weight as downtimes due to preventive maintenance. We conclude that
if such an indicator (not including undiscovered downtime contributions) were
implemented then the purpose of performing maintenance would be lost since
downtimes and frequencies associated with preventive maintenance activities
have equal weight in the indicator calculations as unavailability contribu-
tions associated with repair of failed components.

Because the SSFT indicator is risk-based, corresponding tolerance bounds
can be determined that also have a risk basis. Sections 3 and 5 highli ht how6
these tolerance bounds can be calculated based on risk measures which thereby
provide a framework for interpreting the observed levels in system unavaila-
bility. For example, one of the case study plants shows the SSFT indicator
trend and level for several quarters before and after an event involving loss
of feedwater. Before the event, the level of the average. train unavailability
for AFWS was well above the tolerance bounds for this system. We conclude
that this kind of indication over the several quarters could have triggered
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some corrective action to be taken if this information had been monitored. In~

'another case study example, the SSFT indicator shows that system performance
has irproved. In particular, actions taken by Plant 1 af ter a major shutdown
beginning in the second quarter of 1986 seem to corroborate improving trends
depicted by the SSFT indicator.

Causes of significant trends and causes of high estimates of system un-
availabilities beyond tolerance values can then be investigated to identify
practical corrective measures. or conversely, sound engineering practices.

Correlations between the SSPt indicator and the set of indicators cur-
rently trended by NRC, as discussed in Section 6, produced uninteresting re-
suits. This was largely due to the type of analysis performed in attempting
to develop correlations using quarterly averaged information for both sets of
indicators. We recommend that different statistical approaches, possibly
using non-parametric statistics, be further explored as was done in Reference
9.

Lessons were also learned as a result of the effort spent in collecting
plant historical data, in analyzing that data, and in examining the utility ;

and practicality of other data _ sources, such as NPRDS. Indeed, the process |
required for collecting and analyzing historical data' from plant records was

'

found to be tedious. However, we feel that this is largely due to how each
individual plant records information on the downtime of trains, the varia-
bility in operator's logs associated with how each operator individually
records daily system status, and the quality and level of detail with which

withstanding, the power of the SSFT indicator, as presented through this. Not-
each of the plents surveyed maintain information on equipment histories.

study, suggests that further analyses be conducted using data from plants pur- 4

ported to have good records on equipment histories. These data can then be
used to further benchmark the amount of uncertainty inherent in the SSFT indi-
Cator.

Based upon lessons learned through the efforts in analyzing train-level
unavailability data, it is further recommended that existing databases such as

'

those maintained by the nuclear industry, e.g., NPRDS, be further examined in
parallel with analysis performed using historical records maintained at
plants. We also recommend that data obtained from these plants be used to
perform similar retrogressive analyses, as documented in this report, to com-
pare trends in the SSFT indicator and INPO's Safety System Ferformance Indica- !

tor.

Our preliminary analysis regarding the utility of NPRDS, in lieu of using|

!historical data at plants, tends to indicate that NPRDS would be difficult tol'

l' use unless changes are made in the NPRDS reporting system. It would have been
b very helpful if component data reported to NPRDS included information that
p could readily identify the system trains in which these components are
|- located.
{

-50-

--



- . -. .

!

|
;>

,

!

Because. of the encouraging results obtained, we summarily recommend- that i

these risk based indicators be further pursued in terms of understanding their
,

properties.. The indicator of Safety System Function Trends appears to be a
valid indicator of plant safety performance. Probabilistic Safety Analysis
(PSA) logic shows that this indicator is directly related to plant safety per-
formance. This hypothesis has been validated, through utilization of plant
historical data, by showing that the indicator correlates with safety system i
failures. Furthermore, the indicator detects trends in plant safety perfor.
mance faster than safety system failures. Statistically significant trends
and levels in the indicator can be discerned and used to help recognize
whether or not improvement programs are effective in improving plant safety
performance. In this context, the underlying causes of the trends observed
should be pursued and broader applications carried out.

;

*
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Because of the encouraging results obtained, we summarily recommend that
these risk based indicators be further pursued in terms of understanding their
properties. The indicator of Safety System Function Trends appears to be a
valid indicator of plant safety performance. Probabilistic Safety Analysis
(PSA) logic shows that this indicator is directly related to plant safety per.,

formance. This hypothesis has been validated, through utilization of plant
historical data, by showing that the indicator correlates with safety system
failures. Furthermore, the indicator detects trends in plant safety perfor-
mance faster than safety system failures. Statistically significant trends
and levels in the indicator can be discerned and used to help recognize
whether or not improvement programs are effective in improving plant safety
performance. In this context, the underlying causes of the trends observed
should be pursued and broader applications carried out,
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APPENDIX A. CASE STUDIES: DATA TABLES

<

The first two tables on the following pages present the results for Plant
1. In Table A-1 for the AUX FEED system, the downtime hours per quarter per
train (DWNA, DWNB, DWNC) include the detected plus undetected downtime hours.
Undetected downtime hours occur only when a failure (loss of function) of the
train is discovered; the undetected downtime hours are calculated as one half
the interval from the last demand or test of the train. The aggregated train
unavailability (summed over the 3 trains) and the average train unavailability ;
are also listed in the table. The data shown in Table A2 for "EPS" follow 1

similar lines; other information presented corresponds to definitions pre-
sented in Table A3. Plant 2 data (Tables A4 and A5) follow similar lines, ex-
cept AUX-FEED is a two train system.

The results for the AUX-FEED systems of Plants 3, 4, and 5 follow in
Tables A6 through A8. These results are grouped together since the plants are !

similar and the data were obtained from similar data sources. Table A6 con-
tains additional data because the turbine pump train (DWNT) and the electric

1motor pump trains (DWNA, DWNB) were separately analyzed.

1

I

|

|

'1

|

l

1

l

1
l

1

I
1
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Table A.3

' gEFIstTIONS OF LAgELS INED IN TRE TRAIN
AfD SYSTBt INIAVAILAgILITY TacLES

Lebet mese Lebet Description' Lebet mese Lebet Description

3 AVERAGE 3-Cycle running Average for CRITICE NOURS mours of plant operation for
'

the 3-trein or 2-Train aggregate the current gsorter

3 AVG./TRAlm 3-Cycle Running Average per train Opet. CRIT. MRS. Total ensiher of hours of plant
for the 3-train er 2-trein escrosate operation to date

(PER TRAIN)*3 The ciee of the 3 AVG./ TRAIN GOWN TofR musher of hours ett treiney
g the 2-trein escrogate were densi

i
ABB 3 AVG./ TRAIN 3-Cycle Rtsming Average per train suma muuber of hours trein *m"'

for the 2-trein escrogote uno doun

i AAB DOWN TOTAL m W of hours traine Ass T 3 Ave. 3-Cycle Running Average for
were down trein T

; ,

'

ABS (PER TRAIN)*2 The ogsere of Ahs 3 AVG./TRAls . mA mot applicebte; not cetendeted ese to
sero "CRITICE NetstS* In the gsorter,

AAS(PER TRAIN)*2 * T The preeset of ABB (pea TaAle)*2 er aero * gest TotK* for that gsorter.

with T 3 AVG.

i

i

h

:
i
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Table A.4

PUMIT 2: AIM-FEED
~

yeast sunRTER OtITICAL NOURS G801. OtIT. MS. DiaII 01A12 Detal TOTAL 3 MEstn9E 3 MC. / TMia (PER TM in T2

83 83-2 2184 2184 83.42 397.00 480.42 2.20E-01 1.10E-01 1.21E-82

83-3 940 3124 361.33 6.55 367.88 2.72E-01 1.36E-01 1.86E-82

83-4 2116.3 5240.3 6.30 29.82 36.62 1.09E-01 8.44E-02 7.13E-85

84 84-1 1915 7155.3 35.55 321.27 356.82 1.53E-01 7.66E-02 5.88E-95

84-2 2184 9339.3 42.88 13.42 56.30 7.24E-02 3.62E-02 1.31E-55

84-3 1747 11086.3 45.72 -21.33 67.05 8.21E-02 4.11E-02 . 1.60E-85

84-4 0 11086.3 0.00 0.00 0.00 sin - m sin

85 85-1 1741 12827.3 83.41 456.92 540.33 3.10E-01 1.55E-01 2.41E-02

85-2 1484 14311.3 111.47 389.88 501.35 3.23E-01 1.62E-01 2.61E-SZ

85-3 0 14311.3 0.00 0.00 0.00 en an an>
4 85-4 0 14311.3 0.00 0.00 0.00 lin an an

. 86 86-1 0 14311.3 0.00 0.00 -- 0.00 let an m
86-2 0 '14311.3 0.00 0.00 0.00 . En M 11 4

86-3 0 14311.3 0.00 -0.00 0.00 11 4 11 4 en

86-4 0 14311.3 0.00 0.00 0.00 sin ist Isa

87 87-1 1969 16280.3 150.25 504.95 655.18 3.35E-01 1.66E-01 .2.77E-02

87-2 1284 17564.3 119.17 98.60 217.77 2.68E-01 1.34E-01 1.80E-02

87-3 1894 19458.3 0.00 0.00 9.00 11 4 an sin

87-4 2165 21623.3 270.12 156.27 426.39 1.78E-01 8.88E-02 7.89E-05

88 88-1 1556 23179.3 3r.75 391.58 429.33 1.56E-01 T.78E-02 6.05E-85

88-2 11 4 11 4 11 4 IIn sin sin an en

:
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1
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Table A.6-

_

PUWIT 3: auk-FEED
-

TEAR M WtTER CRITICAL NOtR$ OM. CRIT. luts. ~ IMI4 IME IMIT ARS 0018f TOTAL 801A1 TOTAL 3 AVERAGE 3 AVE./ TRAIN (PER TRAIN)'3
=

85 85-1 2157 2157 0.18- 0.13 362.10 0.31 362.41 1.60E-01 5.6ff-02 1.75E- M s

85-2 2149 4306 0.30 0.22 0.00 0.52 0.52 8.43E-02 2.81E-02 2.22E-05

85-3 2208 6514 380.71 7.98 493.65 388.de 802.34 1.91E-01 4.37E-02 2.59E-04

Y 85-4 1939 8453 0.00 0.00 6.31 0.00 6.31 1.4?E-01 4.71E-02 1.04E-M ' '
.

86 86-1 1041 96M 0.00 0.00 0.00 0.00 0.00 11 4 m M"

86-2 1134 10628 0.00 0.00 36.05 0.00 36.05 1.46E-01 4.88E-02 . 1.1dE-M

86-3 1949 12577 366.65 366.25 362.17 732.8B 10F5.05 1.00E-01 6.2SI-02 2.49E-04 - - t

86-4 1825 14402 0.15 0.85 15.62 1.00 16.62 2.34E-01 7.79E-02 4.74E-04

87 87-1 1856 16258 373.40 0.00~367.00 373.40 740.40 3.29E-01 1.10E-01 1.32E-05

87-2 2142 18420 0.12 S.00 0.00 0.20 0.20 1.30E-01 4.32E-02 8. Set-05

87-3 1522 19942 0.00 0.00 0.00 0.00 0.00 as a4 m -

87-4 1374 21316 5.3 0.00 0.00 5.3 5.2B 1.0E-01 3.aEE-02 4.88E-05
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APPEND 1X 8. STATISTICAL TESTS AND TOLERANCE SOUND CONSIDERATIONS

Kendalls' r test was applied to the original data points, i.e., the total )
train downtines/ quarter (the *DOWNTOTAL" column in the data sheets provided in f

Appendix A) was used to test for significant time trends. A trend was con-
sidered significant if the significance level was less than 0.05.

|
IApproximate tolerance bounds (at the 956 level) were calculated as 2

standard deviations from an unavailability goal value of $(10)*8/ train for the i

AUX FEED systen and 1(10)*8 for the EPS. For these case studies, estimates of :
'

the standard deviation were obtained though - . imates of the standard devia-
Ition of the logarithms of the train unavaile: ties (a test for los normality

'

did not reject the hypothesis). These standard deviation estimates were then
applied to the Soal value.

A less approximate approach for determining tolerance bounds is described !
in Appendix E. |
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APPENDIX C. SELECTION OF SYSTEMS IX)R UNAVAILABILITY INDICATORS

'the following considerations were taken into account in selecting thej;
safety systems for implementation of unavailability indicators.

I

1. The change in core melt frequency as a result of a change in system
unavailability /unreliability was to be comparatively significant.,

'
that is:

L 8P(CM)/8P(Sg) - Comparatively larg*

where #P(CM) is the core melt frequency and P(Sg) is the overall un. |
reliability and unavailability of systes S .t

2. The change in system unavailability /unreliability as a result of a !

change in s train within the system was to be comparatively large. |
'

that is:
,

k ;

[ 8P(S )/8P(T )) - Comparatively large,
'

g g
j-1 i

!
:

where the system is composed of k trains. |
I

The final selection criterion used for identifying the safety systems is
given by:

k

[ 8P(S )/8P(T )) |M - 8P(CM)/8S e
g gg

J-1 r

(
The quantity M was calculated for various safety systems for two Bk'Rs (Crnnd i

| Culf and Limerick) and three Pk'Rs (Arkansas Nuclear 1, Calvert Cliffs, and t

( Oconee 2). The average M values for various systema for the two Bk'Rs and
three Pk'Rs were then calculated and are given in Table C.1.

Generally, the M values are large for those systems which have the fol. *

'
loving attributes:

t

1. large impact on core melt frequency, f
:

2. small number of redundant trains or large unavailability /unrelia. |
bility for each train, and ;

i
*

3. systems with large common mode contribution.
|

,

C1 ;
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t
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ITable C.1. Trending Importance Measures for Safety Systems i
i

|
!PWRs EWP.s

Trending Contribution 1:ending Contribution !
IXAtmat Maamura (t) Systems Haag'gra (t) |

~s
APWS 9.54E.4 12 RPS 4.35E.4 14
SR/RVC 1.16E.4 1.5 ESFAS 3.28*. 4 11 i

HPIS 1.21E.4 1.5 RHR 1.25E.4 4 [
LPIS 9.98E.7 <<.1 SSWS 3.96E.4 13 i

ECCR (LPR & HPR) 1.41E.4 2 EPS/DC 2.48E.4 8 |
SWS/ESWS 2.32E.3 29 EPS/AC 1.05E.3 34 :
EPS/DC 1.75E.3 22 ADS 1.98E.6 <<1 [
EPS/AC 2.29E.3 29 RCICS 2.93E.4 10 !
RPS 2.74E.4 3 HPCS/HPCI 1.86E.4 6 ,

NHSWS 1.32E.5 <.1 LPCIS 1.28E.6 <<1 |

LPCS 6.69E.7 <<1 |
-

|
!

The final systems selected for BWRs and PWRs are given in Table C.2. '

These systems account for about 90% of the total core melt frequency change. |
that is: L

I x/I x = 0.9 :
a-

i iselected all
systems systems

i

Therefore, these systems are proposed for short. term implementation of un.
availability indicators, j

i

Table C.2. Systems selected Based on Trending Importance Measures

EEE REE

Auxiliary Feedwater System (AFVS) Reactor Protection System (RPS)

High. Pressure Injection System (HPIS) Standby Service Vater System ($$WS)

Emergency Service Water System (SSW/ESW) Emergency Power System.DC (EPS/DC)

Emergency Power System . DC (EPS/DC) Emergency Power System.AC (EPS/AC)

Emergency Power System . AC (EPS/AC) Reactor Core Isolation Cooling
System (RCICS)

Reactor Protection System (RPS) High Pressure Core Injection
System (HPCS/HPCI)

C2
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APPENDIX D. BASIC MEASURES OF

EQUIPMENT / SYSTEM PERIVRMANCE AND CA14U1ATION PROCEDURES
I

i

Ingggduc tion

Two basic measures of equipment and system performance are availability
and reliability. In failure space, these two basic measures can also be ex.
pressed as unarailability and unreliability. Unavailability is measured by |
the number of hours the equipment is down in a given period. Unreliability is !
measured by the number of failures in a given period. Unreliability and un. j

availability measure different aspects of equipment performance. Equipment i

which fails often but is quickly repaired has a low reliability and a high {
availability, whereas equipment which fails infrequently but remains down for j

a long period has a high reliability and a low availability. |
,

both reifability and availability are important to safety and risk. The !
equipment must be available to perform its function, and it must be reliable l
to actually carry out its function. Availability thus measures whether the j

aquipment is up so that it can perform its function if called upon and relia. ;

bility measures whether the equipment can carry out its function without i

failure,
i

amaic Mansures of Unreliability and Unavailability !

Unreliability is measured by the failure rate r defined by: ,

r - Number of failures / Time period.

Unavailability is measured by the fraction of the time period when the equip. |

ment or system is down (q) and is defined by:

q - Downtime hours / Time period;

in this case, normalization according to number of critical hours in the time
period is generally performed. ,

i

The downtime hours include all contributions to downtime, not only from
failures but also from corrective and scheduled maintenances as well as un.
detected downtime contributions.

Unavailability q can equivalently be measured by the downtime frequency a
and average downtime duration d:

q - ad

n - number of downtimes / time period
t

d - downtime hours / number of downtimes j

D1
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The unavailability can also be decomposed into its contributions:

q - (ed) failures + ("d) corrective maintenances
(6)

+ (ed) scheduled maintenances + ****

The unavailability and unreliability of a piece of equipment is usually time
dependent. For example, as equipment ages, the failure rate and hence the un
reliability can increase but the unavailability may remain constant. However,
in some instances, aatntenance effectiveness can cause the equipesnt failure
rate to decrease by eliminating failure causes.

To better understand the relation between unavailability and unrelia.
bility in terms of failure probability for a component or a system to perform
Sts function we provide a simplified example.

For a component with a periodic test interval of 0, we observed n fail.
ures in a time period, T. We also assume that the occurrence rate of failure
causes does not vary with the status of the component. For example, the prob.
ability of failure cause to occur during the standby mode would be the same as
the failure occurrence probability during startup and operation of the compo.
nent. This assumption is valid especially for cases where a component is
over designed (large built in safety margin), such that the additional stren.
ses caused by startup and operation would not increase the failure rate of the
component. This is usually the case for safety components in nuclear power
plants.

If the component is to start and operate for a period of s , the proba.obility of not performing its function can be expressed as:

p - q + reo ,

where q and r are the unavailability and the unreliability indicators (or mea.
sures) for the component. Now if we assume that a system is composed of two
redundant trains or components, the probability that the system fails on de.
mand can be expressed by: ,

|

P, - qtq2 * 'O (# 91 2 + # 9 ) + ''*21 *

or

p, - Q, + 00 R, + sot ,

where " sot" stands for small second order terms.

Therefore, unavailability and unreliability indicators for the system are
respectively:

Q,"9912 '

and

D2
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!
|
|

R, - r q2 * # 921 'g

The associated equations for various system configurations can be com- |

posed accordingly. ]

In general, to understand the behavior of unavailability and unrelia.
bility, these quantities need to be tracked over time. The formulation of un. j
availability and unreliability discussed earlier allows one to determine the :

capabilities for tracking various quantities vs the level of information col. !
lected. The following table presents various options for data collected vs j

performance measures evaluated. Therefore, the minimal information require.
ments for tracking both unreliability and unavailability measures of a piece ,

of equipment are to collect the total obsetved dovntine and the number of
failures in the period. If the failures are not recorded then the equipment
failure rate and hence its unreliability cannot be measured. In addition, if
failure downtimos are not recorded then their contribution to unavailability |

(which is usually significant) cannot be included. On the contrary, classify.
ing all downtimes as failure. caused will result in significant overestimation
of both the unavailability and unreliability. This type of classification of
downtimes sould discourage effective maintenance and may result in a negative ,

impact on safety through misleading feedback. Hence, failures need to be dif. |
forentiated from other types of maintenance downtimes and failure durations !

should be weighted differently than other factors that lead to component down.
times. [

Table 1. Data collected vs Performance Measured

Data Collected Performance Mecsured
>

Observed downtime in a period Equipment unavailability from repair
times and maintenances

t

I

Observed downtime and the number Total equipment unavailability from'

of failures the sum of failures, repair times,
and maintenances

Equipment failure (unreliability)
.

Maintenance effectiveness

Times of downtimes, causes, and Detailed equipment unavailability
downtime durations and unreliability

'
Detailed maintenance effectiveness

D3
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Igigators vs Measures

In the previous section, the basic concept and formula for measures of
unreliability and unavailability were discussed. Messures are statistical
quantities (random variables) that usually change with time. Therefore, at
any instant of time, measures can be described by a certain probability dia.
tribution function with some parameters (e.g., means & variance) that depend
on that instant of time. If the measures were time invariant, their distribu.
tions and the associated parameters are constants (not changing with time),
then indicators could be established to provide estimates of the parameters of
these distributions with certain confidence levels. Furthermore, one could
establish empirical distributions of these measures given a set of data
(obse rvations) .

For a measure with a time invariant distribution (sometimes called
ergodic stationary process), the mean of the measure can be estimated by a
time average or a running average indicator.

'An indicator of the mean for a measure which does not vary with time is
usually the most efficient when the indicator is the running average of the
measure. Efficiency is measured by the variance of the indicator (the smaller

!

| the variance, the more efficient the indicator )'
{

Therefore, there is a distinct difference between a measure and an indic. I
ator as described in the above example. An indicator estimates a parameter of Ithe distribution of a measure.

|

Unfortunately, measures are not usually time invariant, so indicators
need to be defined to show the variation in the parameters of the measurea f

,

with respect to time. For example, one may wish to define an indicator which :
is sensitive to a change in the mean of a measure. This indicator may not t

,

necessarily be the same as those indicators that were defined earlier for es-
|timating the mean of a time invariant measure. ;

i
In the above two examples, one can distinguish between two types of indi.

cators of time independent and time dependent measures. For the time indepen.
dent case the running average is an indicator of the mean. That is, at any
point, it estimates the mean of the measure without bias and, depending on the
distribution of the measure, it may have minimum variance in the class of all
unbiased estimators. In the time dependent case, the running average is not a
good estimator of the mean becaune it'does not respond quickly to changes in '

,

the mean over time. In this project, sometimes we call the earlier indicators i

monitoring indicators and the latter trending indicators. There are various ;
; types of indicators for trending and monitoring. Some of these indicators

have been discussed in the previous reports. ,

,

D4
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Strainktfarward Indicatara From Minimmi fnfermation Ranuirementa

For a time period (e.g., a quarter of a year) the minimum data collected
for each train is:

4 - total observed downtime, and

f - number of failures.

m most basic indicator of train unreliability or failure rate r can be

calculated by the running average:

r - (f+F)/( A4L) ,

where:

F - the total accumuisted failures up to the last time period, and

L - the total accumulated time period excluding the last period (2).

We will show that this indicator will uot be a sensitive trending indica.
tor because it retains the whole history with no attenuation. A modified in.
dicator can be established by attenuating the retained history, hence reducing
the inertia and creating a more sensitive indicator of unreliability. This
modified indicator is established according to the following procedure.

The retained history for each train consists of 3 numbers, the accumu.
lated failures. F, the accumulated downtime, D, and the accumulated observa.
tion time, L.

The indicator calculations for the nth period, F , D * ""d l are updatedn n n
according to the following formulas:

F *I + a F,,g .n n

D, - d, + fg U + a Dn+1 '

L, - A +"b ( )
n n1

where i , d *"d i are the number of failures, the cumulative observed down.n n n
time, and the number of critical hours in the nth time oeriod for a specific
train, respectively. The factor, o, is arbitrarily taken to provide an atten-
uaticn factor for the past history. This factor can be varied between zero
and one. The average undetected downtime, U, is assumed to be one half of the
periodic test interval.

Justification for this factor was obtained through simulation studies.

D5
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The indicators of unreliability and unavailability of a train then can fsimply be determined using the following equations:
!

i
- F,/Lr *n n

!
9 - D ,/1, *n n

In this report the focus has been on trendir<g system / train. unavailability.
.Procadure cuide for Indicator inclementation
:

This section discusses the various steps employed in the data collection i
and analysis efforts. The basic steps are: *

One Time Information Osthering,

Data Collection Procedure, and

Initial Values for Indicators and Quantification.
One -Ti me Information Catherine i

i

This section describes the type of informatter that needs to be gathered
prior to the actual data collection phase. These are:

1. No. of trains in the system and one line diagram,
,

2. Periodic test interval for trains or each train if they are differ-
ent, and

3. The success criteria of a system in terms of the number of trains
(or different success pt.ths) |

The number of trains in a system usually is straightforward information j
that can be obtained from the plant FSARs. In some cases (such as RPS), a '

system is composed of several sections with different number of redundancies
(or trains). In these cases a one line block diagram is needed of the system
with the trains properly identified.

The success criteria of a system in terms of the number of trains (or
different success paths) can be identified by reviewing either the vendor or
plant specific accident analysis report. If a system has several success
criteria for different initiating events, all of these success criteria are to
be documented, even though the most stringent one will be used for short term
implementation.

The collected information on the system configuration and the success
criteria of the system is to be translated to the proper unreliability and un-
availability equations for the system indicators. It shall be noted that if
no data vill be collected on multiple simultaneous train outages, the asso-
ciated terms in the equations can be deleted.

D6
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Data Collmetion Procedura

The simplest form of data that can be collected for initial applier. tion {
of the unavailability indicators is the total number of failures ar.d tocal
downtime period for each train of a safety system. However, the indicators i
that are estabitshed based on this level of data cannot account for dependency
betwee trains. Therefore, the next level of detail in data collection is to !

report the data on multiple train failures and downtimes in addition to single
train failures and downtimes. This would allow the indicators to be more re.
sponsive to changes of system performance due to dependent failures. During [
this phase of the project this level of detail was not fully pursued. |

|

The response time of the indicator can be reduced (become more respon. |
sive) if the period based (i.e., quarter based) indicators are substituted by j
cycle. based indicators. However, this necessitates that in addition to train

,

failures and downtime durations, the times at which failures or downtimes oc. j
curred must also be reported.

,

t

The predictive and trending function of Indicators can be enhanced if one i

ioentifies t.he cause of the failure or the downtime as well as the specific
component within the train. This work is also planned to be performed in the '

,

future.

During this phase of the program, the implementation of the unavaila.
bility indicators required, as a minimum, data collected on the total downtime
hours and the total number of failures of each train per quarter. It was also i

desirable to ascertain when multiple trains were down. ,

initial Values for Indicators and Quantification

i

The indicators in this report start with an initial value of zero assumed
for L F, and D. The indicators are expected to perform poorly in the first 4
to 5 quarters (i.e. , they may jump up and down, mostly the result of their i
large variance) until enough history has been established. '

| An alternate approach is to modify the indicators by providing some ini.
'

tial, non zero valves for L, F, and D, thereby helping to reduce the variation
in indicators at early quarters (these will be referred to as modified indica.

tors). If the initial values for F L, and D are denoted by F , L,, and D , ;

the modified indicator can be written in terms of the original, indicators aso ;

follows: i

Dg-D + n"D,

L* - L *
n o

Fg-F F,+
n

D.7
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|

| where (*) represents the modified indicators that include initialization, and
is the history attenuation factor which is suggested earlier to be 0.75.

! The unreliability and unavailability indicators can now be written in
!

termsofF,*,L*,andDg,inthesamemannerasbetore. For example, the un.
p reliability indicator at the nth quarter can be written as:

rg - F,*Ag - (r, + (, r,) / (1 + ( ,)
where

1

(,- o" . L,/L,
Themeanandvarianceofthemodifiedunreliabilityindicators(pg,eg)

| in terms of the mean and variance of the original unreliability indicator
(#n' 'n) can be written as follows:

'

!

pg - un /(1 + (n + I r,/(1 + (,) |
,n

|

ag - an /(1 * I ) * 2I #o#n /( *I) 'n n n

where i

r , = F ,/ Q
|

(n * "" L /L
|

o

To minimize the bias of the modified indicator in the mean for small n ;

(n-1 or 2), the value of r, shall be close to pt and #2 That is, the value L

of r, is to be the best estimate of the mean of the unreliability indicator.

To assure that the effect of initialization is diminished when a moderate i

amount of history is established, the value of (n at that quarter is to be |
much smaller than 1. For example, if at n-4 the effect of initialization is i

set at 2.5%, then the value of (4 is to be approximately equal to 0.1. For j
a - 0.75 and 1 equal one quarter, this yields a value for L, equal to 4 quar. !

ters. !

i

For the short term implementation we recommend the following initial val- t

ues: -

t

L, - 4 quarters, ,

F, - The expected number of failures for the train from the generic re. i
liability data, and s

.

Do- The expected annual train downtime from the generic reliability
data.

'
,
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|
|

|

|
,

|
After the initial values are selected the quantification of the unrelia.

bility and unavaila.bility indicators using proper formula and data can be per.
formed. It is also recommended that these equations and formulas be set up in
a computerised format for each specific plant to facilitate the implementa. 'j
tion. ]

|

Unita of Indicatora and Kathada for Dianlav 1

!
For the visual detection of a trend it is important to smooth out the ,

jumps (or discontinuities) of the indicator, keeping in mind that too much ;

smoothing would be disadvantageous. There are a variety of techniques. Two '

smoothing techniques that are simple to use are described below
.

a) Running mean within a window: En this smoothing technique we could, !

for example, average three adjacent values of the indicator, that |
is'

i

r[-(r1+#n*#n+1)/3 *n

We must not extend the number of points being used too far because,
if we do, we will gradually lose the character of function we are c

trying to visualize. j

b) Running median within a window: In this smoothing technique we take i

the middle value of three adjacent values of the indicator and
present that as the current value, that is:

*
jr, - med(r ,g,r ,r ,g) ,

n n n

e.g., if at the 3rd, 4th, and 5th quarter we observe 2, 7, and 5 as
the indicator, then: ,

!

r{-med(2,7,5)-5 ;.

.

The running median smoothing can be repeated until the smoothed indicator
is stabilized (does not change with further repetitions). This type of
smootning is usually superior to the earlier one due to its robustness against

'outliers. Again, we limit ourselves to three point smoothing so as not to lose
the character of the indicator function. For the case studies presented in
Section 3, we essentially employed the first approach.

>

!
.

,
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APPENDIX E. COMPUTER A140RITHN TO CENERATE
TOI.ERANCE INTERVALS TOR UNAVAILABILITY INDICATORS

i

The algorithm requires input in the form of user responses to prompts and
also two parameters files, the component definition file and the pseudo.cutset j
file. User responses allow specification of file names as well as the attenu. !

ation parameter, the number of time periods (quarters) and the number of iter. |ations.
|

The component definition file consists of a number of records. Each
record looks like this:

:

Namo f fails corrs repairs test or this: |
Name d mu_ fails _ err _ fails mu_corrs err _corrs mu_ repairs test f

:

In these records, 'hame" is eny arbitrary component name < - 20 charac. |
ters. *f" or 'd" specify whether the component has fixed parameters or parame. i

ters coming from a distribution, and all other fields are numbers. Records of |the first type specify components with fixed parameters. In this case, the i

number of failures per quarter comes from a Poisson distribution with mean j
' fails," the number of corrective maintenances per quarter comes from a Pois. t
son with mean *corrs," the quarterly average repair time (in units of one !
quarter) comes from an exponential distribution with mean ' repairs," and the i

test interval is " test,* expressed in units of one quarter. Records of the
,

second type specify components with parameters that themselves come from dis. I

tributions. Specifically, the number of failures per quarter comes from a [Poisson distribution with a mean that itself comes from a lognormal distribu.
.

tion with mean mu_ fails" and error factor " err _ fails." Similarly, the number !
a

of corrective maintenances in a quarter is Poisson with mean coming from a
,

lognormal with mean mu_corrs" and error factor " err _corrs". The average re. ;
a

pair time in a quarter (expressed in units of a quarter) is exponential with [mean 'mu_ repairs". Finally, the testing interval (expressed in units of a
;

quarter) is ' test."

The pseudo.cutset fils has records that are best explained by the follow. t

ing three line example.

boccio * ali
'

neal
carl * neal i

In this example, unavailabilities are calculated every quarter for four
components: boccio, ali, neal, and earl. These must be defined by four

.

'

records in the component definition file. Every quarter, following the cal. f

culation of these four components, the final system unavailability is calcu. '

lated and output according to the following formula:
,

q - (boccio * ali) + neal + (carl * neal)

E1 ,

_ _ _ _ _ _ _ _ _ ._



't

Internal operation of the program: the progran is NOT a cycle based sim.
ulation. Rather, for each component in each quarter, a number of failures,
number of corrective maintenances, and an average repair time are generated.
Following this, times down due to failures and corrective maintenances are
calculated according to the following expressions:

time (fail) - nbr fail * (repair time + test /2)

time (corr) - nbr corr * repair time

' Total down. time d(n) is then time (fail) + time (corr). Following this,
smoothing is performed as follows:

D(n) - attenuation factor * D(n.1) + d(n)
>

T(n) - 1 + T(n.1)

q(n) - D(n)/T(n)

Finally, q(n) and n are output,

i

E2

,

_ _ _ _
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APPENDIX F. UNAVA11 ABILITY INDICATORS WITH |

CURRENT NRC SAFETY PERMRMANCE INDICATORS OVERLAID l
I

j
his appendix contains plots of total system and average train unavaila. jbilities at eight plants together with five of the current set of NRC PIs.

!

EfVs/1000 Critical Hours. |Safety System Failures,
Safety System Actuations,
significant Events, and

j
Forced Outage Rate, i

|

ne values of unavailability are scaled on the left axis; the current PI
]scaled on the right axis. All values represent quarterly accumulations or .

ratios. All unavailability calculations utilized a 0.75 attenuation factor. I
Quarters containing missing unavailability data indicate periods when the
plant was shutdown or data was not collected, ,
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APPENDIX C. CROSS CORRELATIONS OF R, NRC'S CURRENT SET UF INDICATORS,
WITH Q, UNAVAI1 ABILITY INDICATORS

Assume we are investigating the behavior of two indicators x(t) and y(t)
over time points t - 1, ... n, measured at several plants. A natural question
to ask regarding this data isi are x and y correlated? A simple way to in-
vestigate this questions is to calculate the correlation of x and y within
each plant. We may inspect either the correlation coefficient within each
plant, or perhaps, look at the average of the correlation coefficients across
plants.

One drawback to looking at each plant correlation coefficient is that we
are inspecting a number of statistics simultaneously. The problem encountered
is one of judging statistical significance of results. Usually we judge a co-
rrelation coefficient to ba significant if it is so far from zero that the
probability of its being tuts far by accident is, for example, less than 0.05.
If we have such an aberrant coefficient, we conclude that it is probably not
by accident; that is, x and y are actually related. Now if, instead of having

,

only one such coefficient, we had 100, then about five of them would be "sig-
nificant" at 0.05 just by accident. Clearly in this case we must do something-
other than use a significance level of 0.05 when deciding if results have oc-
curred by accident or not. The problem we have'just alluded to is called the
Simultaneous Testing problem. There are several solutions to it. In our
case, one solution is to inspect the average of the coefficients, rather than
the entire collection of coefficients.

Table G.1 lists the entire collection of within-plant correlation coeffi-
cients between contemporaneous indicator values, whereas in Table G.2, we pre-
sent the across-plant averages of the values of Table G.I. For example, Table
G.1 reveals that, in Plant 1, the correlation between EFO and QS(AFW) is .274,t

l and Table G.2 reveals that the across-plant average for the correlation be-
tween EF0 and QS(AFW) is .0611.

Together with the across plant averages, we present measures of signifi-
cance. These have been calculated with the aid of Fisher's z-transformation.
If r is a correlation coefficient based on n pairs of numbers, then:

z - 0.5 * log ((1 + r)/(1-r))

has a rou6hly normal distribution variance:

1/(n-3)

Given a set of a z values z(1), ... z(m), we perform two tests:

1) Test for Heterogeneity: If the z-values all reflect the same (un-
known) level of correlation, then sum ((z(i) - zbar)**2) should fol-
low a chi-squared distribution with m-1 degrees of freedom. If a
heterogeneity test is non-significant (significance value is large),
this means that the within-plant correlations are probably all about

G-1
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the same, and the across plant average is a reasonable estimate of
these correlations. However, if the hetero 5eneity test is signifi- |cant (significance value'is small), then correlations vary across
plants, so that the plant average.is probably not an interesting es-
timator of anything. For example, a test of the heterogeneity of
the correlations between EF0 and QS(A W) has a significance of ;

.0545. Considering this test alone, we would be led to suspcct that 1the correlation might vary from one plant to another, so that the 1

average value (.0611) has very little meaning. Indeed, Table G.1;

shows correlations ranging from .025 (plant 4) to .775 (plant 3).

2) Test Against Zero Correlation: If all the z values reflect a cor-
relation of zero, then sum (z**2) should follow a chi squared dis-
tribution with n degrees of freedom. Significance of this test in-
dicates that at least one plant has a non zero correlation, whereas
non significance indicates that all plants have zero correlations.
It makes little sense to do this test unless the heterogeneity test-

,' is non-significant. For example, the correlation between ESF and
QS(AW) is not heterogenous (significance .6148 Table G.2), and al- !

so not significantly different from zero (significance .6886,. Table
'

G.3). Table G.1 reveals that the actual correlations range from
. 454 to .333.

One of the difficulties of this approach is that, for the z-transforma- ;
tion to guarantee approximate normality, the distribution of x and y values ,

should not be too extreme; data sets consisting only of O's or l's will prob-'

ably'not result in very normal z-transformations, especially if there are only
a few pairs of indicator values (<20) supporting each coefficient, as here.

;It happens that many of the observed distributions of indicator values are
rather extreme. Below, we show the percent of unique (i.e., not repeated)

' data values.within each plant for every indicator. In our calculation of i

across plant averages and significance values, we have elected to include only
plants having at least 20% unique values in both R and Q indicators (Table {
G.3). Thus,' for exa.nplo, correlations between SIGE and QS(AW) are calculated I
using data from plants 2 and 7 only. j

It happens that contemporaneous (i.e., reficctive) correlations are not
the only items of interest. In fact, in our application, it is more interest.
ing to know whether Q values are predictive than whether they are reflective
or reactive. This can be investigated by calculating correlations between R

: values and temporally positively-shifted Q values (reactive: Q values follow R
I values in time), and also between R values and negatively shifted Q values

(predictive: Q values precede R values in time). Collectively, these sorts of
correlation coefficients are known as " cross-correlation" coefficients, and
the shifts are (with some loss of precision) known as " lags." Below we pre-
sent in Tables G.4 G.11 cross-correlation coefficients for shifts of -4, ...

4, and also, in Tables G.12 G.19, the across-plant average for these cross
correlations. The same remarks concerning selection of plants apply to the

' cross correlations as they apply to the contemporaneous (i.e., lag 0) correla-
tions.

G2
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If we have only a few plants, a single lag, and a single pair of indica-
tors, it hardly makes a difference, from a practical point of view, whether we
inspect a collection of correlations or their average. However, in the :ase
we report here, there are eight plants, 5 * 7 - 35 pairs of indicators, and
nine lags. It turns out that, supporting this plethora of results are only
about 900 raw numbers. Since the number of derived statistics is in the
neighborhood of 2000, there are twice as many output numbers as there are in.
put numberal Obviously, the simultaneous testing problem discussed earlier is

'

very severe in this application. Although we present all statistics below
(most unaccompanied by significance values), we strongly urge the reader to
regard them as imprecise descriptions rather than statistical results. The
tables of across plant averages represent some compression of results, but
probably not enough, unless we restrict our attention to only two or three of
them. Rather than doing this, however, we have decided (before viewing the
dets) to investigate only correlations of QS(AFV), QT(AIV), QS(EPS), QT(EPS),
cnd QS(APW + EPS) with SSF. Furthermore, we will investigate only those situ-
ctions in which the unavailability indicators precede SSF in time (negative
lags). This results in 20 values. Inspection of the correlation results re-
veals no value greater than 0.5 among the within plant correlations (Tables
G.8 G.11). Furthermore, the heterogeneity test result values (Tables G.16-
G.19) range from .07 to .99, depicting no pattern in ranges of averaged cor-
relation values. We conclude from this analysis that correlations vary
considerably across plants and none are larger than 0.5.

|

|

G-3



. . _ _. . . _ _ , __ ____

:
*

7
r

i
,

|

Table.G.I. Lag Zero Correlation
'

.

;

Plant eS(APW) OT(APW) et(EPS) eT(EPS) GS(NPCI) OS(RCIC) of(APWEPS)
1 EF0/1000- 0.274 0.004 0.119 0.188 N/A N/A 0.158

88F 0.143 0.321 0.216 0.021 N/A N/A 0.095
810E 0.245 0.066 0.339 0.182 N/A N/A 0.178 '

<3
SSA 0.129 -0.246 0.034 0.030 N/A N/A 0.063
FOR 0.193 0.576 0.436 0.375 N/A N/A 0.519 )

.

2 EF0/1000_ 0.020 0.064 0.099 0.121 N/A N/A 0.097
SSF 0.335 0.124 0.002 0.105 N/A N/A: 0.075

SIDE 0.867 0.711 0.908 0.791 N/A N/A 0.734
SSA 0.012' 0.171 0.123 0.183 N/A N/A 0.212 )

FOR 0.418 0.556 0.337 0.448 N/A N/A *0.638 ''

.

3 EF0/1000 0.775 ' O.482 ~ N/A N/A N/A N/A. N/A
,

< ' SSF 0.198 0.169 N/A N/A N/A N/A' N/A

-SIGE 0.257 0.359- N/A N/A N/A N/A N/A
SSA 0.000 0.000 N/A N/A N/A N/A N/A -

.

FOR- 0.258 0.217 N/A' N/A N/A N/A N/A'

4 EF0/1000 0.025 0.066 -N/A N/A. N/A N/A N/A ,1

;. SSF 0.161 0.299 N/A N/A N/A N/A N/A
$10E ' O.522 0.554 N/A N/A N/A N/A N/A

SSA; 0.166 0.214 'N/A N/A N/A N/A N/A

FOR 0.695 0.077 N/A N/A N/A N/A N/A

5 EF0/1000 0.011 0.053 N/A N/A N/A N/A N/A
SSF 0.211 0.251 N/A N/A N/A N/A N/A

^

SIGE 0.328 0.181 N/A N/A N/A N/A N/A
'

SSA =0.264 0.201 N/A N/A N/A N/A N/A'
FOR 0.230 0.235 N/A N/A N/A N/A N/A

6 EF0/1000 N/A N/A 0.333 0.684 -0.057 0.089 N/A
SSF N/A W/A 0.501 0.450 0.487 0.599 N/A

SIGE N/A N/A 0.000 0.000 0.000 0.000 N/A

SSA N/A N/A 0.426 0.336 -0.318 0.131 N/A
FOR N/A N/A 0.635 0.514 -0.204 0.025 N/A

7 EF0/1000 0.414 0.007 0.415 0.792 N/A N/A 0.383
SSF 0.454 0.550 0.577 0.043 N/A N/A 0.479

$1GE 0.262 0.051 0.275 0.815 N/A N/A *0.355
SSA 0.031 0.205 0.260 0.243 N/A N/A 0.067

FOR 0.279 0.034 0.284 0.837 N/A N/A 0.442

8 EF0/1000 0.000 0.159 0.000 0.161 N/A N/A 0.159
SSF 0.000 0.150 0.000 0.155 N/A N/A 0.151

SIGE 0.000 0.227 0.000 0.196 N/A N/A 0.217
SSA 0.000 0.219 0.000 0.171 N/A N/A 0.205

FOR 0.000 0.73 7 0.000 0.740 N/A N/A 0.739

Key OS(). System Unevallebillty; GT(). Treln Av8. Unevelf dllity ; N/A Not Applicable

G-4
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Table G.2. Lag Zero Across Plant Correlations ]
.

i

f

Aversee r Values
'

OS(AFW) OT(AFW) 05(EPS) of(SPS) OS(NPCI) OS(RCIC) of(AFW+EPS) '

| IF0/100 0.0611 0.0216 0.075 0.0408 0.0547 0.0889 0.1203
SSF 0.1379 0.0882 0.0346 0.1228 0.4875 0.5988 0.167

S!OE 0.3022 0.2317 0.0984 0.0609 N/A N/A 0.0672 -

SSA 0.0213 0.2074 -0.1936 0.0616 0.3178 0.1307 0.1138 ,
FOR 0.0051 0.0528 0.1057 0.0811 0.204 0.025 0.2151

Noterogeneity Test
OS(AFW) OT(AFW) 0$(EPS) OT(EPS) 0$(NPCI) 0$(RCIC) OT(AFW+EPS)-

EF0/100 0.0545 0.8503 0.7243 0.1046 N/A N/A 0.8452
~ SSF 0.6148 0.5297 0.3604- 0.8272 N/A N/A 0.7198
SIGE- 0.0018 0.0822 0.0N1 0.0007 N/A N/A 0.0202

#

SSA 0.8279 0.9984 0,8868 0.8026 N/A N/A 0.9014
FOR 0.0391 0.0302 0.1008 0.0064 N/A N/A 0.0055

Test A0efnet Zero Correlation
05tAFW) OT(AFW) 0$(EPS) ST(EPS) OS(NPCI) QS(RCIC) OT(AFW+EPS) '

l' E70/100 0.0694 0.9094 0.8357' O.1754 0.899 0.842 0.9099
! $$F 0.6886 0.6288 0.4949 0.8603 0.2335 0.1222 0.8049.

|. SIGE 0.0004 0.0671 0.0001 0.0022 h/A N/A 0.0342
| '. 'SSA 0.9225 0.P359 0.8392 0.881 0.4617 0.7688 0.904
'

I FOR 0.0704 0.0624 0.1452 0.0112 0.6435 0.9554 0.0046 e
r

i

l' Keys OS(). System Unevellability; OTC)e Train Ave. Unevellability ; is/Am Not Applicable

s
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Table G,3. Percentages of Unique Data Values' for Plants ' and Indicators
' '(O's indicate three or fewer observations)

QS QT QS QT QS QS QT
EPO SSF SIGE SSA FOR (AFW) (AFW) (EPS) (EPS) (HPCI) (RCIC) (AFW+EPS)

PLANT R1 R2 R3 R4 ' R5 Q1 Q2 Q3 Q4 QS Q6 Q2+Q4

1 64 33 23 35 78 9 52 42 61' O O 71

2 57 26 23 21 57 63 63 52 68 0 0 68
..

3 71 20 15 7 57 41 91 0 0 0 0 0

4 64 20 15 21 .42 25 91 0 0 0 0 0

5 64 26 15 21 57 33 91 0 0 0 0 0

6 54 35 7 30 63 0 0 50 87 75 62 0

7 57 20 23 28 57 50 100 50' 100 0 0 100

8 42 13 15 14 57 12 62 12 50 0 0 62

|
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Table G.4. Lag One Cross Correlation ;

,

.

g. Plant GB(AFW) Of(AFW) 0$(EPS) Of(EPS) OS(NPCI) es(RCIC) OT(AFtkEPS)
1 EF0/1000 0.0611 0.1911 0.104 0.0623 N/A N/A *0.1034 ,

S8F - 0.062 0.0193 0.1178 0.2359 N/A N/A 0.191 '

SIDE 0.2335' 0.1918 0.4012 0.2774 N/A N/A~ *0.2958
SSA 0.2328 0.0919 0.1397 0.121 N/A N/A 0.1342
FOR .-0.2485 0.224 0.3622 0.2256 N/A N/A 0.2688 i

2 EF0/1000 0.2623 0.3413 0.1156 0.021 N/A N/A 0.2997 !
S8F 0.1479 0.0924 0.2832 0.3676 N/A N/A 0.1302

SIGE 0.0729 0.0582 0.13 0.1215 N/A N/A 0.0682
stA 0.3952 0.4083 0.2259 *0.3617 N/A- N/A 0.4094
FOR 0.4296 0.4573 0.446 0.6307 N/A 'N/A 0.4882

P

3 EF0/1000 0.1747 0.241 N/A N/A N/A N/A N/A
SSF -0.1624 *0.1748 N/A N/A N/A N/A N/A

S!GE 0.3492 0.4765 N/A N/A N/A N/A N/A !
SSA - 0 0 N/A N/A N/A N/A N/A, f
FOR 0.576 0.6868 N/A N/A N/A N/A N/A

4 EF0/1000 0.0681 0.8832 N/A N/A N/A N/A N/A i

1- $$F 0.1612 0.1727. N/A N/A N/A N/A N/A
'

SIGE 0.1937 -0.1974 N/A N/A N/A N/A N/A
,

SSA 0.2316 0.2544 N/A N/A N/A N/A N/A
'

FOR 0.6119 0.0191 N/A N/A N/A N/A N/A
> i

5 EF0/1000 0.2352 0.2052 N/A N/A N/A N/A N/A
,

'

SSF 0.1512 0.4126 N/A N/A N/A N/A N/A
$10E 0.0684 0.122 N/A N/A N/A N/A N/A'

SSA -0.2638 0.3414 N/A N/A N/A N/A N/A (FOR 0.1921 0.1941 N/A N/A N/A N/A N/A
'

6 EF0/1000 N/A N/A 0.3 774 0.0507 0.449 0.0871 N/A
SSF N/A N/A 0.0439 0.5641 0.4747 0.2027 N/A

$1GE N/A N/A 0 0 0 0 N/A
,

SSA N/A N/A 0.045 0.6316 0.5299 0.1844 N/A
FOR N/A N/A 0.5487 0.3429 0.5723 0.0613 N/A

7 EF0/1000 0.4092 0.1459 0.3127 0.1983' N/A N/A 0.0352
S$F 0.2728 0.2038 0.2981 0.796 N/A N/A 0.206

,

S!GE 0.9968 0.1026 0.2037 0.0557 N/A N/A 0.0658
SSA 0.1795 0.8999 0.0472 0.122 N/A N/A 0.8778
FOR 0.9455 0.0352 0.2688 0.0202 N/A N/A 0.0419

8 EF0/1000 0 0.9978 0 0.9967 N/A N/A 0.9975
$$F 0 0.9995 0 0.9988 N/A N/A 0.9997

SIGE O 0.6491 0 0.6445 N/A N/A 0.6479
SSA 0 0.2983 0 0.259 N/A N/A 0.2864
FOR 0 0.5602 0 0.5223 N/A N/A 0.5488

Keys 0$()e System Uneveliability; GT()= frein Avg. Unevellability ; N/Am Not Applicable
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Table G.5. Lag-Two cross Correlation

Plant OS(AFW) OT(APW) 0$(SPS) Of(SPS) OS(NPCI) 0$(RCIC) Of(AFtkiPS)
1 EF0/1000 0.2326 0.1726 0.3461 0.37 N/A N/A 0.3749

,
SSF 0.7673 0.095 0.1802 =0.0007 N/A N/A 0.0344 ,

''

StGE 0.2631 0.1701 0.1124 0.6273 N/A N/A 0.5815
.

SSA 0.2375 0.3048 0.2786 0.578 N/A N/A 0.5962
| FOR 0.4352 - 0.2279 0.4359 0.0772 N/A N/A *0.1466 |

'

,
2 EF0/1000 0.1342 0.1673 0.049 0.3309 N/A N/A 0.192

'

SSF 0.1813 ~ 0.1404 0.0076 0.0605 N/A N/A 0.1325, . ,

SIGE 0.3013 0.3143 0.2376 0.2534 N/A N/A 0.3166 '

SSA- 0.246 -0.2618 0.2924 *0.4203 N/A- N/A 0.2876 ,

FOR 0.2863 0.2952 0.4485 *0.4289 N/A N/A 0.3184

3 EF0/1000 0.0457 0.1822 N/A .N/A N/A N/A N/A
SSF 0.1624 0.4753 N/A N/A N/A N/A N/A

SIDE 0.3312 0.1315 N/A N/A N/A N/A N/A ;

SSA 0 0 N/A N/A N/A N/A N/A
FOR 0.2127 0.0516 N/A N/A N/A N/A N/A

''

4 EF0/1000 0.2044 0.2032 N/A N/A N/A N/A N/A

i SSF 0.1612 0.1503 N/A N/A N/A N/A N/A
SIGE 0.2182 0.2531 N/A N/A N/A N/A N/A

SSA 0.1655 0.1721 N/A N/A N/A N/A N/A
FOR 0.2127 0.2201 N/A N/A N/A N/A N/A

( 5 EF0/1000 0.1472 0.283 N/A N/A N/A N/A N/A
SSF 0.0302 0.1804 N/A N/A N/A N/A N/A

SIDE 0.1053 0.013 N/A N/A N/A N/A N/A
SSA 0.3688 0.368 N/A N/A N/A N/A N/A
FOR 0.2764 0.3295 N/A N/A N/A N/A N/A

6 EF0/1000 N/A N/A 0.6646 0.3062 0.3087 0.0213 N/A

SSF N/A N/A 0.2741 0.4871 0.0034 0.2828 N/A

SIGE N/A N/A 0 0 0 0 N/A
SSA N/A N/A 0.3521 0.2832 0.2587 0.2641 N/A

FOR N/A N/A 0.4469 0.5024 0.0781 0.2761 N/A

7 EF0/1000 0.2461 0.7065 0.4251 0.3827 N/A N/A 0.8302
,

SSF 0.9968 0.1026 0.2037 0.0557 N/A N/A 0.0658a

S!GE 0.3461 0.444 0.6441 0.5127 N/A N/A 0.1515
SSA 0.9603 0.0363 -0.2595 0.2572 N/A N/A =0.0934

FOR 0.34 % 0.2803 0.2867 0.2861 N/A N/A 0.1142
,

8 EF0/1000 0 0.1294 0 0.1706 N/A N/A 0.1421
SSF 0 0.1137 0 0.1549 N/A N/A 0.1264

SIGE O 0.2012 0 0.2366 N/A N/A 0.2121

SCA 0 0.3049 0 0.2815 N/A N/A 0.2979
FOR 0 0.1656 0 0.1996 N/A N/A 0.1761

I Keys OS(). System Unevellability; QT(). Treln Avg. Unevellability ; N/A Not Appttceble
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'!Table 0.6. Lag Three Cross Correlation

.Pleot es(AFW) eT(AFW) es(EPs) eT(EPs) es(NPCI) 0$(RC1C) eT(AFW+EPS)
! 1 EF0/1000 0.2186 0.3577 0.3562 0.5465 N/A N/A 0.5759 - !

ssF 0.1532 0.1002 0.1613 0.7482 N/A N/A 0.5846
'

| 88GE 0.2485 0.0392 0.2789 0.0645 N/A N/A 0.0669
ssA 0.2299 -0.1965 0.2783 0.0407 N/A N/A 0.1016 .

.; , FOR 0.4246 0.1754 0.1474 0.5197 N/A 'N/A 0.4906 l

| |2 EF0/1000 0.2269 0.2538 0.1504 0.0321. N/A N/A' 0.2263

SSF 0.3169 0.3414 0.3096 0.1581 N/A N/A 0.3208
SIGE 0.2581 0.2362 0.0082 0.2292 N/A N/A 0.2431- f

*

stA =0.0359 0.0232 0.2353 0.1414 N/A N/A 0
I FOR 0.1861 0.1193 -0.4189 +0.226, W/A N/A 0.1366f I

i
3 EF0/1000 0.1245 0.2279- N/A N/A h/4' N/A N/A [

| SSF 0.141 -0.3742. N/A N/A N/A N/A N/A ;

I $10E .0.3162 0.0322 N/A N/A N/A h/A N/A

stA 0 0 N/A N/A N/A N/A N/A
FOR 0.2749 0.3849 N/A N/A N/A N/A N/A

4 EF0/1000 0.2209 0.089 N/A N/A N/A N/A N/A I

ssF 0.1399 0.1498 N/A N/A N/A N/A N/A
'

SIDE 0.6614 0.1512 N/A N/A N/A N/A N/A

( stA 0.2205 0.5516 N/A N/A N/A N/A N/A
l FOR 0.2274 0.1324 N/A N/A. N/A N/A N/A

r
i

|
5 EF0/1000 0.8536 0.7207 N/A N/A N/A N/A N/A'' -

S$F 0.009 0.1269 N/A N/A N/A N/A N/A
SIDE 0.0486 0.1455 N/A N/A N/A N/A N/A

'

$sA 0.169 0.0395 N/A N/A N/A N/A N/A
,

FOR 0.9208 0.948 N/A N/A N/A N/A' N/A'

;

6 EF0/1000 N/A N/A -0.4636 0.3904 0.3959 0.1489 N/A
$$F N/A N/A 0.5048 0.623 0.0048 0.1911, N/A [

810E N/A N/A 0 0 0 0 N/A ;
"

$$A N/A N/A 0.0591 0.4465 0.1903 0.2753 N/A
FOR N/A N/A 0.1524 0.4168 0.083 0.01 N/A ,

7 EF0/1000 0.7551 0.1625 0.3876 -0.5808 N/A N/A 0.4331 |

8$F 0.2189 -0.2816 0.9999 0.7123 N/A N/A 0.0942
CIGE 0.3461 0.3907 -0.322 0.4225 N/A N/A 0.5627

SSA 0.2189 0.2816 0.9999 0.7123 N/A N/A 0.0942
Fost 0.2085 0.3874 0.3684 0.162 N/A N/A 0.4317

8 EF0/1000 0 0.1042 0 0.1075 N/A N/A 0.1053 I

SSF 0 0.1497 0 0.1549 N/A N/A 0.1514
$1GE 0 0.6491 0 0.6445 N/A N/A 0.6479 ,

$$A 0 0.3705 0 0.375 h/A N/A 0.3 72

FOR 0 0.0838 0 0.0946 N/A N/A 0.0872
-

Keys e$()e system Unevellability; QT()e Train Avg. unavaltability ; N/Aa Not Applicable
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Table 0.7. Lag Four Cross. Correlation !

I

l, Plent M(APW) Of(APW) 06(SPO ef(SPS) 06(NPCI) M(DCIC) Of(APW+tP8)
1 EF0/1000 0.2132 0.H79 0.4175 0.0M6 N/A !./A 0.2338

i- Def 0.54H 0.0677 +0.207 0.2473 N/A N/A .2295 |
' litL' O.2296 0.0729 0.3197 M 938 N/A N/A J.1014 i

SSA 0.5003 0.0M3 0.12M +0. 044 N/A N/A +0.3143 j
| FOR 0.4212 0.0188 0.0717 0.2949 N/A N/A 0.252

1
2 EF0/1000 0.10M 0.2416 0.M41 0.M12 N/A 3/4 0.M62 |

|- esF 0. t M *0.0664 0.1M3 0.0009 N/A N/s 0.0602 j

| Slot *0.3354 +0.3513 0.2595 0.MS3 N/A N/A +0.368 |
| SsA 0.Het 0.6548 0.10M 0.a471 N/A N/A 0.6374 i
| FOR 0.4815 0.4952 0.3392 0.5352 N/A N/A 0.5156 |
|

:
3 LF0/1000 0.3201 + 0.M76 N/A N/A N/A N/A E/d ?

$$F 0.112 +0.3049 N/A N/A N/A N/A N/A
,

SIGE +0.378 0.6851 N/A N/A N/A N/A N/A |

SSA 0 0 N/A N/A N/A N/A N/A ,

fFOR +0.3234 *0.5798 N/A N/A N/A N/A N/A

i

',4 EF0/1000 0.2015 0.1156 h/A N/A N/A N/n N/A
,

$5F 0.1111 0.1437 N/A N/A N/A N/A N/A
Slet *0.2142 0.236 N/A N/A N/A N/A N/A i

SSA *0.201 +0.2098 N/A N/A N/A N/A N/A ;

FOR +0.235 0.1593 N/A N/A N/A N/A N/A ;

1
! 5 EF0/1000 0.2751 0.3 N/A N/A N/A N/A N/A {

9SF 0.1505 0.2036 N/A h/A N/A N/A N/A i

510E 0.0427 0.2946 N/A W/A N/A N/A N/A !

SSA 0.6995 0.4M3 N/A N/A N/A N/A N/A
POR 0.2618 0.M85 N/A N/A N/A N/A N/A <

1

6 (F0/1000 N/A N/A 0.122 0.6334 0.07W 0.3089 h/A I

SsF N/A N/A 0.3479 0.M72 0.1754 0.6103 N/A ;

$10E N ta N/A 0 0 0 0 N/A
SSA h/A N/A 0.3721 0.2423 0.2314 0.322 N/A
FOR N/A N/A 0.2495 0.4055 0.3786 * 0.36% N/A-

7 EF0/1000 0.4159 0.516 0.8243 0.7599 W/A N/A 0.0955
$$F 0.2189 0.2078 0.2037 0.7864 N/A N/A 0.6299

| 810E 0.269 0.5322 +0.3074 0.0967 N/A N/A 0.6362
| $LA +0.2)D9 0.2679 0.2037 0.7864 1/A r, A +0.6299

FOR 0.2362 0.8M2 0.1193 0.0654 N/A N/A 0.M48

|

| 8 EF0/1000 0 0.1644 0 0.1721 N/A N/A 0.1M8
| $$F 0 0.1497 0 0.1549 W/A N/A 0.1514
| 810E O 0.2756 0 0.295 N/A N/A 0.2816
! $$A 0 0.3897 0 0.3881 N/A N/A 0.3893

FOR 0 0.1977 0 0.2135 N/A N/A 0.2026'

|

Keys t$()= Systen unevettability; eT()* Train Avg. Unevellebility i N/Ao Not Applicable
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Table C.8. 14g Nime one Cross Correlation |

!
Plant es(APv) 01(APv) et(tes) 01(ses) es(NPCI) M (RCIC) e1(Att>tel) }

1 BP0/1000 0.1M3 0.1379 0.1883 0.30g8 N/A N/A 0.1412 |
StF 0.3057 +0.0108 0.219 0.2711' N/A N/A 0.2283 ;

litt *0.21 0.0342 0.4159 0.7731 N/A N/A 0.2426 |
BSA *0.0517 0.5074 0.6322 0.4077 t/A N/A 0.4M6 i

POR 0.0772 0.2097 0.1318 0.2197 N/A N/A 0.2736 f
!

I 890/1000 0.1103 +0.097 0.1693 0.1837 N/A N/A 0.1475 i

999 0.1302 0.0212 0.0438 0.0M4 N/A N/A 0.007 $
Slet 0.1901 0.399 0.0135 0.168 N/A N/A 0.3757 j

MA 0.065 0.0016 +0.2708 0.2362 N/A N/A 0.0787 !

|POR 0.0736 0.0673 +0.2227 0.3129 N/A N/A 0.1652

3 (90/1000 0.17s,$ +0.1606 N/A N/A N/A N//. N/A !

SSF 0.232 0.3054 N/A N/A N/A N/A N/A f
sitt 0.4251 0.4532 N/A N/A N/A N/A N/A !

$$A 0 0 N/A N/A N/A N/A N/A

POR 0.4982 0.!?B5 N/A N/A N/A N/A N/A
|

4 EF0/1000 0.1722 0.2701 N/A N/A N/A N/A N/A

S5F +0.1M3 0.72 73 N/A N/A N/A N/A N/A !

810E +0.1741 0.1954 N/A N/A N/A N/A N/A
*

SSA *0.2206 0.5474 N/A N/A N/A N/A N/A i

POR *0.1641 0.1261 N/A N/A N/A N/A N/A !

5 ff0/1000 0.0137 0.0052 N/A N/A N/A N/A N/A !

SSF 0.056 *0.0213 N/A N/A N/A N/A N/A

$10E 0.3275 0.1854 N/A N/A N/A N/A N/A 3

SSA 0.2952 +0.263 N/A N/A N/A N/A N/A l

FOR 0.4037 0.3554 N/A N/A N/A N/A N/A j

6 IF0/1000 N/A N/A 0.3535 0.1102 0.8009 0.3914 N/A i
'

seF N/A N/A 0.0464 0.1918 0.4421 0.1C76 N/A

$10E N/A N/A 0 0 0 0 N/A

SSA N/A N/A 0.1539 0.311 0.3509 0.6988 N/A *

FOR N/A N/A +0.4159 0.0553 . 5962 0.2106 N/A

7 E70/1000 0.4369 0.5269 0.7975 0.46N N/A N/A 0.2486
S$F 0.5552 0.265 0.5443 0.5108 N/A N/A 0.0142

810E -0.2951 0.3611 0.%25 0.0054 h/A N/A 0.0677 ,

StA 0.3656 0.179 0.M45 0.At3B N/A N/A 0.399 '

70t *0.3721 C.418 0.9155 0.5285 N/A N/A 0.1564

8 EF0/1000 0 0.185 0 0.1903 N/A N/A 0.1867 |
S$F 0 0.1497 0 0.1549 N/A N/A 0.1514

810E 0 0.3002 0 0.295 N/A h/A 0.2987 (
SSA 0 0.165 0 0.1474 N/A N/A 0.1597 i
70R 0 0.3209 0 0.3248 N/A N/A 0.3223

Key 0$()* System unevettability; et()= train Ave. Unevellability ; N/Aa mot Applicable

!
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Table C.9. 14g M!nus Two Cross Correlation |
i

!

Plant es(AFW) ef(AFW) es(IPS) ef(IPG) es(NPCI) e6(RCIC) ef(aft >tPS) f
1 EPC/1000 0 0.3664 0.3867 0.1252 N/A N/A 0.1915 !

ttf 0.1429 0.2319 +0.1819 0.210$ N/A N/A 0.0718 |

fSlet 0.21 0.3708 0.6335 0.2142 N/A N/A 0.M18
taA 0 0.39P5 0.7921 0.3229 h/A N/A 0.3917
POR 0 0.2411 0.1957 0.3831 N/A M/A 0.3028 i

i
! EF0/1000 0.tM8 +0.2567 0.iM9 0.2069 N/A N/A 0.2981 i

SSF 0.1387 0.!?83 0.31M 0.3533 N/A N/A +0.3741 !

stat 0.18M 0.1793 0.0492 0.0214 N/A N/A 0.1495 |
SSA +0.2235 0.2796 0.3222 0.4186 N/A N/A 0.4023 !

jFON 0.2211 0.1165 +0.3408 +0.3939 N/A N/A + 0.M7
.
.

,_ 3 EF0/1000 0.0806 0.1017 N/A N/A N/A N/A N/A |
StF 0.7002 0.2437 N/A N/A N/A N/A N/A ,

llGE +0.1952 0.0532 N/A N/A N/A N/A N/A !
tlA 0 0 N/A N/A N/A N/A N/A .

FOR +0.2TF9 0.4799 N/A N/A N/A N/A N/A

4 EF0/1000 0.0535 0.1325 N/A N/A N/4 N/A N/A
88F 0.2192 0.2781 N/A N/A N/A N/A N/A [

$10E *0.1936 0.4929 N/A N/A N/A N/A N/A ,

SSA 0.5833 0.2236 N/A N/A N/A N/A N/A |
FOR 0.1307 0.14M N/A N/A N/A N/A N/A |

\
$ (F0/1000 0.2963 +0.3064 N/A N/A N/A N/A N/A t

fSSF 0.4699 9.4779 N/A N/A N/A N/A N/A
$10E 0.3109 0.1587 N/A N/A N/A N/A N/A

k'$$A 0.2482 0.2661 N/A N/A N/A N/A N/A
POR 0.2047 0.229 h/A N/A N/A N/A N/A !,

6 EF0/1000 N/A N/A 0.3276 0.11 0.3492 0.021 N/A
SSF N/A N/A 0.3559 +0.6021 0.3T73 0.1085 N/A

SIDE N/A N/A 0 0 0 0 N/A
$$4 N/A N/A 0.33M 0.3656 0.3252 0.4?A3 N/A
FOR N/A N/A 0.2197 0.3873 0.3044 0.14f2 N/A

7 EF0/1000 0.M01 0.3807 0.0312 0.3247 N/A N/A 0.5055
SSF 0.48N 0.5874 0.4554 0.6712 N/A N/A 0.2039

$10E 0.9343 0.0093 0.2684 +0.0T79 N/A N/A 0.0298
ssA 0.4M4 0.5502 0.5767 0.0451 h/A N/A 0.4788
FOR 0.8735 0.1851 0.029 0.1103 N/A N/A 0.4225

8 EF0/1000 0 0.2072 0 0.1677 N/A N/A 0.1936
S$F 0 0.1721 0 0.1271 N/A N/A *0.1584

810E O 0.2687 0 0.Z387 N/A N/A +0.2596
ttA 0 0 0 0 N/A N/A 0

FOR 0 0.3479 0 0.3217 N/A N/A 0.34

Key es() System unevettability; ef()e frein Ave, uneveliability ; N/Ae Not Applicable
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Table G.10. Lag Minus Three cross. correlation

Plant 06(AFW) eT(AFW) 06(lP6) 41(EP6) M (MPCI) M(RCIC) 01(AftM PS)
1 $F0/1000 0 +0.1982 0.1231 +0.2335 N/A N/A * 0.M19

$$F 0 0.1651 0.2575 0.0248 N/A N/A 0.0798

liet 0 0.0715 0.3552 0.00M N/A N/A 0.0295

esA 0 0.0571 0.2M9 0.1M5 N/A N/A 0.0623

FOR 0 0.1819 0.3545 0.6105 N/A N/A 0.4802

2 LF0/1000 0.1006 +0.2243 0.1M4 +0.1555 N/A N/A +0.25d1

tst 0.1273 0.1 778 0.1375 0.3454 N/A N/A 0.3078

liet * 0. 2M6 0.2599 0.0524 0.839 N/A N/A 0.0598

SLA 0.47H 0.249 0.1013 0.M97 N/A N/A 0.229

FOR 0.2091 0.1925 +0.3955 *0.3473 N/A N/A 0.0035

3 EF(./1DC0 0.2405 0.1758 N/A h/A N/A N/A h/A

S$t 0.19y * 0.0M4 N/A N/A N/A N/A N/A

litt 0.5133 0.3778 W/A N/A N/A N/A N/A

SSA 0 0 N/A N/A N/A N/A N/A

POR . *0.2726 0.1664 W/A N/A N/A N/A N/A

4 (F0/1000 0.231 +0.2645 N/A N/A N/A N/A N/A

$$F 0.24M 0.2449 N/A N/A N/A N/A N/A

$1M * 0.1M7 0.1465 N/A N/A N/A N/A N/A

stA +0.t362 0.2561 N/A N/A N/A N/A N/A

POR +0.4716 0.1082 N/A N/A N/A N/A N/A

5 EF0/1000 0 ^&25 +0.0534 N/A F/A N/A N/A N/A

Clf 0.7627 0.6983 N/A N/A N/A N/A N/A

slot 0.408 0.3303 N/A N/A N/A N/A N/A

$$A +0.2503 0.3337 N/A N/A N/A N/A N/A

FOR 0.0387 0.MM N/A N/A N/A N/A N/A

6 EF0/1000 N/A N/A 0.431 0.072 0.0245 0.3269 N/A

$$F N/A N/A 0.7883 0.367 0.4877 0.5177 N/A

$10E N/A N/A 0 0 0 0 N/A

$$A N/A N/A 0.MM 0.8973 0.64 0.1638 N/A

FOR N/A N/A 0.5579 0.1512 0.3418 0.4485 N/A

7 ff0/1000 0.1% 0.7314 0.3476 0.1375 N/A N/A 0.8783

Stf *0.4167 0.3319 0.4417 0.6753 N/A N/A 0.6335

810E 0.1214 0.9533 0.2037 + 0.05M N/A N/A 0.8376

stA 0.5231 0.4292 0.5611 0.3421 N/A N/A 0.3501

FOR 0.0887 0.9271 0.0077 0.1724 N/A N/A 0.9776

8 EF0/1000 0 0.2428 0 0.2371 N/A N/A 0.2411

S$F 0 0.1999 0 0.1832 N/A N/A +0.1949

il0E O 0.2942 0 0.317 N/A N/A 0.3013

$$A 0 0 0 0 N/A N/A 0

FOR 0 0.399 0 0.3632 N/A N/A 0.3882

Keys 06()e Dystem unevellability; GT()* Train Ave. Unevellebility ; N/Ae Not Applicable
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Table C.11. Lag Minus*Four Cross Correlation,,,

i

Plant M(AFW) 81(AFW) et(tr$) Of(BPS) SS(NPCI) M (tCIC) 01(AFW*0PS)
1 870/1000 0 0.6085 + 0.M95 + 0.M86 N/A N/A 0.2121

$6F 0 0.0539 0.23M 0.5M4 N/A N/A 0.Mlt
litt 0 0.40N 0.0193 *0.0834 N/A N/A 0.1411

SSA 0 0.42M 0.1595 0.012 N/A N/A 0.3307
FOR 0 0.2918 0.OM 0.7751 N/A N/A 0.6402

2 EF0/1000 0.1799 0.2147 +0.1763 0.22M N/A N/A +0.2761
S$F +0.2413 0.31 4 +0.2249 + 0.2%5 N/A N/A 0.M26

$10E +0.2382 +0.2122 0.1191 0.07 % N/A N/A 0.1404
SEA 0.4U5 0.2129 +0.287 - *0.2239 N/A N/A 0.1173
FOR 0.3518 0.0189 +0.2393 0.059 W/A N/A +0.0034

3 IF0/1000 + 0.h07 +0.1104 N/A N/A N/A N/A N/A
$$F 0.3%5 +0.3717 N/A N/A N/A N/A N/A

$10E *0.2521 +0.5006 N/A N/A N/A N/A N/A
S&A 0 0 N/A N/A N/A N/A N/A
FOR *0.2997 + 0.1M N/A N/A N/A N/A N/A

4 EF0/1000 0.8962 *0.1749 N/A N/A N/A N/A N/A
$$F 0.2867 +0.2889 N/A N/A N/A N/A N/A

$10E + 0.1M9 +0.2113 N/A N/A N/A N/A N/A'
$$A 0.2756 +0.2887 N/A N/A N/A N/A N/A
FOR 0.2928 +0.M37 N/A N/A N/A N/A N/A

5 EF0/1000 0.367 +0.3335 N/A N/A N/A N/A N/A
tlF + 0.2672 +0.3543 N/A N/A N/A N/A N/A

$10E * 0.31M 0.27M N/A N/A N/A N/A N/A
$$A +0.2185 +0.3032 N/A N/A N/A N/A N/A
FOR 0.2045 0.264 N/A N/A N/A N/A N/A

6 EF0/1000 N/A N/A +0.3696 0,7917 *0.2188 *0.14 N/A
$$F h/A N/A +0.1291 + 0.13% 0.3475 + 0.42 N/A

$10E N/A N/A 0 0 0 0 N/A
ESA N/A N/A 0.8482 +0.2932 +0.712 0.8044 N/A
FOR N/A N/A *0.0395 0.688 * 0.4M8 0.198 N/A

7 EF0/1000 0.2654 0.0002 + 0.805 0.7243 N/A N/A 0.1131
tsF 0.M53 0.4883 0.6084 +0.4578 N/A N/A *C.7295

SIDE 0.2747 0.2966 0.2549 0.15M N/A N/A +0.2731
$6A 0.6389 0.7917 0.5774 0. % 05 N/A N/A 0.7477
FOR *0.1314 +0.1251 0.6803 0.9257 N/A N/A 0.0123

8 EF0/1000 0 0 0 0 N/A N/A 0
$5F 0 0 0 0 N/A N/A 0

$10E O 1 0 0.999 W/A N/A 0.9999
$$A 0 0 0 0 N/A N/A 0
FOR 0 0.9601 0 0.2N3 N/A N/A 0.53S4

ter: 0$()e system uneveitability; eT()* f rein Avg. Uneveltability ; N/Ae bot Applicable
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Table C.12. Lag One Across Plant Correlations

A ereos e values
eB(APW) Of(APW) et(SPS) Of(IPC) et(HPCI) et(RCIC) ef(AFWIPS)

SPtV100 0.1354 0.2764 0.2274 0.2M5 0.649 0.0871 0.2497
SSF 0.1186 0.0262 0.1854 0.378 0.4747 0.2027 0.04M
Bitt 0.5M9 0.0103 0.1543 0.0705 N/A N/A 0.0539
444 0.2675 0.0393 0.66H 0.2481 0.5299 0.1944 0.1114
POR 0.3023 0.0554 0.60M 0.0054 0.5723 0.0613 0.0416

Noteretenelty feet
$$(AFW) ef(AFW) el(EPS) et(EPS) $$(NPCI) $$(kCIC) Of(AFW+tPS)

OP0/100 0.808 0. 0.9794 0 N/A N/A 0
BSF 0.9503 0.7775 0.9503 0.2313 N/A N/A 0.702

Sitt 0.0001 0.4273 0.5069 0.6919 N/A N/A 0.6425
lsA 0.9153 0.0399 0.9173 0.5557 N/A N/A 0.0225
POR 0.0064 0.0717 0.8k? 0.0834 N/A N/A 0.1537

feet Ateinst toro Correletten
es(AFW) Of(AFW) $$(EPS) et(EP8) $$(NPCI) $$(RCIC) Of(AFW+tPS)

8F0/100 0.8312 0 0.0517 0 0.2797 0.k52 0
stF 0.95 0.M79 0.0622 0.095 0.2445 0.6454 0.4699

810E 0 0.M06 0.5953 0.4353 N/A N/A 0.420$
SSA 0.5573 0.0692 0.MM 0.3532 0.1871 0.6766 0.0529
Fat 0.001 0.1091 0.1982 0.1M9 0.1455 0.0904 0.2319

Keys 98()* System Unevellability; et()* Train Avg. UnevettablLity ) N/Ae bot Applicable

C 15
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Table C.13. Lag Two Across Plant Correlations !
,

i

I
I
i
1

A w ege r Volume
|

M(APW) Of(APW) 08(SPS) et(SPS) 08(uptt) 48(RCIC) et(AptetPS) ;

SP0/100 0.0836 0.0333 0.1737 0.0958 0.3087 0.0213 0.1263 i
cet 0.1769 0.M95 f.1H4 +0.1300 0.0034 0.3838 0.0546 1

Slet *0.323F 0.3095 0.098 +0.1227 N/A N/A 0.M99 !
geA 0.3172 0.0H9 + 0.295 F 0.2431 0.2587 + 0.tM1 0.32M |

{
POR 0.teF5 0.2243 +0.037F 0.01M 0.0781 0.2761 0.1888

ueteregenelty Test I
$$(AFW) Of(AfW) tS(IPS) Of(IPS) 96(NPCI) S$(RCIC) ST(AFW+tPB) '

$P0/100 0.M21 0.6214 0.1922 0.4M8 N/A ti/A 0.1143 I

08F 0 0.F016 0.973 0.?M5 N/A N/A 0.93F1 ;

litt 0.809 0.958 0.3288 0.0949 N/A N/A 0.5135
$$A 0.0296 0.5556 0.9873 0.2435 N/A N/A 0.3507 |
POR 0.9995 0.9971 0.1545 0.4167 N/A N/A 0.9521 ;

I

feet A elnet ter, Correlettent >

tS(AFW) Of(APW) $$(EPS) ef(EPS) 06(NPCI) tB(RCIC) et(AFWEPS) |,

| 8P0/100 0.9M 0.7305 0.tFt1 0.592 0.4F55 0.962 0.1822
| $$F 0 0.7817 0.9308 0.8339 0.9939 0.5156 0.98 !
1 810E 0.5M3 0.M59 0.5185 0.123 N/A N/A 0.2254 i

88A 0.0008 0 M07 0.MM 0.1476 0.5539 0.5453 0.1339
| Poa 0.7392 0.85F1 0.2229 0.5576 0.M11 0.5Mt 0.M5

,

!

! {
s

I Keys 96()* Systen unevellability; et()e Train Ave. unevellability ; N/Ao bot Applicable |

|

.
)

!

L

1
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Table C.14. Lag Three Across. Plant Correlations

'

Averose r vetwee
" OS(M W) #1(APW) DS(SPS) Of(IPS) GS(NPCI) M(RCIC) ef(APwetPS)

870/100 0.2073 0.0027 +0.3395 0.1753 0.3959 0.1489 0.3352
$$F 0.1615 0.1M7 0.2564 0.4414 0.0M8 +0.1911 0.1193

3 Slet *0.3021 +0.222 0.0171 *0.2347 N/A N/A +0.2909

SSA + 0.0?M 0.0272 0.1064 0.2442 0.1903 0.2753 0.00 5
FOR 0.1147 0.1122 0.2714 0.0908 0.083 0.01 0.N12

Noteroponelty feet
e6(AFV) et(AFW) 04(EPS) ef(EPs) es(MPCI) 0$(RCIC) ST(AFWEPs)

E70/100 0.007 0.1742 0.9517 0.M59 N/A N/A 0.H74
$$F 0.9774 0.9225 0 0.1233 N/A N/A 0.1087

liet 0.9878 0.9011 0.6374 0.9004 N/A N/A 0.8069

$$A 0.8751 0. 4 77 0 0.4539 N/A N/A 0.M48
FOR 0.0008 0.0004 0.9172 0.403 N/A N/A 0.3325

feet Aseinet 2ere Correletten
es(AFW) Of(AFW) 05(EP8) Of(EP8) 96(MPCI) 0$(RCIC) Of(AFWEP8)

(F0/100 0.005 0.2498 0.5259 0.34 4 0.M91 0.73T3 0.2871
S$F 0.9317 0.8208 0 0.0083 0.9914 0.M53 0.1759

510E 0.M72 0.8328 0.8232 0.4096 N/A N/A 0.65 %

SSA 0.9393 0.5924 0 0.4457 0.M66 0.5275 0.9093
FOR 3.0006 0.0002 0.6701 0.4 774 0.4524 0.9822 0.4896

Keys es(). System unevellebility; ef()= frein Av9. Unevellebl(Ity ; N/Ae Not Applicebte

.
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ITable C.15. Lag Four Across. Plant Correlations
L

]
$

|

|
|

Average r Volume j
96(AFW) 01(AFW) eS(EPS) OfttP6) M(NPCI) M (DCIC) et(AFWSPS) |

IF0/100 0.1112 0.0123 0.5535 0.3259 0.0793 0.3089 0.05M i

$$F 0.1441 0.157 0.1548 0.1914 0.154 0.6103 0.3065 )
[ llot 0.3022 0.0846 0.0824 0.1304 N/A N/A 0.0565 :

86A 0.2444 0.1452 0.0145 0.1504 0.2314 0.3382 0.1023 !
FOR 0.115 0.029 0.0105 0.2175 0.3786 0.3686 0.3525 ,

t

IHeterogeneity test
:

0$(AFW) Of(AFW) 0$(EP$) Of(EP3) 05(NPCI) OS(RCIC) Of(AFWLP8) {
EF0/100 0.7317 0.3544 0.1754 0.5016 N/A N/A 0.8104 i

i

S$f 1 0.9976 0.8512 0.M37 N/A N/A 0.7241' ,

$1GE 0.8306 0.425 0.528 n.7125 N/A N/A 0.4M2 (
$6A 0.0556 0.243 0.7804 0.1396 N/A N/A 0.0396 i
FOR 0.4812 0.057 0.7594 0.6429 N/A h/A 0.2875

Test Apolnst toro Correlatinn f
0$(AfW) Of(AFW) 0$(EP$) Of(EP$) 0$(MPCI) 0$(kCIC') Of(AFW+tP5) i

tF0/100 0.8079 0.4484 0.0023 0.2608 0.8737 0.523 0.8872 i

sst 0.988 0.9638 0.8652 0.3709 0.6919 0.1127 0.5498 I

slot 0.6581 0.6235 0.7258 0.8204 N/A N/A 0.6908
'

SSA 0.0276 0.2335 0.896 0.1934 0.5962 0.4311 0.0908 |
FOR 0.5793 0.0914 0.8752 0.5174 0.4255 0.4392 0.1068 i

!

Keys estle system unevellability; GT() frein Avg. Unevellability ; W/Ae Net Applicable (
!
!
i

I

(
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I Table 0.16. Lag Minus+0nt Across Plant Correlations ,

!

i;

!
|

1
i
i
!
'

A erese r vetuos ,

te(APW) et(APW) 06(SPS) 01(IPS) 48(NPCI) 06(kCIC) 01(Af>tPS) )
EP0/100 +0.1764 0.1199 0.1007 0.0$M 0.8009 0.3914 0.1004 j

96F 0.1033 0.1761 0.092 0.1013 +0.4421 0.1976 0.069 !

SIGE +0.0525 0.074 0.4573 0.4155 N/A N/A 0.2287 !

8&A * 0.23M 0.1229 0.0342 0.0004 +0.3509 0.6988 0.0063 [
tot 0.08M 0.090 0.0M +0.077 0.5% +0.211 0.229 {

Neteragenelty feet ,

Dl(AFW) of(AFW) 06(EPS) 01(IPS) el(NPCI) 0$(RCIC) 01(AFWIPS) {
IP0/100 0.9042 0.9M6 0.2742 0.M81 N/A N/A 0.M35 |

ter 0.717 0.2155 0.H45 0.5537 N/A N/A 0.7951 i

litt 0.6221 0.M66 0.10M 0.9915 N/A N/A 0. TIM f
SSA 0.9742 0.2093 0.0617 0.2723 N/A N/A 0.1614 i

POR 0.4188 0.MM 0.0328 0.6082 N/A N/A 0.9738 [
+

test Aceitet toro Correlotten i
'

96(AFW) 01(AFW) 0$(EP$) 01([P$) D$(MPCI) Ol(RCIC) GT(AFW+LP8)
IP0/100 0.9354 0.9407 0.3279 0.7807 0.0276 0.4083 0.9175 ;

*st 0.d11 0.1955 0.7411 0.7134 0.2883 0.6543 0.8851
Sitt 0.7233 0.527 0.0iN 0.1875 N/A N/A 0.53A5 |

SGA 0.8033 0.2104 0.1145 0.4147 0.66M 0.0836 0.276 |
POR 0.6671 0.769 0.065 0.M83 0.1493 0.H09 0.7918 |

r

i

i

.

?

I

!

:
I

;
,

i
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|Table G.17. Lag Mirus Two Across Plant Correlations
j

!.

|
|
'

:

Average r Wetuse .!
06(AFW) Of(AFW) 06(IP8) et(IPS) 06(NPCI) tS(RCIC) effAPW8P4) (170/100 0.0332 0.16 0.1201 0.0921 0.3492 0.021 L 414 !86F 0.2623 0.1795 0.3267 0.354 0.3773 0.1085 0.u328

-7

'

Slot 0.3753 0.0669 0.1398 0.0526 N/A N/A 0.0408 r

tsA 0.03N 0.0119 0.2215 0.0797 0.3252 0.4283 0.1631
FOR 0.0963 *0.1476 0.0109 0.0311 0.3064 0.1492 0.0017

,

!

|Heterogenelty feet
!

0$(AFW) Of(AFW) 0$(LPS) 01(EP5) el(NPCI) D$(RCIC) Of(AFW+tPS) ;
E70/100 0.5719 0.9003 0.723 0.9208 N/A N/A 0.61M !88F 0.1494 0.3678 0.9879 0.M51 N/A N/A 0.3954 iSIDE 0.0129 0.4209 0.1036 0.832 N/A N/A 0.5683 |SSA 0.1964 0.3075 0.3546 0.2487 N/A N/A 0.1107 +

FOR 0.1592 0.7949 0.6319 0.6532 N/A N/A 0.6492 .

ffeet Apolnst Zero Correletten
>

0$(AFW) Of(AFW) 0$(EP8) Of(EP$) 0$(NPCI) $$(RCIC) Of(AFWEPS) jIF0/100 0.7125 0.8 77 0.8067 0.9531 0.5278 0.971 0.645
',S$f 0.0887 0.3879 0.5M5 .0.1913 0.4273 0.8275 0.563

810E 0.0115 0.6052 0.1135 0.9197 N/A N/A 0.753 !$$A 0.3022 0.6273 0.4204 0.4341 0.5589 0.4278 0.1952
iFOR 0.2208 0.8061 0.7828 0.5918 0.5861 0.7966 0.799 '

;

Keys os(>= 8reten Uneva1IoblLity; Of()e iraIn Ave. UnevellablLity ; N/As Not ApptIcabte I

!

G-20
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Table G.18. Lag Ninus Three Across Plant Correlations j
i

!
i

!

!

Average r Velues I

M(APW) ef(APW) t$(SPS) Of(8PS) GS(NPCI) M(RCIC) Of(APWGPS) !

EF4/100 0.1007 +0.0602 0.8987 + 0.0833- 0.0M5 +0.3360 0.0H3 i

tsf- 0.0M8 0.177 0.4M3 0.16N +0.4877 0.5177 0.MM
sitt *0.203 0.255 0.3348 0.h14 N/A N/A 0.309
Str 0.138 +0.1654 0.1858 0.0918 0.M 0.1638 0.01M ,

Fat 0.0655 0.0839 0.1478 0.0M8 0.M18 +0.4485 0.tM5 '

6

>

Netertgenelty feet !

0$(AfW) Of(AFW) 0$(8PS) Of(EPS) 96(NPCI) DS(RCIC) Of(Af WEPS) !

Ef0/100 0.N01 - 0.7963 0.8357 0.9523 N/A N/A 0.1511 !

S$f 0.1074 0.414 0./945 0.4012 N/A N/A 0.7467 !

Il0E 0.6135 0.0115 0.0075 0.0063 N/A N/A 0.2773 *

SSA 0.2703 0.7613 0.7878 0.20p5 N/A N/A 0.6582

Fon 0.5688 0.4155 0.M59 0.1172 N/A N/A 0.033
,

,

feet A0elnet tore Correletten
0$(AFW) Of(AFW) 0$(EPS) Of(EPS) 06(NPCI) DS(RCIC) Of(AFWEP5) .

EIF0/100 0.9547 0.8357 0.8NT 0.9577 0.9734 0.6313 0.2577
867 0.124 0.Mt$ 0.272 0.4022 0.3559 0.3208 0.3969 !

SIDE 0.6372 0.0106 0.0005 0.002 N/A N/A 0.216 !

SSA 0.3601 0.8059 0.8152 0.3142 0.2836 0.8152 0.8235 !
FOR 0.6935 0.4544 0.3759 0.1937 0.6145 0.4M7 0.0095 j

?

Keys 0$(). System UnevelleblLity; Of(). Train Avg. Unevettability ; W/A Not An ticebte ,'
i

!

I
;

i

I

:

.
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Table G 19. Lag Minus Four Across Plant Correlations

!

)
:

1
1Average r Volues
]te(APW) Of(APW) SS(SPG) Of(SP8) 06(NPCI) SS(RCIC) Of(APW*SPS) j

E70/100 0.NN 0.0321 -0.4M7 0.16M 0.2188 0.14 0.0123
|Stf 0.15F3 0.tM 0.1814 0.004 0.3475 0.42 0.7488

Slot 0.2564 0.0335 0.0388 0.0509 N/A N/A *0.0908 )
$$A 0.1513 0.1673 0.M06 0.2664 0.712 0.8044 0.3986 |FOR 0.0018 0.0362 0.0822 0.5248 0.4668 0.198 0.2981

Noterosenelty foot
{0$(AFW) Of(AFW) 0$(EP8) Of(IPS) t$(NPCI) OS(RCIC) Of(AFW+EPS)

EF0/100 0.015 0.33T1 0.9926 0.2509 N/A N/A 0.7046 )$$F 0.4344 0.9558 0.5656 0.0738 N/A N/A 0.0906
SIDE 0.794 0.2851 0.8609 0.9193 N/A N/A 0.7762 *

SSA 0.3159 0.3916 0.3P99 0.943T N/A N/A 0.8574 i
FOR 0. 0 08 0.3714 0.0644 0.091 h/A N/A 0.2195 '

feet Apolnet fore Correlation
0$(AFW) Of(AFW) 0$(EPS) Of(EPS) 0$(NPCI) 0$(RCIC) Of(AFW+tPS)

EF0/100 0.0t?1 0.4465 0.4522 0.3775 0.424 0.8879 0.M3 |$$F 0.7267 0.65? 0.6P03 0.1M6 0.6081 0.4796 0.1423 !,
slGE 0.68T7 0.4695 0.9633 0.9803 N/A N/A 0.9058 !

$$A 0.4133 0.043 0.5388 0.9998 0.3788 0.2666 0.4959 ;
FOR 0.7536 0.4r51 0.1161 0.009% 0.6129 0.M1 0.14 %

|

I
Key 8 0$()* System unevellebility; ef()* Train Avg. thovellability ; N/A* Not Applicable f

I
|

1

i

1
t

!
!

i
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APPENDIX H. F1 ANT DATA

This appendix is a compilation of the safety system trains.out of service
hours used to calculate various unavailability indicators. This data, col.
dected for eight plants, was reduced from either of the fo11owin5 sources:

q.

!' plant 140 logs,
operator's logs, or
maintenance work orders.

The tables present the raw data in a reduced form, necessary for calcu.
lating the unavailability indicators. Each table is sorted chronologically by
system and train detailing the following information:

.t. g

System

Failure (Y/N) an assessment of tho'information in the * raw' data indi.
cating whether or not the train was functional. Question marks indicate fail.
ure uncertainty.

Downtime Date out/ Time out . The date and time which the given train was
taken out of service for maintenance (PM, CM) or surveillance which rendered
the train inoperaule.

Return to fervice: Date/ Time in . The dato and time the train was de.
clared operable.

Detect ,' Downtime . The time the train was known to have been inoperable.

Undetected Downtime . Downtime associated with train failures taken as
the average of the last known up period to the out of service date. Generally
assumed to be the lesser of 1/2 of the surveillance test interval, or 1/2 last
demand.

Total Downtime . Summatiott of detected and undetected downtime associated
with each event.

Quarter Total - Quarterly summation for use in calculating the indica.
tors.

Each table also contains plant specific information with regard to types of
trains (i.e., turbine or motor driven pumps, etc.), source of " raw" data, and
any other pertinent information.

'H1
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)
'

Plant i befety Dvote trolse tut of-servlee more

)Diete / tettlool Pellwe be.t les Ieb

nainoter.ted|t te.tet .te.rtere.etwn to servlieii. in [ to. tested,- me trein to,e mn3 .e u ti- u ie in iis ee.ii es ii i .t 1
t

51 SPtAC e tiet n 01/19/05 19:50 N/30/05 13:15 17. 4 S 17.68 . 17.42
'

52 ptAC-e 21N m 08/tt/06 11:10 16/3 & 06 4 :36 188.42 8 185.64 136.44 |
59 Sptat e 17k y 07/11/08 Olive OY/11/06 00 M 21.08 See 301. 5 301.83 i

54 pent e 1M3 m 16/23/a5 Itall 10/34/08 teill M.95 0 M.98 M.98 !
0F 8 ptAC 4 1957 m 06/t7/0F 00:01 46/11?SF StaH 1388.98 9 148.00 144.00 ]
8F 3 Oplat.e a ta/10/97 08:00 06/10/e7 15:te 7.17 0 f.17 ,

geent 4 y M/01/07 11:42 M/06/4F 13:50 50.13 360 410.13 ,

P84 e 1762 h M/k/97 06190 M/M/4F 15:14 8.3F 0 4.37 425.67 j
t

08 1 pt4C e 15 4 m M/13/88 StaM 05/11/00 07:00 32.17 38.17 32.17 i

>

Nt SPtAC e n M/06/ Sis 32:11 h/06/06 hete 1.98 0 5.08
Optat e y k/4/es 17:01 k/21/tB Mill 119.57 Sec 479.57 '

pent e n 08/15/08 ' 30:00 05/ 4 /08 4 :13 M.St 0 M.St '

Optat e n tut 6/tB 30a8 th/Ok 08 30:55 0.12 0 0.12
SPGAC e m 06/17/08 07:45 $U17/IA 1135 4.00 0 4.00 i

. .. ..... . . . . .G.PG. AC. e. . . . .. . 463 3. ....... .n ..... 0. 6/M../00.....M...a .to...S..U.N. /.08 .... 19:50......% .67.. . ... ... ... 0. . ... . 14.67... .....$.36.ll.
'

... .. .. .. . .. . . . . .....

52 SPtAC b F183 a h/t&/06 07630 N/ta/05 Wit 0 M.6? 0 M.67 M.67
{

53 pent b n 07/15/05 06:00 07A7/m kall 46.42 0 M.43
SPGAC b 1794 m 07/1F/85 15:33 07/lF/8 19:60 4.N 0 4.38 M.70

54 ptAC b 1M3 m 11/M/05 05:15 11/tt/05 03:51 St.# 0 St.M 32.M

06 3 ptAC b 143 m M/tt/06 05:18 N/M/h 08:00 M.3 9 M.fl M 75

0F t pt4C b 1957 m suc7/8F 33:18 DV09/87 #sM M.30 0 M.30 M.M

87 3 SPGAC b 1762 y 07/M/87 14:09 07/25/67 10:00 E tt See 376.00 3 4 .00

08 1 setal b 1974 a 05/15/06 Staal (3/17/08 05:30 M.98 0 30.98 M.92 j

5t 0*e4C b ak3 m k/04/06 07 5 '84/0&IS 19 M 14.02 0 18.07 14.02

54 &#eb n 10/01/95 16:4 10/02/05 00:58 6. 9 0 6.70
APW 6 tM3 m 10/02/05 4:13 10/02/05 5 :01 6.77 0 6.77 13.47

96 2 MW6 143 a 06/15/M 08:34 k/16/06 30:15 3$.M 0 M.48 35.H

87 8 Meb 1937 m SU23/87 16:45 06/M/87 14:41 21.93 0 f t.93 21.95

... .. ..t. . .... .Me. .b. . . . . . .#.MS. . . . . .. ..h
W-

. . .. . . . . ../.k/.04
06

.. .. . . ..... .....M. ./.k/.M... . ... 96 : 05. ... . . 1.60. . . .. . . . . ... 0. .. . . .. 1. 60. . .. . . . 1.40
kut

.. . .. .. . . . . . ... ....

.. .. . . 2. . . . . ..MW e. . . . . . . .S.k.3. . . . .. . . .m
E-

........../.05/08. . . . .. .. ..k. .i t6. .. ..M. ./05/08. ... . .. . . . . .k. .:M. . ... . .. 0. 37. . .. . . . . . 0. .. . . . . 0. 3 7
0.3F05

. . . . . . . . . . . . . . . . . . . .

87 8 APwe 1937 y M/N/SP 10:34 05/M/87 Mill S.95 See M3.9% W3.95

SP 3 Mee 1768 m 07/01/87 08:30 07/04/87 tlsh 6.93 0 6.93 6.93

. ... . ..t. . . . . ..Me. .e. . ... . . .L.W. 3
m- .............................23:34.... ....U. 17/.tB

D
. . ..... ... 9. 45. ..... 69.14..... .. .0..... . 59.14. ..... 59.18

n tw14/a8 1
.. . ..... . . . . .....

W3 Mtheth n 07/01/87 Mill 0741/8F 13310 4.35 0 4.35
MWe86 1762 m 0F/01/47 13:13 0F/01/87 23sM 9.95 0 9.95 %.30

totes 1. Date seases Ghtf t seenervleerie tee.
2. MW treffe *o* 4 *te ester.ertvery trein er tabine elven.

3. tote settert.ien perlet (51 thregh N l).4. Plant shJtes portee seen este see not settestafa (96 3,4; 071).
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41 Bdna 3 tege3A 44e4314JGlse 4fI 43 48J4100 cesG 49' g

,

$denDS / )ellleoj ) ell A4 gemu goG 444#u $$ $SdA$$$ (444348$ Q(bgeleJnep 4*nel g eJte4| 9 i

eeS 440g4 timJe )4/4( tege oy gine OF 4844 14 4188 84 4*stlleI8 | temples 488L4le8 L4491 |

54 tsA 6 e 49/01/W ttiM 49/01/et 69140 t'et 0 tN A

W46 6 49/44/51 09tM 01/04/tf 5 895 91*45 4 9$'*4$
25 0 0 45

0'99WA6 e 09/01W ntfts 01/0t/45 498e0
O ? '*99WM6 4 W/09/01 tetlL 01/09/et % 820

t't42* 0 8*ttWA6 4 01/49/3$ 62885 01/09/95 65880
MMAL u 09/tL/8E u t00 01/tL/91 utt5 9 *M 0

t'90
t'00 9t'94WAL e 49/2d/e5 6# 49 69/t4/ot LtteG t *e0 0

W46 ttes e 89/tt/02 oe'ttO 09/tt/tt LLILO t*00 0 4*

Wt WAL 090 A 44/25/05 69890 01/21/91 49800 4 *t( t90 %9t *.fE t9t *tt

45 0 t '45
t'tsM9 WAL 4 60/24/05 00855 60/84/01 48L0
0* 0 8*91MAL u u/tt/et tet tO ln/tt/tf 60800

WAL u tt/L9/et 04146 6n/49/tt LLILO b *M 9 , ts

wag u 6g/gd/et LL:og gg/g4/ot ggeg( 0*LA O O''44

del 4469 u tt/tt/0t nt 840 tt/tt/tt 49899 l'04 0 l''ed 9'00

etal vsA L u 01/89/49 tettO 02/09/09 ttiLO 9*94 0 9*94

WAL e 04/04/09 eetM 02/09/99 u tne t'94 0 n '94
M 4 t * 69

t ' 95mag e 01/4/tt netiL 02/t5/49 44150
A 4 A 9$WA6 4 et/ot/M utoL 01/01/09 69890

00 0 40'00
L0''tIMA6 4 01/02/09 3t849 01/01/99 eettO
t* 0 6*94wag u ot/ee/e9 noits 01/04/M ttise

W44 4461 4 81/t0W teets ot/t0/09 6981$ $*44 0 $'ta 15'51

g9 3 wag e 49/01/09 01250 01/01/09 4 125 49*42 0 49*44

WAL u 69W/09 ttini 09/01/99 htiM n *45 0 n *4$

4 t*01 4 t 'ot01,0WAt 4 49/tO/09 htiL( 09U0/99
09

t'94us 0 t'ot 4WA6 e 01/01/99 04tt5 05/01/g,
6*WA6 e 01/tt/09 LI W etuL/09 49140 l'94 0

WAL e 09/01/09 %8120 09/04/09 61180 L *00 0 n *00

40 09/20/49 totM t *tt 0 t*tt

64'tOWAn 4 49/40/M
nit 09/40/M 69115 n *09 0 t *09tsA 6 4 09/20/M

WA6 e 09/tn/ts nt 856 09/tt/99 itlit t 91 0 l tS
MAL e 89/tt/09 tt1EO 49/ tis 09 ht 851 0''tf 0 0'*94

W46 tt49 4 09/25/09 httO 01/25/09 kltt9 0'00 O O'90 98*00'

09 t MA4 4 04/49/99 04885 04/89/M 66191 t * 64 4 ?*64

MAL m 04/0t/09 tett$ m/01/69 htits 4*00 0 & * 00

n ot 0 t *0$
"9't M t'atnAt e ot/tt/M 091ts ot/22/M
4 s' 0 t etWAL u etU0/09 etit5 0000/09

WAL 6494 4 tt/t0/09 64'1$ 09/tt/09 691t0 tt *%9 0 tt'59 91*4I

WL W4L 4 4L/64/05 n4361 04/niW ht f55 t*00 0 t'00
waL u tt/2L/01 09351 01/21/8$ tt tlG t '45 0 3*45

nA6 4 0t/01/01 61165 ot/01/et tet65 12 1( 4 st *tt

!t'ti00MA6 4 01/59/05 tditO ot/td/05 49510 3t'00 4
t' tt*tL

WM6 64tL 4 ot/teW ittt5 0t/L4/0$ 44825 t'tf 6

64 4 ll*bd
44'3$ O ?*45W8 MA6 4 tt U9/15 04861 41/41/05 40145

4't ttO
tWML e 01/09/a5 te til 05/09/05

6851 tt'*M 4 tt *05 94'14W46 6999 4 89/02/01 itttO 09/0t/tS

edal WA6 4 04/09/94 ul00 04/09/94 61140 4*LA 0 t ni

to''40
ttMAL 4 4L/od/td 6t:00 4L/09/ta 61140 46*t1 4

9L'otWA6 4 04/Ll/94 49195 OL/M/94 09861 9L *%0 &

t'neWAL 4 4l/L1/94 3t890 4L/t9/tL otitS t'ot 0

t'ttWA6 4 4L/69/94 04540 04/tt/tt LLttL 8'LS 0
4'MAL 4 01/20/94 itt$! 04/tt/t'. 02:00 t*L( 0

WM6 4 04/22/04 00144 OL/tt/td 8 860 9 tA 0 9'94
WAL u 02/01/91 OLt ni 02/02/14 65:60 s''ot 0 $ * 44

mag e 02/t0/14 eet 49 02/L0/t4 6dttO t 31 0 1*tt
WA l = 02/L9/94 04254 02/11/94 ttiLO tt'*21 0 tt *32
WA.g u ot/tt/ti detit 01/2t/94 LtttO l'44 0 s'44

I t *tt
t, E(W A- 6 4 02/21/94 tL t45 01/24/94 49891

*la 0 9 s4 t50 ttWAi iM4 = 01W/et uW osWW ni,t

Ht
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PlePt I befet? Speten trolmest.of tervios tows 93. I '

I
DWete / teltleell felleet temtles heten to toevloe Setected |ledeterted tetel | tetteel s

eft trein tore | ty/m3 | Dete Out fles gut Date in 16ae in tamtlas | Dentles towitnes | total [ !

;
SF 8 W1 m SWD1/97 06:25 M/01/tf 14:50 12.42 0 13.42

,W1 m h/M/07 46:50 ' h/30/97 30:53 14.06 0 14.05 tW1 m h/23/0F it:M h/M/DF 19:50 31.90 0 31.50 '

W1 m h/M/SF 5:00 butt /87 02:00 3.00 0 3.00 !
W1 m h/2/07 itin h/30/07 19:30 F.42 0 7.42Met n 05/07/07 mill # /07/47 16:45 4.90 0 S.50W1 a SW11/07 13:25 GW13/07 15:06 35.67 0 25.67 '

Met n 0W17/07 11:19 96/14/07 90:18 14. 5 0 12.08 I
W1 1804 a 06/M/87 16:06 GWM/SF 4 :50 3.75 0 3.F3 110.17 j

07 4 W1 n 10/07/07 18:10 10/14/s7 17:33 173.38 9 173.38Mv1 n 10/14/07 Na30 10/14/0F 13:06 4.54 0 4.50Arv.) n 16/t&/07 08:34 4/M/s? 12:41 4.12 0 4.13Mv.1 n 11/1t<t7 06:36 11/11/87 17:13 10.63 0 10.63

.|
Mw1 n 11/ 5 /87 4:42 11/8 & S7 00:30 0.13 0 8.13Aret n 12/02/87 5 433 tir03/s7 03:10 17.62 0 17.62Met n it/1M87 06:08 11/4/0F 06:45 44.62 0 44.62 '
Mv1 tiet n 13/30/87 14 M it/30/8F 15:40 3.03 0 3.03 370.12 ;

08 1 W1 n 01/13/08 h 30 01/13/08 Mi10 13.83 0 13.03
MW1 n 01/17/W 14 N 01/1F/06 19:50 1.50 4 1.50 |MW1 a 01/t?/M 06:45 01/27/06 10:49 4.07 0 4.07
MW1 n 02/10/06 assee 08/10/08 11:55 6.18 8 6.18 !Mw1 n 01/24/08 07:30 Ot/M/et 12:15 4.M S 4.M

.................1...........ilM... ........... 03/.09/06.. . ..........m.... . . 03/.09/08... .. 13. .:54.......7.42. ......... 0.... .....F 48..... 37.75
Mw n 33

.. . . . . . . ... .. . . . .

83 2 AFe t y SWO6/03 07:50 M/08/83 16:50 9.00 340 360.00
,

MW2 Y b/15/03 $7:00 06/15/03 M:50 F.83 1 F.03Mwt n k/4/03 88:00 k/tt/83 14:15 6.5 0 6.36 |Met n k/19/03 &W M/19/03 10:40 1.83 0 1.83
MW-4 m 95/ 4 /03 twil M/4/03 13:15 5.00 0 5.00

,

AFW 2 m tW13/03 09:ll SW13/03 13:45 3.83 0 3.03
MW4 21M a tuk/83 N 30 GWM/03 11:45 3.25 0 3.25 397.00

'1
83 3 MW2 n 07/11/S: 09:42 07/11/63 14:45 S.M 0 5.05

Met Me n 07/12/83 09:30 07/12/83 11:00 1.50 0 1.50 6.55 J,

$3 4 Aret a 10/06/43 09:15 10/0W83 11:30 2.2% 0 3.25
MW2 1 10/15/83 07 N 10/14/03 15:10 F.83 9 F.83 )
MW-2 n 10/25/43 10:55 10/25/83 13 M t.15 0 f.15 '

Mwt a 11/02/83 WsN 11/02/83 09 N 1.00 0 1.00 '

Met n 11/02/83 13:30 11/02/83 M 35 1.08 0 1.98
Met n 11/01/63 4 :55 11/02/83 17:06 0.1F 0 0.17A'* ) n 11/03/03 00:06 11/03/03 00:42 0.60 0 0.40
MW2 m 11/07/83 16:50 11/07/83 17:10 0.33 0 0.33
MW3 a 11/06/83 11:50 11/06/03 11:55 0.08 0 0.00
Mwt 1 11/09/83 19:15 11/09/63 Mitt 5.17 1 5.1F
MW3 1 12/13/83 CFill 12/11/03 09:40 2.5 9 2.25
APW 2 flie a 12/29/83 09:06 12/19/85 16:00 6.90 0 6.90 29.82

M1 MW2 a 01/05/M 12:47 01/05/N 13:03 0.27 0 0.17
MW3 n 01/26/h 09:25 01/tWM 11:00 1,67 0 1.67
Mwt n Ot/15/M 07:20 Ot/15/M it:50 11.50 0 11.50
MW2 n Ot/73/M m:50 Ot/23/M *0:15 1.42 0 1.42

- Met n 03/02/M 23:10 03/03/N 06:54 7.73 0 F.73Hv-t y 03/03/M 06:54 03/64/M 31:00 M.10 1N 154 it
l Met y 03/u/M 12:00 03/H/h !!s tl 10.25 1N 130.25

_

MW2 1911 m 03/21/04 00 H 03/t1/M 19:10 10.33 0 10.33 521.2F
| M.t Mwt n M/19/M 12:45 04/15/$4 M:50 2,08 0 2.00

MW2 9 M/09/M Mile 05/09/h 4 :50 10.00 9 10.00
MW2 m OW01/M 12:20 tWC1/k stip 9.00 0 0.00
Mvt i1M n SUM /M 14:10 GWM/M 13:M 1.33 0 1.33 13.48

1

,

11 4

i
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Plant I tefety System trelm tut of torvlee more P0 3

|

tvete / tettleet fet two Damtlas betwo to torvios totected neuesteeted Vetet teeter j

ett trein bare cy/n> Dete w tem u note in tie in so.wie onmii. >=mi te. 1.toi ,

!83 A,w.! n .fi.i., ... .fi.i. ,1,40 S.,, 0 5.,,
i

AftF t n 97/11/N CDsM $7/tt/h 14:15 1.75 0 1.75 g
AftFt t 97/31/k 0FsN 0741/06 11 M 4.56 9 4.94 )s

AftFI a M/SD/m mate et/eD/M 19:10 3.00 0 3.00 J

AftF 2 m SD/06/06 13:30 0D 706/06 4 :00 3.67 0 2.67 j

F:0 7: t 0.50 -

S.D/96,/06 9,0s.0 3,0,,/06,/06 0,5.30 8.50, |
t

Af.tFI . ,07 0 0, 0 .0 4.6 9 4.67 21.=4 3 m, n

W1 W8 y $1/11/W 06:15 01/M/W 01:30 00.35 360 4W.5 !

wt a 08/01/ 5 10:00 et/01/5 5M 13. 5 0 13.83

AftFt a S /01/ 5 09:40 m/01/08 iliM l.03 0 S.83 |

W8 1741 ? 18/07/ 8 08:65 m/07/05 16:45 8.00 t 4.00 4M.98 ;

N2 Aftet y 06/11/08 06:50 k/tt/06 B6:08 23.30 340 383.30 1

Arw t n M/k/W 18:30 m/M/5 14:05 1.58 0 1.58 j

wt 1604 m 06/t1/08 09:10 06/21/86 M410 S.00 0 S 80 389.08 i

07 1 W8 m 01/ tut? 13:12 01/ tut? 15:11 1.98 0 1.98

WI a 01/9D/07 14:06 01/11/87 Matt St.it 0 St.lt 1

|'AftFi n 01/19/07 teile 01/15/87 23:15 22.92 0 48.99

A&R n 01/17/87 16:00 01/17/87 R1:55 S.92 0 S.92

ArtFt n 01/19/87 19:25 01/M/67 01:15 S.83 0 9.53 |

Arw 2 n 01/20/97 15:30 01/20/07 23:40 6.17 0 4.17 1

'
ArtFt n 01/21/87 State 01/t1/67 12:10 3.17 0 3.17
Aftet n 01/ 5 /97 it M 91/23/87 17sM t.37 0 2.37 j

48W 2 1 01/87/07 07:30 01/I7/07 23:30 4 .17 9 M.17 .

A*W 3 a 08/ # /87 11s63 tt/tW67 13:41 0.97 0 0.97
Arw ! n St/M/07 St30 et/u/67 Mail S.75 0 $.75
Aftet y 83/01/87 06:35 03/01/07 30: 4 14.14 3e6 374.M
&%8 1989 m OR/tW47 Sps tl 03/tW97 14:40 S.42 0 S.4 504.95

I? t ArtF4 m M/06/t? 09:23 h/05/07 11:15 2.87 0 f.87
AftFt t N/06/87 Mit? 06/06/67 32:30 55.08 9 95.08
AftF t a h/M/SF M60 N/M/87 19de 1.17 0 1.17
Aptet n k/N/67 12:00 66/29/87 4 :05 4.5 0 4.08
WI n N/eW87 97 17 05/06/87 17:55 10.63 0 10.63

AftF2 h 06/14/87 00:15 GW1WS7 30:00 19.75 0 19,75 'I
ArtFI a h/M/07 Ws30 tuk/tf 17:40 4.17 0 4.17
wt 1894 m W/8W87 hitt . tWM/87 hail 0.05 0 0.M 98.60

87 4 AftF t a 10/14/07 13 M 10/M/87 17 M 4.44 0 4.44 ,

AptFi n 10/21/87 W:45 10/11/07 19:00 12.35 0 12.25

AftF2 m 10/th/07 12:64 10/N/87 17:55 S.14 0 S.18
|'Aptet n 11/04/87 13:55 11/06/87 21:22 31.45 0 31.45

APtF2 n 11/11/87 IF M 11/11/87 21:34 4,30 0 4.30 ,

ArtFI a 11/M/87 06:59 11/3W67 N 00 3.00 0 3.08
Arw t n 11/11/87 Walt it/1W87 00:35 09.43 0 89.63 ?

Arw t 1986 n 12/30/07 86:30 1840/97 12tM 6.08 9 6.08 1M.37 y

N1 &#tFt n 01/M/W 97:00 01/M/08 M 05 f.M 0 7.08
Wt n 01/27/8B 11:00 01/27/06 15:10 4.17 0 4.17 ,

Apr ! n 02/10/08 11:M 92/10/08 16:45 4.82 0 4.02
AftF2 y 02/31/0B 14 tM 92/31/0S 19455 S.to See 365.00 ,

Afw ! n et/M/M tt M 02/M/es 17:30 4.92 0 4.92 :

.'WI ille a n/se/es 14:00 03/09/08 Mim S.60 0 5.eG 391.58

57 Spent 1 i k/tW83 06t M M/0W83 Pet 10 13.54 9 13.58
greaC+1 9 h/13/63 86:30 h/u/03 22:15 39.75 t 39.75 '!

OPGAC 1 $ $/t?/83 06:30 k/29/43 G7:20 48.83 1 64.83
BPeaC.1 m g6/11/B3 mile 05/11/03 Ma tl 13.62 0 13.62
8PeaC+1 1 06/12/83 Mstl 85/12/83 18:30 12.00 t 't.88 ,

SPGAC 1 1 05/13/83 m:00 95/13/83 13:50 f.83 1 7.83 i

OptAC 1 y 85/27/03 still 05/27/03 14:30 4.56 3ec SN.M
8PGAC 1 1 IIWO2/83 88:00 GWO2/83 10:20 3.33 1 2.33
OpteC+1 lite y 46/07/03 15:40 GWOWS3 17:40 36.00 138 154.00 M0.41

53 Spent 1 the a 07/en/W # 430 07/06/03 30635 M.te 0 M.OB 14.08
1

11

H-5
,

t
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Plant I tehty gyetes trotm4st of tervlee Omre pg, 4

Iovoim i i entia.ti seiteet o.mtie. 8. ten a t.evi.e 6.t tw weiwtw 1.i.i wier jSTt trein | Dese | (y/n3 [ Dete Out fles M Date in fle in Demtles Demtle Dantles 1stel -

t

$3-4 setAC.1 9 10/ 4 /03 06 45 - 10/M/Sl 30:49 M.00 t M.teSput*1 a 11/01/03 h 00 1t/01/5 WM 4.93 0 4.9t ,

SPMC 1 9 11/ 4 / 5 07:00 11/ 4 / 5 Miel 15.75 t 15.75SPeat 1 9 12/14/03 DFall 14/12/ 5 titel M.90 t M.90 iBPhot 1 81 4 t 12/t7/W 10:00 12/27/93 mit 5.1T t 5.1F k.33
k1 t* TAC 1 m D1/36/E EM 91/31/06 k l4 32.42 0 31.41 1SPthC 1 y ht/09/M Sh40 Ot/Se/N 10:00 0.33 3e0 20.33 JIPGAC 1 1915 n M/01/W 11:05 63/tt/E StsM 15.42 0 15.64 398.17 1

hat IPut 1 n k/05/04 SFs00 k/05/h W30 7.50 9 7.50GPthC4 a M/h/M 96:65 k/tF/M 13:15 30.90 0 W.50BPGAC 1 m 85/k/h Sh30 96/5/M Matl M.tB e N.08Splat t a th/05/M W44 06/06/M 15:35 5 .75 0 33.75ltthC 1 fik a th/tt,M h30 06/tt/M 30:15 13.75 0 13.71 95.58
66 3 BPtAC 1 y DF/13fM 23:25 07/M/04 00:00 0.M 360 340.54

.. i

',BPSAC 1 174F n 07/19/04 mil DF/19/M Wle 9.98 0 9.98 379.50
M1 SPtAC 1 1741 9 01/30/05 06:57 04/01/06 40:10 41.22 9 41.28 41.23
45 2 t> TAC 1 a 05/09/05 07:08 06/09/05 15:30 4.44 4 4.44t> TAC.1 9 86/13/ 5 Shte 05/11/ 5 30:50 61.43 1 61.83

,

,

Setat 1 MM t 95/33/06 06:30 0:st3/05 WM 9.83 9 9.03 90.06
|

47 1 BPGAC 1 n 01/07/67 07:11 01/07/07 19:00 it.N 0 11.42 |SPtAC 1 n 42/09/0F title 02/09/07 19:30 4.00 0 8.40 iSPtAC 1 1969 n 03/25/87 DFate 05/25/87 Wel F.43 0 7.44 27.23 v

$7 2 RetAC 1 itte n 06/25/07 m30 06/M/SF 22:23 39.04 0 39.00 39.04 '

tSF 4 SPGAC 1 1 10/23/97 mal 10/23/07 21:00 M.54 9 M.54IPent 1 2165 2....................................t......11/.11/.9.7........ 4.... 11/..t1/.0. 7.....0.1:0U .... 42 23.. . . . . . .. . 9. ... . .. 42. 5. . .. . . 56. 81. . . . . .... .. ... . ..
83 2 SPGAC 3 1 96/23/03 WOS h/tt/s W30 3.62 9 3.43

SPSAC 2 n 06/k/G $6:30 M/05/83 00:00 17.50 0 17.90
RPGAC 3 m M/14/53 06:30 06/14/03 W30 4.00 0 8.00 jBPenC f tik n 06/27/83 07:00 th/87/s3 22:25 15.42 0 15.* * 43.h

83 4 SPSAC f i 16/21/03 0 7:15 10/71/03 21:50 14.58 9 14.50 <

SetAC 2 n 11/14/83 07:N 11/14/03 22:30 it.t? 0 15.17tPlac 2 n 11/21/03 2 00 11/f t/83 N 00 W OO O WOO
SPt4C t y 11/29/83 10:00 12/30/03 Wel 18.75 3A0 375.75
SP9AC 2 tite n 11/31/83 11:25 12/31/ 5 11:45 0.33 0 0.33 422.83

M1 BPeat 2 1 08/15/04 E SO 08/16/04 ft M 34,67 9 38.67
IPtAC.2 itil n 03/15/M D7:00 03/15/M 32:35 15.43 0 15.48 lede

kt 8PtAC 2 9 N/12/M 97:00 N/12/h W50 6.83 1 8.83
SPtAC 2 n 05/10/M 96:45 05/10/M W10 9.62 0 9.62linac 3 n 46/05/h 11:00 46/05/M W 30 4.50 0 4.50
SPAAC 3 t1M n 06/07/M 96 45 06/07/M 22:35 15.83 0 15.e3 36.58

h3 t* tat t n t?/06/N ESS 07/06/h 15:40 9.08 0 9.00
BPGAC t n 04/03/06 Si30 08/03/06 19:50 f.47 0 f.47
BPDAC 3 1767 9 St/13/N Sh8 08/13/06 21:35 1.17 1 1.17 17.73

|
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i

| M.6
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,
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plans 4 tefety syntes trotse.M.of tervloe bewe '8' I
-

tyetes / teltleet f ellwel Demtles . toewn to toevloe beterted twidetected tetet I 4.arter
ett trein here ty/n) j Dete eut fles M tote in fles in Demetes | Deenties Dewittee | tetet

85 1 sPtat t 1741 a 55/15/05 07:33 GB(fl/05 18:45 11. 5 9 11.M 11.M

e5 2 sette I teen t en/tWel 06:38 tutwel alstl W.67 t 16.67 M.67

37 3 sotac.3 1346 m 05/tWS7 W ee 95/06/87 WM t.tt 8 1.92 1.98*

87 3 t>HC f a SUM /ef elsel ewes /07 08:35 h.67 0 h.67
SPeat.2 9 g&3Wsf 88:10 sh/3B/87 14 # l.05 t 5.85

treat.2 1986 . n et/k/SF tidt OD/k/SF 21:13 0.M D 0.40 32.79

37 6 getag. 2148 9 11/14/07 . Ett 11/19/97 Wit 0 W.W t M.# W.4

ge4es: 1. Date enroot ehtf t esserviser's 180 '

3. Dete soLLestten perles (5 4 threek 08 il.
3. PLmt elesteem portees one este see not ooLLested (k 4, W.3 thragh 86 4.,88 th

M-7

___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - .-
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|Heat 3 befeey tuote trein M of servles more ;

I0,.t. i triiie.i i ,eii towiii. w,a t. to ies w esi e .i.p=t i ist.i i t.r. '

DTS Trotn tore | (y/n) $ase est ilm ht tote in ilas in bestica Dewitte | Desille| 1steL q

51 Afee tilf a M/13/W DFaN 84/13/ 5 08:N 0.10 0.00 0.18 0.10
,

58 We tiet a M/10/5 at M M/10/W Milt 0.30 0.00 e.30 0.38
I53 Afee a 07/06/W 15:40 07/96/ 5 tt M l.00 0.00 8.00 4

48W-o a SF/94/5 MM 9F/06/5 Sl M 0.65 0.00 0.65 *We a SP/tF/W 00:01 07/tt/5 08:00 7.98 0.00 f.tt iWe 3000 y ER/M/tB 33:06 08/87/ 5 06:35 6.30 300.00 3M.30 300.78 |

M3 We y $7/#1/06 paOS 07/#1/06 16:45 6.00 3e0.00 3M.00We 1960 a OS/N/06 0Falt 08/M.*M 06:31 0.46 0.00 0.8 366.48
{

46 4 We tem n 11/1C.806 08:19 t t/19/M flesal 0.19 0.00 0.15 0.18 *

87 1 A8v e tea 6 y $V 4/Of it:M 91/21/97 St N 13.60 3e0.00 375.40 373.40 |
GF 8 We tiet n 06/10/97 08:44 GWW/87 35:51 0.12 0.00 0.14 0.14

...SF.4.............e............................../.10/0F. . . .... .... s. .. ... .. ./.1Wef. ........ 13 :11.......S.38.. ...... 0.00. ... .. . . . 9. 38........S. 38
Apt 1874 m 11 eM 11 ;

..... ..
51 Mb tilf a 84/13/W 80sM 88/13/08 08:38 0.13 0.00 0.13 0.13 i
Nf A8v b iM9 n M/10/05 still M/10/tB 09:06 0.33 0.00 0.38 0.38 b

85 3 Apeb B300 a 07/37/05 08:01 07/t7/8 Mite 7.96 0.00 F.99 f.96
86 3 Afv b y 07/08/06 09:10 07/08/06 15:06 S.95 300.00 368.98Areb iM9 m 04/#9/06 13:57 84/39/06 13:15 0.30 0.00 8.30 306.35

rM4 APW b n l'/19/06 08: 4 11/l9/06 08 M 0.13 0.00 0.13
APw > 1885 1 %.'D/06 ilitt 12/88/06 MN 0.78 1 0.73 0.5

s

......3. . ...W. . ..b. . . . ... .t. .iet......................./87. . . .. ... .... . ... . . ../.16/07
87 n 46,10 0P:00 46 09:13 0.0

.. ... ................. 0..... 0. 00
0.08 ?..................0.08. ...

51 Aret 2157 y OS/M/05 13:51 18/30/05 15:57 8.10 340.00 368.10 362. 4
.

53 APv t n 07/33/05 M 14 07/ 5 /05 Men 87.90 0.00 57.90
' APW-t n OS/#/S 95:73 08/06/ 5 01:35 M.00 0.00 80.00 '

APw t 18E8 y SD/06/W 1F:45. M/tWe5 01:30 F.75 360.00 347.75 493.45 8

iN4 Wt a 11/14/ 5 Staal 11/14/05 9 Pale 0.42 0.00 0.44 ]Wt n 11/13/ 5 SpilF 11/13/ 5 11:00 1.05 0 1.05 qwt a 11/M/05 State 11/M/05 ODit? 8.42 0 0.84 i

APW t a 11/M/05 15:38 11/14/06 1SiM 0.13 0 0.13
Aret a 11/15/E5 ettet 11/11/ 5 teilt 0.17 0 0.17
AFw t 1999 9 14/13/ 5 *3:41 11/13/06 16:00 4.32 1 4.32 6.30

M4 APv t 11M t 85/11/M 35:00 O!/13/M 11: 5 36.0% f M.05 M.N
M3 AFet SM9 y 04/10/06 19:13 OS/14/N 10:05 3.17 360.00 Mt.1F 352.17

N.4 hiv t n 11/12/06 11:08 11/22/06 Matt 3.18 0.00 3.18
Afw t 1985 y 14/08/06 06:41 14/02/06 14:07 11.43 1.00 14.43 15.62

07 1 APet 1856 y 08/13/07 08:00 02/13/07 15:00 F.00 340.00 Mf.00 MF.00

to:ee 1. tote eerses thite seervleer's Lee.
2. Apela trotro me 4 e noter ertvens train *to tabl te artwen.
3. Dete setteetten pertes (m.1 themah 87 43.
4. trein *to fettwo of it/et/M eesurred ript ef ter enseessefest

test, henee widstected espilles of *1 hew.

H8
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Plant 4 tafety eyetes trein M of servios bare
i

lieertertedl to.tet i Omarter | |home te. I be

| tettleen I feltwoteie w tie. w [ D.twa to s.ervloeno.teeted8'I*reintes / 8j | w isejos ni=| ietet itowe | ty/n> ie in ti in es niesett

SS 2 he ital a tuts /85 10:38 06/06/06 10:47 0.38 ~ 4.W 0.38 0.32 f,
!

08 3 We a DF/te/W 00:01 6F/16/5 at M t.08 0.00 0.08 r

We 1900 n 07/88/W m:00 07/n/a w ee 0.00 0.m 8.00 0.m j

18-4 Mee tiet n 11/21/06 09:00 11/31/05 Ot M 0.33 0.09 0.38 0.33 |

DF1 ? Fee 2158 n et/12/h teilt at/tt/m Stall 0.M 0.00 0.38 0.M g

tot Mee tita n 08/0F/06 mill 06/07/96 DPs95 0.17 0.00 0.17 0.17 !

87 1 Mee 3143 a 08/08/07 47:13 85/04/07 17sM 10.85 0.00 10.33 10.33 >

87 4 Mee asse 1 12/M/tf 19:30 12/M/87 WM 1.17 9 1.17 1.17 {
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ,

N2 MtP b 1835 m SWGS/W 11:05 46/06/06 tt:M 4.38 0.00 0.38 0.32 i
.. I

jj 05 3 WD 1986 n 07/36/05 16:01 07/M/06 85:59 f.97 0.00 f.97 f 97

54 Met titt a 11/t1/5 09:38 11/21/05 09:3t 0.17 0.00 0.17 0.17 ;

BOR MWb tit 8 a 06/07/06 DPs16 06/07/06 09 N 0.17 0.00 W.17 0.17 ;
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . >

N3 wt t 07/M/m 15:56 07/30/ 5 17:54 1.97 1 1.97
ht n 06/21/e5 35:60 CW21/05 35:53 0.83 0.00 0.32 ;
Apot t n SW21/5 15:30 8&/71/ 5 16:51 3.35 0.00 3.35
ht n 08/21/06 11:15 Out1/5 11:30 0.M 0.00 0.35 t

MWt n 06/22/08 Witt 86/25/06 14:17 38.98 6.00 36.99 f

Mit n 06/M/S 16 M m/k/M W el 0.32 0.00 0.32 ?

P
MWa t a tull/sl 05: 5 08/35/ 5 5:5 0.38 0.00 9.33
Nt n M/M/05 0P:12 Ok25/06 Spilt 0.15 0.00 0.15 I

*
Wt a et/3Wel Wel 06/3006 17:05 0.38 0.00 0.33

,

MWt 1986 h OS/h/5 atiN th/3W95 00:45 4.M 0.00 0.38 Ett
9

| 801 WWt tilt ? 02/12/06 W47 0t/13/06 19:44 86.08 t M.tt M.et
i

BOR MWt F185 m 05/k/06 06:00 05/05/06 State 17.90 0.00 17.00 9 7.00 ;

803 Hvt 1999 1 an/14/06 11:05 08/14/06 15:39 4.40 t 4.40 4.44 |
5

h-4 Met y 10/71/06 11:M 10/M/06 10:30 ft.00 344.00 431.00 *

Mw-t 1919 t 11/13/06 WM 11/15/06 19:38 9.08 1 9.05 440.05 |
87 3 MW-t t Df/1WB? W OO 07/17/07 13:17 28.36 9 23.38 i

*
MW* t 1 SWOS/SF 08:11 86/06/07 35sco 14.42 9 14.82 '

Mt It98 n 99/15/97 10:09 09/11/87 &&t 0.30 0.00 0.38 M.48
i

I
totest 1. Date eewset thif t e@ervleer's leg. -

2. Meds tralre *e & sa ester ektven; trein 't* te ttre artm. ta

3. Dete setteetten pertes 951 themp 87 4).

t

b

.
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| Plant 5 DefetF Dyste trein M of Servlee hence :

)

Dvotes / teltical totlure Dewit tee 1 Detwn to Servlee Setected louertectedl 1 stet I
ett f rein news ty/n) Dete that itse Out j gete In flee in teamtles | Denntles | Demales

5

05 2 AFW t a N/25/05 13:45 04/25/ 5 4 :55 3.17 0.00 3.1F '
4. AFW t 2103 a N/14/5 13th 05/u/05 13631 0.48 0.00 0.48

05 3 Aret til y Of/83/06 WiM 07/23/05 17:15 13.67 3e0.00 373.67

E4 APW t a 16/H/05 10:29 10/M/S 10:53 0.40 0.00 0.40 ?
AFW-t a 10/23/m h:30 10/n/m 06:5F 0.45 0.00 0.45 !! APW t 1130 a 11/16/07 ks43 11/14/ 5 0 see 0.06 0.00 0.05

06 1 Aret 2157 a 03/23/M 00:02 03/23/06 09:42 1.67 0.00 1.67

M3 AFW-t a M/02/h 80:43 Se/tt/h 09:02 0.32 0.00 0.3<
AFW t n OD/02/h 12:12 SD/et/m 12:33 0.35 0.00 0.M
APW- t n Ot/02/h %:49 09/02/M 15:10 0.40 6.00 0.40
AFW t 8th n 09/08/h 17:29 09/02/h 10:08 0.H 0.00 0.H

i06 4 APW t 1300 t 11/03/06 06:30 tt/h/06 01:37 19.12 ..I 19.12
,e

SP 3 Apet 3!00 y 07 01:4
...../.14/07. . ... .........3... 07/M/D..F.... ....... ..... 21.52.... 340.00.............58 ;Date 301

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... .... ... <ht APW e 7103 n M/N/h Still 06/tt/M ha40 1.75 0.00 1.75

M3 APW e y 0A/29/h Will 06/N/h 19:15 l.00 340.00 348.00 I
AFW-e n 09/01/06 07:00 09/02/M 02 M 19.23 0.00 19. 5 .AFee n 09/02/h 08:43 09/02/u6 09:02 0.32 0.00 0.32 !
AFW e n 09/02/h 17:29 09/02/M 10:02 0.55 0.00 0.55
APW a n 09/02/06 14:49 ODrot/h 15:16 0.4e 0.00 0.40 .

AFW o n 09/02/M 12:12 M/02/06 18:33 0.M 0.00 0.35
"

APWe n M/10/h 10:05 09/10/h 11:15 1.17 0.00 1.17
AFW e 2196 n 09/10/06 1FsN 09/19/06 11:30 14.03 0.00 M.N

,

06-4 AFW e 1300 m 10/23/M 10 M 10/23/h 10:47 0.90 0.00 0.M !
}07 8 APW e 1673 a 06/11/07 08:21 06/11/07 06:31 0.17 0.00 0.17 -

07 5 AFW-o 220s t 07/10/07 H45 07/10/07 15:14 0 55..........t...... 0. H I
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .;...

45 3 APW b 913 n 08/03/05 14:27 06/Of,/05 17:30 1.06 0.00 1.05 1

h3 AFW b n 06/11/06 10:19 06/11/h it N 3.15 0.00 2.16
AFW- b 2103 m h/20/h hatt 06/N/h 06:40 0.00 0.00 0.4 1

,

06 3 AFW- b s 09/07/M 07:00 09/07/06 21:30 14.63 0.00 H.68
AFW b 2196 m 09/10/M Mato 09/10/h Miel D.05 0.to 0.5

M4 APW b 1300 m 10/23/M 11:02 10/ 5 /06 11:10 0.13 0.M 0.13

07 8 AFWI MP3 n 06/11/07 08:42 06/tt/0F 06:49 0.12 0.00 0.12

87 3 AFW-b t 07/10/07 esitt f7/10/07 Msee 6.30 9 6.30
APW b 2208 n 09/03/07 06 k0 09/03/87 10:00 13.50 0.00 13.50

'

0?*4 AFWb !!09 a 12/02/67 10:47 12/02/67 16stl 0.13 0.00 0.13

totes: 1. Dete seree: thlf t egervleer's tet.
2. AFelt troles *e 4 P noter alriven; trein *t* twtrine ertwen.
3. Dete sollectlen perled (N 1 through 07 4h

|
|
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Plant 6 tee,ty Diote trolm chat of Servlee be.rt PS. t

trete / trilloot fellere bounties toturn to torytee | Detected heetectedt totet i t$serter
oft trein mere ty/nl Dete wt tles Wt Dete in Itas in | Deanteen | Denttee j Dewitle. | 1 sten

L 06 1 Isti n 02/13/46 00 M tt/M/06 . 06:55 29.00 0 30.00
spCl n M/4/06 05:53 s%/11/06 WIS 98.50 t $4.50
EPCI n 05/t1/06 09:10 OS/tt/M 15:10 6.00 0 6.00
RPCI n M/tt/06 32:00 95/31/06 00:30 2.50 0 3.S0
Eptl 1884 n M/tt/M Ws30 N/tt/06 W30 9.00 0 9.M 105.0

86 3 uptl n 07/M/to M 30 t?/19/M UtO 17.0:1 0 17.00S

IPCI a GB/M/06 W OD 04/12/06 30:30 75.50 0 75.50
BPCI 2009 m 06/31/06 14:01 en/27/es 12:01 44.00 0 44.00 143.50

06 4 EPCI n 12/tt/M teste it/19/M Mate 1.00 0 1.00
- upti 8800 m 11/44/06 10:44 11/32/06 Wlf 4.35 0 8.25 9.25

-

87 3 uptl a M/tt/87 W OO k/16/57 01:M 11.90 0 11.10
spCl n 96/ 4 /67 WOO k/17/07 MtM 13.60 0 13.50

- sPCI 1973 a 05/07/67 09:00 46/09/07 21:00 40.00 $ 40.00 35.00

86 1 BCit n 81/10/06 Mi10 Ot/10/M tt:40 16.b0 0 4 .50
Scit n 08/14/06 06:00 02/ 4 /06 20:30 15.50 0 15.50

-. OCit n GS/15/M Glitt 83/11/06 4 :22 10.00 0 10.00
'

DCit tale n 05/5/M 00aM 03/5/M Disk 1.00 0 1.00 43.00

M3 GCit n 07/21/M Dall 07/te/M 09:55 106.00 0 106.00
DCit n 06/13/06 W42 06/u/M W42 14.00 0 to.00
BCit 2005 m 09/M/06 18:00 09/03/M 19:30 11.S0 0 11.50 141.58

47 1 BCit tete a 01/23/07 09:30 01/ 2 /07 WM 7.00 0 7.00

$7 8 BCit n k/20/s? 07:12 05/M/67 07:12 3M.00 0 3M.00
DCit 1073 m Oftt4/07 88:43 05/14/6if 30:43 12.00 0 12.00 MS.00

M3 iPGAt 1 n 09/17/M 07:00 09/17/66 15:00 4.00 0 6.00
GPGAC 1 a 89/76/06 08144 09/36/M 37tM %.00 0 14.00
OPGAC 1 2009 n 99/99/06 W OS 99/30/M Ma05 WOO O 14.00 36

,

06 4 OPGAC 1 n 12/09/06 02:30 12/09/06 W30 R00 0 14.00
9804C 1 8309 n 14/09/06 17:41 12/09/M 22:41 5.00 0 5.00 19

87 1 Spt441 2064 m 01/09/87 12:01 01/09/87 22:01 10.00 0 10.00 10

87 3 totat.1 n 04/20/87 11:40 06/tt/87 15:40 52.00 0 St.00
10 31 0 0.50 $2.50......................050.. . .. . .. . .. . . . ... .../.07, 6710:01 05

................................../.07/.671973 a 05- .
.............D.etAC

1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

M5 8944C 3 teet a W/22/06 17:30 09/23/M 10:00 16.50 0 ESO 4 .50

06 4 0P64t 3 m it/21/M 16:45 11/22/06 00:45 4.00 0 6.00
SetAC 3 Stp n 11/25/M 12:08 07/12/07 14:10 6.75 0 6.75 4 75-

-
07 1 totAC 3 3064 a 01/12/47 10:34 01/11/87 19:34 9.00 0 9.00 9.00

....................0.......0.50.......0.50.S0
. .. .. . .. .. . . .. . . . . . ../.07/.67.. .. .... . 20

10:50 05 11:
... 87 8.. ...RetAt.t.... .. 1073... . ... ..n....... 05/.07/.67 . ..... . . . . . ...

86 1 9804t 3 ' n 02/03/06 W OO 02/03/M 17:00 12.00 0 12.00
setAC 3 y i12/03/06 18:30 02/03/M 23:00 4.50 0 4.50
GPtAC 3 m 02/07/M 10:43 02/07/96 13:13 2.50 0 2.50
8Pt4C 3 1824 n Ot/19/M 04:50 01/19/06 21:30 ESO O ESO 35.507,

M3 4804t4 2000 a 09/05/M 00:01 09/M/te 09:31 33.50 0 33.50 33.53

06 4 8PGAC 3 3300 n 10/01/M 10:24 10/01/M 01ste 15.00 0 15.00 15.00

87 1 tetAt 3 m 01/13/87 04:30 01/11/87 20 10 12.00 0 13.00
t* TAC 3 2064 y 01/19/87 10:31 01/31/87 07:31 45.00 360 405.00 417.00

12:00 0.60 0.5011:30 05 .................0.50.......0. . . . . . . .. ./.07/.87. . . . . . . . . . . . . . . . .../.0 7/.47_ ...... 3.....
8804t

3...... 1973... ......a
0507-

..... . . . . . . . . . . . . . . . . . . . . ..--- ..... ...

-
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Mont 4, tafety tiene trolse enst of en vles towe to. I ;

tratae / tritteel tef two tomtles totwo to tervlee beteeted imdatented total terter j
990 Trein hasre ty/n) Dete Out flee Out tote in flee in Demtles Deantles Demtles toten ,

803 Op.ne . . , ,. 13 30 /ti,. .. ..0 . .0 i
. .ent 4 - tlW a SW814 5 :00 GW8W. #t:00 %.00 0 %.00 M.9 '

. . . .e. .. . ,. 14,. . .. .. 0 . v.= !great 4 Best n 08/11/06 18:00 08/11/06 Shet 99.00 4 19.00 h.4 i

ebe spent 4 Best a ta/u/es itsee 14/u/04 30:00 10.00 les 370.00 339.4 |
t

SP 1 great 4 3aN n M/u/Of 35:31 91/15/SF . 631 14.00 8 10.00 40.0
'

,

SP 3 great 4 1975 a 06/05/8F .4% 5/07/tT 13:31 H.35 0 H.36 M.5
l

i
i totees 1. Date eerses 400 legheek. || 8. WCl sud DCit are slagte teeln tettne elven eyotese. ,

3. Dete solleotten perles teet tW SP 3).
.
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|
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Plant F es6ety Dyeten trole eut.of Servies tape
C

9petes t erilleet Pet Lure besities tesera to servlee totested [tmitetestafl tetel | ternet h
Ste trein tape ty/n) Date hat ties out tote la ties in Danieles | Desittes | Densitten j totet

301 Ortht t 1750 a 01/88/06 00:46 01/88/06 19:45 6.00 0 6.00 4.00 |
t&S epent t y GD/m/to elett 80/06/06 meet 7.M 3et 367.M

Opeat.1 1790 m Se/asm 06:15 09/30/06 tes 95 12.00 0 13.00 3M.M
,

... 8..F 1......O.pe.nt. 1..... 3.53..........y....... 0.1/17/37.... ...... .m...iN...9.1/.17/.0.F...... 1.7.:00......S t.M...........e.......17.$...... 17.M.... . . . .. .. ... ... ...

8kt OptAt 3 y 08/17/06 18:00 Ot/tF/06 17:30 4.90 Set 3W.90 [
taent 3 1798 m M/tF/06 066 5 08/1F/06 181 5 6 9P 0 4.00 370.M

7

002 Opent 3 m h/95/06 08:50 N/06/06 t$ste 90.00 0 10.00 I
Optat 8 m h/tl/06 06 set h/tt/06 Wet 4.00 0 6.00
Opent 3 m 06/k/06 06:40 06/07/06 13:10 75.50 9 78.90 !

WPant 3 m 96/se/06 tt:46 thett/06 13:46 N.00 0 38.00 l
Opett S y 06/10/06 teste th/tt/06 13:00 41.90 Set ett.M

'

Spent 3 008 m 06/M/06 %t85 06/ % /06 14 5 4.00 0 4.00 Sh.00 j
46 4 Spent 3 a 10/39/06 23:31 10/30/06 30:01 W.te O N.S ,

Opent 3 17W n t t/14/to StsM t t/t&/06 17:00 f.te 0 P.M 38.00 [
87 8 0'ent 3 n OS/k/s? 08:58 06/b6/07 teill M.00 $ 96.00

08044 5 m 5/2F/07 12:50 5/fF/97 leste 4.00 $ t.00
SetAt 3 % 91 m th/m/87 Mate 96/06/87 W10 k.te 9 k.00 1N.m !

i-

Skt 48WS Se 1798 m St/k/06 06:30 OS/h/tt 9 fin t.00 0 1.00 1.00
[

004 A8te 3s 17M n 14/17/06 11:41 94/10/06 18:41 40.00 0 49.00 40.40 ;

87 8 Apus le a M/%/07 tSiM M/4/87 Stem 6.M S 4.50 [

.... . .. . .. . A.PWD. S.e. .... . .M0. .t. . . . . . . .n.......06/0..F/8.7.........a h... 05./0..F/.97. .. ... .S.. .ite. . .. ... 0. H.. . .. .. . . 0.. . .. .. 0. M. .. . . ... 6. 00. . .!
W

. . . .. .. . . . . . .

!,Okt AM 3b 1798 m DB/N/06 06:30 GR/M/06 97:30 1.00 0 1.00 1.80

akt 48WS 3D 008 m M/99/M OliN N/09/06 min 0.00 0 0.00 0.80

004 A'WB 3b y 16/11/06 07:41 96/11/06 17:41 10.00 360 370.00
, 410.00 iAPWB 3b 17H m 14/10/06 15:00 th/tt/06 %:00 40.00 0 40.00

87 t ApWD 3b n 05/11/87 to % OS/tt/st gik F.te e F.H j

APW ie
.. ........ ..s .t ? . 05./.14./.87...... . 5..: .17..... 6. 80.... ... . 0. .... .. 6.00........

8.90 ;................B.3.h.........t.t .......n ......O.E/..tt/07
ge 1 7

. .. .. . .. .. .. . . . . .

[ ekt APWB 2 008 m N/07/06 WM OS/09/W tt M 96.00 0 06.M 88.00
,

- 803 Apus t m 88/16/06 tis 6s Sk/tt/06 11:16 78.90 0 70.50 h
APWB t n 08/31/06 10:35 04/ 8 /06 11:35 1.00 $ 1.80 .

APte 2 y st/h/06 10:37 th/M/06 Wat 4.00 See nu.00
APWD 2 y Sh/86/06 30 M e6/t7/06 FleM N.00 0 35.00 r

APWB t n 09/06/06 0D:38 OD/07/06 18:N 88.00 0 12.00 t

AfW8 2 1FW y 99/M/06 80iH 09/77/06 00tM 94.00 See 4 % .00 SM.M
.

M4 APWB 3 17N m 16/21/06 15:00 10/B/06 Hiet 40.00 0 40.00 60.00

Imese 1. Dete sewrees tentrol teen testeek, i
t. Opent trein '3* ehored by taitte t & 3. r
3. Afts trotse w 4 *h* emeer.erivesy trata 3 tertle elvet.
4. Data settertien perted (tht threep SP 2).
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Plem 4 tototy evotes trole-twt of tervlee tape J

!

tvetes / Lrt tleet tet ture Demtles betwo to tervlee totested lmenterted tetet tuerter '

ett trein bewre ty/n) Dete M ties M tote la ties in Deme tes Demttes Demtles tetet
'I

h1 pent t 1970 m M/41/06 09:00 91/25/06 21:30 St.M S 14.50 14.M 1

iht t> tat t tat a m/07/06 State h/DF/06 geste N.00 0 30.00 30.00
'

57 1 totat 4 y 01/t1/07 07:44 01/ 4 /07 97:14 Ft.00 360 452.00 !
.............P..G. AC.8...... 30.1.........m.. ..... 01/.M../0..F......M..LM.... 0.1/.30./07. ...... 1 Fa k............F..... . 0........F. 00. ... 432 00

F
.. . . . ... . .. .. .

th1 totat 3 1970 h 08/17/E 06 N 08/1?/06 tisN 6.00 0 6.30 6.00 ,

ht Optat 3 m M/06/06 08:10 h/06/06 15:50 10.00 0 90.00 |Brent 8 m twil/te 06:48 m/4/06 M:44 8.00 0 8.00 t
Splat 3 m h/06/06 06:40 GWOF/06 15:10 75.M 0 75.M

,

EPGAt 3 n tutD/06 15:45 46/10/06 13:45 24.00 0 42.00 (l* tat 3 y IsW10/06 99:30 GW14/06 15:00 41.50 360 401.M
tecar 3 Skt n IWM/06 W5 SWM/06 14 5 4.00 0 4.00 SM.00

M4 0* tat 3 m 14/p/06 35:31 14/p/06 30:01 30.H 0 N.S -

I9994t 3 '24 m 11/4/W 0D:30 11/ 4 /06 ifate 7.50 0 7.H 38.00
t

87 8 IPt4C 3 n 05/M/07 mill 5/3We7 %:53 66.00 0 M.00 f
GPlat 3 n 06/2F/07 tisM S/t7/07 WW 3.00 0 3.00
ptAt 3 2176 m is&/06/87 4:10 GWeb/ef %:10 k.00 0 k.00 5.M i

ht MW Se itse n 5/01/N GSah 06/01/06 tilh 3.50 0 3.50 3.M

87 1 MW Se y 95/01/87 mM 95/05/97 16:30 751.00 3eo 1983.00
And lo n St/h/07 07:10 N/8Wef 15:40 4.50 0 4.5 i
Mtil lo M1 y S / 4 /87 32:40 N/19/87 10:40 13.00 See 378 1473.M i

.. . 67 8.. ....MW n.o...... 2.14..........n........M../e.t./.s..?. . ... 1.1.: 00. ..N/.E. ./.07.......... 0..... 32 00. . . .. . . . . . . 0. .. . . . 32 00. . . .. ..M..00..
19:0

.. ..... . .. .. . . .

M1 MW 36 1970 n St/tWe6 W 33 St/0W86 13:35 f.00 0 f.00 F.00 i
l87 1 M W 36 301 a 08/h/97 %ste 4t/ft/97 00:30 8.50 0 8.5 4.M
I$71 MW 3h a M/u/67 W 13 N/u/87 22:13 0.00 0 6.00

MW3D #14 m 4W4/07 Sf M GWlWS7 13tM 6.50 0 6.M 14.90 !'

!
bonest 1. Date tources tantrol toen legheek.

.12. SPtet trein e3* ehered by thite t $ t.
3. M W trotse ones 6 she ester.arlseng trela 3 (tabler drteen) no hte Peporte6. 3

4. Dete tallertten parlet (061 threp SFat). t
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This report describes and applies a process for validating a modal for a risk based per- :

farmance indicator. The purpose of the risk based indicator evaluated Safety System >

Function Trend (SSFT), is to monitor the unav&ilability of selected safety systems.
Validation of this indicator is based on three aspects: a theoretical basis, an empiri.

,

oc1 basis relying on statistical correlations, and case studies employing 25 plant years ',

| cf historical data collected from five plants for a number of safety systems. Results i

l using the SSFT model are encouraging. Application of the model through case studies
dealing with the performance of important safety systems shows that statistically sig. -

nificent trends in, and levels of, system performance can be discerned which thereby can *

provide leading indications of degrading and/or improving performances.

Nothods for developing system performance tolerance bounds are discussed and applied to
cid in the interpretation of the trends in this risk based indicator.

Some additional characteristics of the SSIT indicator, learned through the data collec- ,

tien efforts and subsequent data analyses performed, are also discussed. The usefulness '

cnd practicality of other data sources for validation purposes are explored,
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