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ABSTRACT 

This report describes methods for prioritizing the risk importances of maintenances using a Probabilistic 
Risk Assessment (PRA). Approaches then are described for quantifying their reliability and risk effects. Two 
different PRA importance measures, minimal cutset importances and risk reduction importances, were used to 
prioritize maintenances; our findings show that both give similar results if appropriate criteria are used. The 
justifications for the particular importance measures also are developed. 

The methods developed to quantify the reliability and risk effects of maintenance actions are extensions of 
the usual reliability,models now used in PRAs. These extended models consider degraded states of the component, 
and quantify the benefits of maintenance in correcting degradations and preventing failures. The negative effects 
of maintenance, including downtimes, also are included. These models are specific types of Markov models. The 
data for these models can be obtained from plant maintenance logs and from the Nuclear Plant Reliability Data 
System (NPRDS). To explore the potential usefulness of these models, we analyzed a range of postulated values of 
input data. These models were used to examine maintenance effects on a component's reliability and performance 
for various maintenance programs and component data. Maintenance schedules were analyzed to optimize the 
component's availability. In specific cases, the effects of maintenance were found to be large. 
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EXECUTIVE SUMMARY 

The NRC published the fmal version of its Maintenance Rule in the Federal Register on July 10, 1991. 
The Maintenance Rule describes the need to monitor the effectiveness of maintenance. The supporting 
information discusses the importance of maintenance in assuring that key structures, systems, and components 
perform their intended functions. This report describes how a Probabilistic Risk Assessment PRA) can be used to 
rank the components according to the importance of their maintenance to control core damage frwluency and 
public risk. This report also describes how the component reliability models used in a PRA can be extended to 
quantify both the benefits of maintenance and its negative effects. The effectiveness of maintenance thereby can be 
increased to optimize component availability and plant performance. 

The first chapter gives an overview of the report, The approaches to prioritizing maintenance which were 
developed are summarized, and an example result using a plant specific PRA is presented. The approaches which 
are developed to extend component reliability models in PRAs to include maintenance are also summarized in the 
first overview chapter. An example is given of the application of these extended reliability models which 
illustrates the significant effects that maintenance can have on reliability. The example demonstrates how 
intervals between maintenances can be chosen to achieve optimal availability. 

Chapter 2 fully describes the PRA-based approaches to maintenance prioritization including detaiIed 
procedures and applications. Similarly, Chapter 3 presents the details of the extended component reliability 
models, while Chapter 4 demonstrates applications of these models to optimize maintenance intervals for a variety 
of cases. The appendices contain supplemental information on the derivations of the results, and show additional 
plots and tables to demonstrate these applications further. The chapters are sufficiently comprehensive to allow the 
approaches to be used for specific applications. 

The message of the report is that risk-based and reliability-based approaches can provide new information 
and new perspectives on the effectiveness of maintenance. The demonstrations of maintenance prioritizations 
show significant differences in the importances of maintenances in assuring the reliability of components, and 
hence assuring plant risk. Thus, these prioritizations can be useful tools in prioritizing maintenance activities and 
in developing criteria for monitoring. The evaluations of maintenance effects on component reliability show large 
effects on performance which, in some cases, is so large that it dominates the risk. Therefore, these evaluations 
also can be invaluable mls in quantifying the effectiveness of maintenance for establishing superior maintenance 
programs. 

xi 
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1. OVERVIEW: EVALUATING MAINTENANCE EFFECTS ON RELIABILITY 
AND RISK 

According to the EPRI report on "Nuclear Power Plant Common Aging Terminology"' the term 
"maintenance" is defined as: 

maintenance: actions that identify and mitigate degradation of a functioning system, structure, or 
component, or restore the design functions of a failed system, structure or component to an acceptable 
level. 

Maintenance actions can be defined further as either preventative maintenance actions, or corrective 
maintenance actions. The EPRI report defines these types of maintenance as: 

corrective maintenance: actions that restore, by repair, overhaul, or replacement, the capability of a failed 
system, structure, or component to perform its defined function within acceptance criteria. 

preventative maintenance: periodic, predictive, or planned maintenance performed prior to failure of a 
system, structure, or component to extend its service life by controlling degradation or failure. 

The following chapters in this report describe approaches which can be used to prioritize the risk 
hportances of maintenance actions, and to quantify their =liability and risk effects. Individual types of 
maintenances, including corrective maintenances and preventative maintenances, can be evaluated with 
approaches discussed. Maintenance actions can have significant effects on reliability and risk, but it also can 
involve an expenditure of significant resources. Hence, it is important to prioritize the importances of individual 
maintenance actions, and to quantify their effects on reliability and risk. By such prioritizing, those maintenances 
which are most important in controlling risk are identified. By quantifying the reliability and risk effects of 
different maintenance options and schedules, optimal programs can be developed. 

The NRC published the final version of its Maintenance Rule in the Federal Register on July 10,1991" 
entitled "Requirements for Monitoring the Effectiveness of Maintenance at Nuclear Power Plants". The supporting 
information states that "...effectiveness of maintenance must be assessed on an ongoing basis in a manner which 
ensures that the desired result, reasonable assurance that key structures, systems, and components (SSCs) are 
capable of performing their intended function, is consistently achieved". The NRC Maintenance Rule thus 
identifies the importance of maintenance to safety, and the need to monitor its effectiveness to assure high levels of 
performance and low levels of risk. 

In response to the NRC Maintenance Rule, the Nuclear Management and Resources Council (NUMARC) 
evaluated various strategies for implementation and issued a report summarizing those deemed most useful. The 
NUMARC report is entitled "Industry Guideline for Monitoring the Effectiveness of Maintenance at Nucleat Power 
Plants"+*+ (NUMARC Report 93-01), and the third revision was issued in March 1993. The report presents 
general guidelines for selecting important SSCs and for establishing risk and performance criteria to assure that 
they remain able to perform their intended function. General guidelines also are given on the effective applications 
of various maintenances. As part of the guidelines for selecting SSCs, possible criteria for using PRA importance 
measures in ranking SSCs are discussed. 

"Nuclear Power Plant Common Aging Terminology". FPRI Report TR-100844, Electric Power Research 
Institute, Palo Alto, CA, November 1992. 
" 56 Federal Register 31324. - NUMARC Report 93-01. Revision 3, March 1993. 
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The present report provides detailed approaches for using PRA importance measures to rank SSCs for 
maintenance applications and describes some applications. Systems then can be ranked, based on the rankings of 
their components. In principle, these approaches also can be applied to structures, provided that the PRA contains 
the structures in the accident sequence and system models. This work was done to support development of 
guidances for implementing the Maintenance Rule. The results are generally consistent with NUMARC 93-01, 
and provide additional bases and details. 

This report also describes specific reliability models which can be used to quantify the effects, both 
positive and negative, of maintenance actions on component unavailability, system unavailability, and plant risk 
Preventative actions, corrective and repair actions, and maintenance schedules can be specilically evaluated for 
their benefits and drawbacks. The reliability models can be used in PRAs, and provide useful tools for measuring 
and optimizing maintenance actions and schedules from a reliability and risk perspective. These analyses do not 
include costs explicitly, although they include variables that affect costs, such as frequency of surveillance, 
preventative maintenance, and repair. Costs can be included by incorporating explicit cost relations. 

Thus, the present report provides tools that can supplement other existing or proposed approaches for 
evaluating and improving the effectiveness of maintenance. The approaches described here are PRA-based and 
reliability-based, and because they are quantitative, they can provide important perspectives on maintenance 
effectiveness. They also can open a new avenue of applications and extensions for PRAs in quantifying 
maintenance effects on reliability and risk. The next two sections give an overview of the concepts, and results 
described in the following chapters. 

1.1 Using PRA Importance Measures to Prioritize Maintenances 

Two basic approaches can be used to prioritize SSCs for maintenance applications using standard PRA 
importance measures. One approach is to prioritize maintenances according to the risk importance of the SSC. 
The second approach is to prioritize maintenances according to the risk increase which results if the maintenance 
is not effective. Chapter 2 describes the procedures for applying either approach and shows that similar 
prioritizations are obtained if appropriate criteria are used for each approach. 

Table 1.1 is an example of the prioritizations that are obtained by ranking the contributors to core damage 
frequency. The contributors are prioritized by prioritizing the minimal cutset contributions and extracting the 
maintainable components in the minimal cutsets. The f m  column gives the event code used in the PRA which 
describes the component failure. It describes the specific system involved, the specific component, and specific 
faiIure mode. The second column of the table gives a general description of the failure. The third column gives 
the ranking of the minimal cutset containing the component. The fourth column gives the running cumulative 
minimal cutset contribution to the CDF. The maintainable component failures in the top 90% of the minimal 
cutsets (or some other suitable percentage) are the dominant failures to CDF. Maintenance actions and monitoring 
actions then can focus on these top risk important components. 

The results in Table 1.1 which are presented in greater detail in Chapter 2 were obtained using a specific 
PRA. Detailed procedures are set out for calculating the importance, which can be applied with any plant-specific 
PRA. The prioritizations can be simplified to identify the components most important to risk without regard to 
their failure mode. The risk-important maintainable components can be grouped by system to identify the risk- 
important components in a given system. As Chapter 2 shows, many systems contain relatively few such 
components. The risk-important maintainable components can be grouped further by type of component, such as 
identifying the specific motor-operated valves which are risk important. These groupings can be useful for 
maintenance and inspection modules. 

Chapter 2 also presents an alternate approach for prioritizing maintenances by prioritizing the risk impact 
if the maintenance is ineffective, and shows that here, the standard PRA importance measure called the risk 
reduction worth is the appropriate measufe to use. Again, detailed procedures and applications are discussed. The 

1-2 
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Table 1.1 Prioritization of the Risk Important Contributors Using the PRA's Minimal Cutsets - 
Cumulative 

Event Cutset Cutset 
Index Event Code' Rank Contribution% Event Description 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

OEP-DGN-FS 
BETA-3DG 
RCP-LOCA-750-9OM 
K 
OEP-DGN-FS-DGO1 
OEP-DGN-FS-DGO;! 
OEP-DGN-FS-DGO3 
MS S -SRVUO-ODSRV 
SGTR-SGSRV-ODMD 1 
BETA-2DG 
SGTR-SGSRV-ODMD2 
LPR-MOV-FT-1862A 
BETA-2MOV 
QS-SBO 
LPI-MDP-FS 
BETA-LPI 
LPI-MOV-PG-189OC 
OEP-DGN-FR-6HDGl 
OEP-DGN-FR-6HDG3 
OEP-DGN-FR-6HDG2 
ACC-MOV-PG-1865C 
ACC-MOV-PG- 1865B 
RMT-CCF-FA-MSCAL 
HPI-MOV-FT 

Diesel failure 
Common cause failure (ccf) for 3 diesels 
Reactor pump seal failure 
Failure to scram 
Diesel failure 
Diesel failure 
Diesel failure 
Safety relief valve failure 
Steam generator failure 
ccf of 2 diesels 
Steam generator failure 
Motor-operated valve failure 
ccf for 2 motorqerated valves 
Station blackout event 
Motor-driven pump failure 
ccf for 2 motor-driven pumps 
Motor-operated valve failure 
Diesel failure 
Diesel failure 
Diesel failure 
Motor-operated valve failure 
Motor-operated valve failure 
Recirculation mode transfer failure 
Motor-operated valve failure 

1 3.5 
1 3.5 
1 3.5 
2 6.1 
3 8.0 
3 8.0 
4 9.9 
5 11.7 
5 11.7 
6 13.5 
7 15.0 
8 16.4 
8 16.4 
9 17.8 
10 19.2 
10 19.2 
11 20.5 
16 26.2 
17 27.3 
18 28.3 
20 30.3 
21 31.3 
23 33.1 
24 33.9 

25 LPR-MOV-FT-186OA Motor-o&rated valve failure 25 34.7 

use of the risk reduction worth is generally simpler because PRA computer codes usually rank all the contributors 
using the risk reduction worth. The chapter shows that the risk reduction worth, when appropriately normalized, 
effectively prioritizes the maintenance risk impacts including common-cause effects. Furthermore, these 
prioritizations are consistent with those obtained using the minimal cutset approach if appropriate criteria are used. 

1.2 Quantifying Maintenance Effects on Unavaiiabiiity and Risk 

The reliability models usually used in a PRA assume that the component is in an operating state or a 
failed state. These models cannot quantify the benefits of maintenance because they do not consider degraded 
states of the component. A major benefit of maintenance is to correct degradations before failures occur. Either 
corrective maintenance or preventative maintenance is beneficial. By not including degraded states in the 
component reliability models,*only the negative effects of maintenance are explicitly quantified in a PRA; these 
include the downtimes and the human errors associated with maintenances. 

'The event codes (in this and later tables) define the events which are involved and are those defined in the 
reference PRA (the key to the specific event codes are given in Reference 4). For a component failure, the code 
identifies the specific system, specific component (including its identification number), and the specific mode. 
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Chapter 3 describes how the usual reliability models used in a PRA can be simply extended to include 
degraded states of the components. These extended models are termed Markov models. The simplest one 
considers one d e w  state for the component. The chapter presents the equations which need to be applied and 
the data which are required to use these equations; maintenance data presently existing at plants can be used. The 
data in the Nuclear Plant Reliability Data System (NPRDS) also can be used 

In addition to being input to PRAs, the Markov component reliabiLity models by themselves can quantify 
the effectiveness of maintenance actions on a component's reliabity and performance. When input to a PRA, the 
effectiveness of maintenance on system unavailability and plant risk is quantified. By including the benefits of 
maintenance in detecting and correcting degraded states, as well as its inefficiencies and negative effects, 
maintenance actions can not only be objectively evaluated for their effectiveness, but can atso be optimized h m  a 
reliability and risk standpoint. 

Figure 1.1 illustrates an application of the models in Chapter 3. In the Figure, the component's 
operational unavailability is plotted against the maintenance interval for preventative maintenance. The 
operational unavailability is the probability that the component is not in its designed operational state. The figure 
shows the significant effects that the maintenance internal can have on the component's unavailability. The usual 
PRA evaluations cannot give such results. These models can significantly increase the ability to evaluate the 
effectiveness of maintenance and ensure that preventing failures is appropriately balanced against time out-of- 
service, as the NRCs Maintenance Rule promotes. Chapter 4 illustrates applications of the models developed in 
Chapter 3 covering a spectrum of components and degradation conditions. 

1.OEtOO 

1.OE-01 

1.oE-02 

Operational Unavailability 

I 

0.1 1 10 
Maintenance Intend (Months) 

100 

Figure 1.1 Operational unavaiIabiIity versus maintenance interval 
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2. PRA IMPORTANCE MEASURES FOR MAINTENANCE PRIORITIZATION 
APPLICATIONS 

Various importance measures are standardly calculated in a Probabilistic Risk Assessment (PRA). 
Approaches are developed in this chapter for using two of these measures, the minimal cutset contribution and the 
risk reduction importance, for prioritizing the risk importances of maintenances. One approach prioritizes 
maintenances based on the risk importance of the associated equipment which is maintained. The second 
approach prioritizes maintenances based on the risk impact if the maintenance is ineffective. The core damage 
frequency is used as the risk measure for prioritization. The demonstration studies which are carried out using a 
reference PRA indicate the two approaches give similar results if appropriate cutoff criteria are used. As an 
additional evaluation, risk unimportant maintenances are identified using the risk increase importance, or risk 
achievement worth, calculated in the PRA. 

Importance measures are standardly computed in a Probabilistic Risk Assessment (PRA) to identify the 
important risk contributors and the important risk sensitivities. Various types of importances are calculated, 
including risk contribution importances, risk reduction importances, and risk increase importances. These 
importances also go by various names such as the Birnbaum importance, the risk achievement worth, and the 
Fussell-Vesely importance (ref. 1). 

This chapter focuses on PRA importance measures which can be useful for maintenance prioritization 
applications. Specific importance measures are identified which can be used to identify risk important 
maintenances as well as risk unimportant maintenances. Two different measures are identified which can be used 
to determine risk important maintenances. One importance measure determines the risk importance of the 
maintenance based on the risk importance of the equipment being maintained. The other importance measure 
determines the importance of the maintenance based on the risk impact that would occur if the maintenance were 
not carried out effectively. In the demonstrations, both measures gave similar results. 

The importance measure which determines those maintenances which are risk unimportant is based on 
the risk impact which occurs if the component fails. If the risk impact is negligible even when the component fails 
then maintenance on the component is not important from a risk standpoint since the risk is not sensitive to the 
proper functioning of the component. 

The importance measures which are identified are specific cases of the standard importance measures 
which are usually calculated in a PIIA, which allows for straightforward implementation. The standard 
importance measures are simply normalized in an appropriate manner for the maintenance applications. The point 
of this wok is to describe a rationale and criteria for the use of specific importance measures for maintenance 
applications. 

2.1 Determining the Risk Contributor Importance of a Maintenance 

One way to identify the risk importance of a maintenance is to identify the risk importance of the 
equipment being maintained. Risk important maintenances can be defined to be those maintenances which are 
performed on risk important equipment. The measure of the risk importance of the equipment will thus provide 
the risk importance of the maintenance. 

The risk contributions in a PRA are standardly prioritized by prioritizing the minimal cutset 
contributions. A minimal cutset is a smallest combination of basic events which if they all occur will result in COE 
damage (or other undesired event analyzed by the PRA). For a core damage, which will be our focus for the 
specific applications, the combination of basic events consists of the initiating event, such as a pipe break, and a 
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combination of component failures or other basic events which result in the loss of necessary safety functions to 
prevent a core damage. 

The core damage frequency (CDF') contribution from a given minimal cutset is quantified by multiplying 
the ftequency of the initiating event in the minimal cutset times the unavailabilities of the basic events in the 
minimal cutset. The PRA identifies the minimal cutsets for core damage and ranks them in order of their CDF 
contribution from the largest to smallest, down to some cutoff point To first order, as generally assumed by the 
PRA, the sum of the core damage minimal cutset contributions equals the CDF. 

The minimal cutset contributions provide a straightforward way of identifying the risk important 
maintenances. The risk important minimal cutsets are identified and the set of maintenances associated with the 
basic events in the risk important minimal cutsets can then be defined as the risk important maintenances. We will 
call this approach for determining the risk important basic events and associated maintenances, the minimal cutset 
prioritization approach. Note, that the minimal cutset approach is applicable not only for maintenance 
prioritization but also for all other activities and procedures associated with the basic events in the risk important 
minimal cutsets. 

A criterion is needed to define the risk important minimal cutsets, i.e. to cutoff the risk important minimal 
cutsets Erom the marginal and unimportant ones. In terms of relative contributions, the risk important minimal 
cutsets can be defined to be the collection of top minimal cutsets which contribute a significant percentage to the 
CDF, such as contributing 90%. The precise cutoff criterion will often not be critical as long as a significant 
percentage of the total contribution is obtained. Table 2.1 summarizes the minimal cutset maintenance 
prioritization approach. This approach is also basically the approach described in NUREG/CX-5695 (ref. 2) where 
it is termed the risk-focused maintenance approach. 

Table 2.1 The Minimal Cutset Maintenance Prioritization Approach 

1. Rank the minimal cutsets in terms of their contribution to the CDF. 

2. Divide each minimal cutset contribution by the total CDF to give the relative minimal cutset contribution. 

3. Prepare a running sum of the ranked, relative minimal cutset contributions and cutoff at some significant 
percentage, such as 90%, to identify the risk important minimal cutsets. 

4. Identify the maintainable components and equipment associated with the basic events in the risk 
important minimal cutsets. Theassociated main-tenances are then the risk important maintenances. 

22 Determining the Risk Impact Importance of a Maintenance 

Another approach for determining the risk importance of a maintenance is to determine the risk impact if 
the maintenance is assumed not to be carried out effectively. Risk important maintenances are then defined to be 
those maintenances which if not carried out effectively will have si@icant risk impacts. 

We need to model the impact of an ineffective maintenance on a component in order to determine the 
associated risk impact. We will assume as a general model that ineffective maintenance will cause the component 
unavailability to increase by some factor f. From NUREG/CR-UlO (ref. 3) and as shown in Section 2.9, when the 
component unavailabilities increase by a general factor f the CDF increase AC is given by 
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AC = krif+zrijf2+. ..+ ri,-ik fk 
i=l i>j il >>it 

where 

ri = the risk reduction importance of component i 
r.. - - the joint risk reduction importance of components i and j 

q l i k =  the joint risk reduction importance of components il....ik 

and where k is the largest size of the minimal cutsets.* The components are those associated with the basic events 
defined in the PR4 and in the minimal cutsets. If ineffective maintenances on different components result in 
different factor increases in the unavailabilities, then f can be taken as the maximum factor in which case AC is the 
maximum CDF increase. 

The individual risk reduction importances ri are standardly tabulated in PRAs and the joint risk reductions 
P-, 1J ...q,-ik are extensions to multiple components. From their definitions, the individual and joint risk reductions 
can be straightforwardly obtained from the minimal cutset contributions: 

ri = the sum of the contributions from the minimal cutsets, each containing 
component i 

r.. ?1 - - the sum of the contributions from minimal cutsets, each containing both 

components i and j 

%I-&= the sum of the contributions from minimal cutsets, each containing 
components i,, &....and ik. 

(2.7) 

The risk reduction terms are so named because they indicate the risk reduction, i.e. the reduction in CDF, if the 
associated component unavailabilities are reduced to zero. 

If we want to identify the significant contributions to AC then we need to determine the significant 
contributions to each of the terms on the right hand side of Equation (2.1) which determines AC. We focus on the 
first term, using the other terms as checks. The first term on the right hand side of Equation (2.1) represents the 
conm3ution from individual component degradation impacts: 

n 

Fl 
&f= the contribution to AC from individual component degradation impacts due to (2.8) 

ineffective maintenances. 

To obtain the si@icant portion of the contribution for any impact f, we can obtain the significant portion 

n 

Fl 
of which is the sum of the individual risk reductions. This can be done by first ranking the risk reductions ri 

In the above, the indices i, j and il...ik are a shorthand notation and refer to particular components for which the 
importances are determined. 
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from largest to smallest, which most PRAs already do. If we normalize each individual risk reduction by the sum 
of the individual risk reductions then we can accumulate the top normalized risk reductions in a running sum until 
the percentage reaches 95% or 99%, or some other high inclusion percentage. The value for the cutoff will again 
not generally be critical if it is high enough to include the significant portion of the total term. The associated 
components in the included set are then the risk important components from an impact standpoint. The 
maintenances on these components can then be defined to be the risk important maintenances which can 
significantly impact the CDF if not carried out effectively. 

The significant contributions from the second and higher order terms in Equation (2.1) can be evaluated 
in a similar manner to see if any new components and new maintenances enter. These higher order terms 
represent additional impacts from simultaneous degradations of multiple components due to ineffective 
maintenances simultaneously being performed on the multiple components. For example, the term rijP represents 
the CDF impact if ineffective maintenances are performed on both component i and component j resulting in a 
factor f increase in each component unavailability. These higher order terms thus represent interactions among the 
maintenance impacts. 

The joint risk reductions for a given order (e& rij for the second order term) can be ranked and can be 
normalized by the respective sum again. A significant percentage (e.g. 95%) of the total sum can be taken and any 
new components and maintenances identified and added to the list. This can be repeated for each term. 

If enough significant contributors are included in the f i t  term using the individual risk reductions ri then 
no significant, additional maintenances will be identified from these higher order terms. To help assure this 
condition, a high inclusion percentage can be used, such as 95% or 99%. As checks on any specific maintenances 
which are not included, the associated higher order contributions can be calculated using various values for the 
degradation factors f to determine the sensitivity to these excluded maintenances. Table 2.2 summarizes the risk 
reduction approach for identifying the risk important maintenances by their risk impacts. 

Table 22  The Risk Reduction Maintenance Prioritization Approach 

1. Determine the individual risk reductions of the basic events in the PRA. 

2. 

3. 

4. 

Rank the individual risk reductions in order of decreasing size. 

Normalize the individual risk reductions by dividing by the sum of the risk reductions. 

Prepare a running sum of the ranked, relative risk reductions and cutoff at some significant percentage to 
identify the risk important basic events and associated maintenances. 

5. The joint risk reductions can be checked to determine if any additional maintenances can be important 
because of interactions. 

2.3 Determining the Risk Unimportant Maintenances 

Maintenances can be classified into those which are risk important, those which are marginal, and those 
which are risk unimportant. In addition to those which are risk important, it is useful to identify those 
maintenances which are risk unimportant. One of the simplest ways to identify risk unimportant maintenances is 
to identify those components which even if they fail will have little risk impact If a component fails and has little 
risk impact then maintenance is not important in maintaining the performance of this component. 
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The standard measure of the risk impact of a component when it fails is the risk increase importance of 
the component, which is also called the risk achievement worth and the Bimbaum importance. Using the CDF as 
the risk measure, the risk increase importance is standardly determined in the PRA by failing the component and 
determining the increase in the CDF when the component is failed. The risk increase importance is also equal to 
the sum of the contributions of the minimal cutsets containing the component with the component unavailability 
set to one, provided sufficient minimal cutsets are obtained by the PRA to contain the component. 

The risk increase importances can be determined for the basic events and can be ranked from largest to 
smallest, as is often standardly done in a PRA. Those basic events which have insignificantly small risk increase 
importances, such as those which are less than 1% of the CDF, can be identified as being risk unimportant. The 
associated maintenances done on these components can then be identified as being risk unimportant. 

In interpreting risk unimportant results, two issues need to be considered. One is the cumulative CDF 
increase from multiple components being simultaneously down at the Same time. The cumulative CDF increase 
can be significantly larger than the sum of the individual CDF increases if two or more components are in the same 
minimal cutset. One must thus assure that the cumulative increase is also small, for example by limiting the 
components to be in different minimal cutsets or by evaluating the CDF increase by simultaneously failing all the 
prospective components which are deemed to be unimportant. 

The second issue that needs to be considered is related to the first and involves plant configurations which 
can cause unimportant components to become important. The CDF increase importance as standardly calculated 
in a PRA assumes average plant conditions, Le. average component unavailabilities for the other components. If 
certain other components are actually down then the CDF increase from a normally, risk unimportant component 
can be significantly larger. The components which can cause these large effects will again be those components in 
the same minimal cutset as the unimportant component. Thus, there must be assurances that these adverse 
configurations are controlled and are avoided. Table 2.3 summarizes the risk increase maintenance unimportance 
identification approach. 

Table 2.3 The Risk Increase Maintenance Unimportance Identification Approach 

1. Determine the individual risk increases of basic events in the PRA. 

2. Rank the risk increases in order of decreasing size and divide each one by the CDF. 

3. Identify those components and associated maintenances as being risk unimportant if their risk increase is 
less than a small percent of the CDF. 

4. For implementations, check cumulative effects and configuration effects to assure the CDF increases 

2.4 Demonstration of the Minimal Cutset Prioritization Approach 

To demonstrate the minimal cutset approach for identifying the risk important maintenances, a plant- 
specific PRA is used (ref. 4). The ranked minimal cutset contributions to the CDF as tabulated by the PRA are 
normalized by dividing by the CDF and multiplying by 100 to convert to percent. The ranked, normalized 
minimal cutset contributions are then accumulated in a running sum and the unique, basic events in the cutsets are 
listed. The basic events which are listed are those having potential associated maintenances. (Operator errors 
were removed before prioritization). These basic events can again be checked by the plant personnel to assure they 
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have maintenance performed on them. The maintenances associated with the basic events in the top contributing 
minimal cutsets, e.g. the top 90%, are then identified as the risk important maintenances. 

Table 2.4 shows the top 42 basic events so identified. Table 2.8 contains a more complete prioritization. 
The first column in Table 2.4.is the basic event counter and the second column is the rank of the cutset containing 
the basic event. The third column is the basic event code as defined in the PRA and the fourth column provides a 
general description of the event. The event code defines the detailed event which is involved, for a component 
failure, the code identifies the specific system, specific component (by its identification number), and the specific 
failure mode. Reference 4 contains the key for the event code. Note that different failure modes of the same 
component are listed separately (e.g. Events 29 and 30) since they may involve different maintenances. These 
events involving the same component but different failure modes can also be combined into one event for more 
condensed prioritizations. 

The next to last column in Table 2.4 is the cutset frequency, Le. CDF contribution of the minimal cutset 
containing the basic event. The last column is the cutset cumulative percentage contribution, which is the running 
sum of the cutset contributions including the present cutset. There are repeats in the last column, as there are in 
the second column, since a cutset generally contains several basic events which have associated maintenances. 

The prioritization can be continued in the manner shown in Table 2.4 until a signsicant percentage of the 
total cutset contribution is obtained, such as 90%. As Table 2.8 shows, to include 90% of the total contribution, 83 
basic events are identified. If the coverage is increased to 95% then 16 additional basic events are identified for a 
total of 99 basic events. The basic events are included in terms of their minimal cutset importance, and hence 
these last additional events are of much lesser importance than the first events included. 

For implementation, the risk important basic events and associated maintenances can be organized in 
various ways. If maintenance procedures are defined by type of component, then the risk important components of 
a similar type can be extracted, Le. the risk important motor operated valves identified, the risk important motor 
driven pumps identified, etc. If maintenance procedures are defined by system, then the risk important 
components in given systems can be extracted. The risk important prioritization can thus be used in any way 
deemed most appropriate for implementation. 

2.5 Demonstration of the Risk Reduction Prioritization Approach 

The PRA (ref. 4) is again used to demonstrate the risk reduction approach for identifying the risk 
important maintenances. As was described, the risk reduction approach prioritizes maintenances in terms of their 
risk impacts if not carried out effectively. The ranked, individual risk reduction importances tabulated by the PRA 
are normalized by their sum and then a running sum of the relative values is taken to obtain the cumulative relative 
contribution, as was done for the previous minimal cutset approach. The listing of the associated basic events then 
gives a prioritization of the events in terms of their CDF impact. 

Table 2.5 shows the top 55 basic events prioritized by their risk reduction importance. Table 2.9 contains 
the more complete prioritization. Only those basic events were ranked which had potential associated 
maintenances (e.g., operator errors were excluded). These events should again be checked by plant personnel. The 
fmt column in Table 2.5 is the event rank and the second column is again the event code as identified in the PRA. 
The third column is the event description. The fourth column is the CDF risk reduction importance, which again 
is the sum of the contributions of the minimal cutsets containing the basic event. 

The next to last column is the relative risk reduction, which is the individual risk reduction divided by the 
sum of the risk reductions and multiplied by 100 to convert to percent. The last column is the running sum of the 
relative risk reductions up through the current basic event. Having constructed the listing, the risk important 
events can then be identified as those constituting a significant percentage, such as 95%, of the CDF impact as 
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Table 2.4 Minimal Cutset Prioritization of the Top Potentially Maintainable Basic Events 

Event Cutset Cutset Freq. Cumulative 
1 Event Descri tion (per year) cutset % 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

1 
1 
1 
2 
2 
3 
3 
4 
5 
5 
6 
7 
8 
8 
9 
10 
10 
11 
15 
16 
17 
18 
20 
21 
23 
24 
25 
26 
30 
30 
30 
31 
38 
38 
40 
42 
57 
57 
58 
77 
78 

OW-DGN-FS 
BETA-3DG 
RCP-LOC A-750-90M 
K 
R 
OEP-DGN-FS-DGOl 
OEP-DGN-FS-DG02 
OEP-DGN-FS-DGO3 
MSS-SRV-OO-ODSRV 
SGTR-SGSRV-ODMD 1 
BETA-2DG 
SGTR-SGSRV-ODMD2 
LPR-MOV-FT-l862A* 
BETA-2MOV 
QS-SBO 
LPI-MDP-FS 
BETA-LPI 
LPI-MOV-PG- 189OC 
AFW-PSF-FC-XCONN 
OEP-DGN-FR-6HDGl 
OEP-DGN-FR-6HDG3 
OEP-DGN-FR-2 
ACC-MOV-PG-1865C 
ACC-MOV-PG-1865B 
RMT-CCF-FA-MSC AL 
HPI-MOV-FT 
LPR-MOV-FT-186OA 
LPR-MOV-FT-189OA 
PPS-MOV-FT-1535 
PPS-MOV-FC-1535 
PPS-MOV-FC-1536 
AFW-CCF-LK-STMBD 
MSS-SOV-OO-ODADV 
SGTR-SGADV-ODMD 
RCP-LOCA-467- 150 
HPI-MOV-Ff-1350 
SBO-PORV-DMD 
PPS-SOV-OO-1456 
PPS-SOV-OO-1455c 
HPI-CKV-Fr-Cv25 
HPI-CKV-Fr-cm25 

Diesel failure 
Beta for 3 diesels 
seal failure 
Failure to scram 
Failure to scram 
Diesel failure 
Diesel failure 
Diesel failure 
Safety relief valve failure 
Steam generator failure 
Beta for 2 diesels 
Steam generator failure 
Motor-operated valve failure 
Beta for 2 motor-operated valves 
Station blackout event 
Motor-driven pump failure 
Beta for 2 motor-driven pumps 
Motor-operated valve failure 
UNIT-2 event 
Diesel failure 
Diesel failure 
Diesel failure 
Motor-operated valve failure 
Motor-operated valve failure 
Common-cause failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Common-cause failure 
Solenoid-operated valve failure 
Steam generator rupture 
seal failure 
Motor-operated valve failure 
Station blackout event 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Check valve failure 
Check valve failure 

1.17E-06 
1.17E-06 
1.17E-06 
8.43E-07 
8.43E-07 
6.21E-07 
6.21E-07 
6.21E-07 
6.09E-07 
6.09E-07 
5.77E-07 
5.1 8E-07 
4.58E-07 
4.58E-07 
4.54E-07 
4.5OE-07 
4.50E-07 
4.4OE-07 
3.6OE-07 
3.39E-07 
3.39E-07 
3.39E-07 
3.25E-07 
3.25E-07 
3.OOE-07 
2.64E-07 
2.64E-07 
2.64E-07 
2.42E-07 
2.42E-07 
2.42E-07 

2 2  1E-07 
2.2 1E-07 
2.19E-07 
2.02E-07 
1.40E-07 
1.40E-07 
1.40E-07 
1 .OOE-07 

2.4OE-07 

1 .OOE-07 

3.5 
3.5 
3.5 
6.1 
6.1 
8.0 
8.0 
9.9 
11.7 
11.7 
13.5 
15.0 
16.4 
16.4 
17.8 
19.2 
19.2 
20.5 
25.2 
26.2 
27.3 
28.3 
30.3 
31.3 
33.1 
33.9 
34.7 
35.5 
38.5 
38.5 
38.5 
39.2 
44.0 
44.0 
45.4 
46.6 
54.1 
54.1 
54.5 
61.7 
62.0 

42 79 HPI-CKV-FT-CV410 Check valve failure 1 .OOE-07 62.3 
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Table 2.5 Risk Reduction Prioritization of the Top Potentially Maintainable Basic Events 

Risk %Risk Cumulative% 
Rank Event Event Description Reduction (yf') Reduction contribution 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

OEP-DGN-FS-DGOl 
RCP-lBCA-750-9OM 
OEP-DGN-FS 
OD-DGN-FS-DGO2 
OEP-DGN-FS-DGO3 
OEP-DGN-FR-6HDG1 
QS-SBO 
BETA-2MOV 
B ETA-3DG 
OEP-DGN-FR-6HDG3 
SBO-PORV-DMD 
BETA-2DG 
OEP-DGN-FR-6HDG2 
R 
K 
MCW-CCF-VF-SBO 
MSS-SRV-OO-ODSRV 
Hl'I-MOV-FT 
PPs-sov-oo-1455c 
PPS-SOV-OO-1456 
OEPCRB-FT-lSH3 
RCP-LOCA-467- 150 
AFW-PSF-FC-XCONN 
LPR-MOV-FT-1862A 
SGTR-SGSRV-ODMDI 
LPI-MDP-FS 
BETA-LPI 
AFW-TDP-FR-2P6HR 
LPI-MOV-PG-189CC 
AFW-TDP-FS-FW2 
AFW-CCF-LK-STMBD 
SGTR-SGSRV4DMD2 
OEPCRB-FT- 15J3 
LPR-MOV-FT-186OA 
RMT-CCF-FA-MSC AL 
PPS-MOV-FC-1536 
PPS-MOV-FC-1535 
LPR-MOV-FT-189OA 
PPS-MOV-FT-1535 
ACC-MOV-PG-18632 
ACC-MOV-PG-1865B 
MSS-SOV-OO-ODADV 
SGTR-SGADV-ODMD 
HF'I-CKV-FT-CV225 
HPI-CKV-FT-CV410 
HPI-CKV-FT€V25 
HPI-MOV-FT-1350 
AFW-MDP-FS 
BETA-AFW 
PPS-MOV-FT-1536 
AFW-TDP-FR-2P24H 
RCS-PORV-ODMD 
LPR-MOV-FT-1862B 
OEP-DGN-FR-DGO1 

Diesel failure 
Seal failure 
Diesel failure 
Diesel failure 
Diesel failure 
Diesel failure 
Station blackout event 
Beta for 2 motor-operated valves 
Beta for 3 diesels 
Diesel failure 
Station blackout event 
Beta for 2 diesels 
Diesel failure 
Failure to scram 
Failure to scram 
Common-cause failure 
Safety relief valve failure 
Motor-operated valve failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Circuit breaker failure 
Seal failure 
UNIT-2 event 
Motor-operated valve failure 
Steam generator failure 
Motor-driven pump failure 
Beta for motor-driven pumps 
Turbine-driven pump failure 
Motor-operated valve failure 
Turbinedriven pump failure 
Commcm-cause failure 
Steam generator fail= 
circuit breaker failure 
Motor-operated valve failure 
Commcm-cause failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Solenoid-operated valve failure 
steam generator failure 
Check valve failure 
Check valve failure 
Check valve failure 
Motor-operated valve failure 
Motor-driven pump failure 
Beta for motor-driven pumps 
Motorqerated valve failure 
Turbine-driven pump failure 
Steam generator event 
Motor-operated valve failure 
Diesel failure 

8.22E-06 
5.2OE-06 
4.88E-06 
4.38E-06 
4.38E-06 
4.08E-06 
3.04E-06 
2.72E-06 
2.66E-06 
2.32E-06 
2.27E-06 
2.25E-06 
2.09E-06 
151E-06 
151E-06 
1.38E-06 
1.25E-06 
1.2OE-06 
1.2OE-06 
12OE-06 
1.06E-06 
9.74E-07 
8.75E-07 
7.95E-07 
6.77E-07 
6.75E-07 
6.75E-07 
6.60E-07 
6.60E-07 
6.42E-07 
5.82E-07 
5.75-7 
5.65E-07 
4.58E-07 
45OE-07 

426E-07 
4.09E-07 
3.87E-07 
3.25E-07 
3.25E-07 

4.31E-07 

254E-07 
254E-07 

2.06E-07 
2.06E-07 
2.02E-07 
1.73E-07 

2.1OE-07 

1.73B07 

1.26E-07 
1.22507 

1.02E-07 

1.45E-07 

1.09E-07 

11.0 
7.0 
6.5 
5.9 
5.9 
5.5 
4.1 
3.6 
3.6 
3.1 
3.0 
3.0 
2.8 
2.0 
2.0 
1.8 
1.7 
1.6 
1.6 
1.6 
1.4 
1.3 
1.2 
1.1 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 
0.8 
0.8 
0.6 
0.6 
0.6 
0.6 
0.5 
0.5 
0.4 
0.4 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
02 
0.2 
0.2 
0.2 
0.2 
0.1 
0.1 

11.0 
18.0 
24.5 
30.4 
36.2 
41.7 
45.7 
49.4 
52.9 
56.0 
59.1 
62.1 
64.9 
66.9 
68.9 
70.8 
72.5 
74.1 
75.7 
77.3 
78.7 
80.0 
81.2 
82.2 
83.1 
84.0 
84.9 
85.8 
86.7 
87.6 
88.3 
89.1 
89.9 
90.5 
91.1 
91.7 
92.2 
92.8 
93.3 
93.7 
94.2 
94.5 
94.8 
95.1 
95.4 
95.7 
95.9 
96.2 
96.4 
96.6 
96.8 
96.9 
97.1 
97.2 

55 AFW-MDP-FS-FW3A Motor-driven pump failure 1 BOE-07 0.1 97.4 
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measured by the sum of the risk reductions. The maintenances associated with the significant risk impacting 
events can then be identified as the important, risk impacting maintenances. 

2.6 Comparison of the Minimal Cutset and Risk Reduction Prioritization Procedures 

Table 2.6 compares the percentage level at which a basic event enters using the risk reduction approach 
versus the level at which it enters using the minimal cutset approach. A more comprehensive table is given in 
Table 2.10. Figure 2.1 shows an analogous comparison of the cutoff percentage versus the number of basic events 
included for the minimal cutset and risk reduction approaches. 

As Table 2.6 and Figure 2.1 show, a basic event generally enters at a higher percentage level using the 
risk reduction approach than using the minimal cutset approach. This behavior was also found in applications 
using other PRAs. The demonstrations therefore indicate that a higher percentage should be used for the risk 
reduction approach as for the minimal cutset approach to obtain the same set of basic events and associated 
maintenances. For example, Table 2.6 or Figure 2.1 indicates that using a 99% cutoff percentage for the risk 
reduction approach will yield essentially the same set of basic events as a 90% cutoff percentage for the minimal 
cutset approach. 

Since the risk reduction approach is generally easier to apply than the minimal cutset approach, the use of 
a higher cutoff percentage should cause little extra work. The risk reductions are already standardly computed and 
ranked in the PRA, while the minimal cutset approach involves sorting of the basic events in the cutsets. 
Relatively few additional components and maintenances are added using a higher cutoff percentage which should 
also cause relatively liule extra burden for the added assurance. Finally, as previously discussed, using a higher 
cutoff percentage in the risk reduction approach provides assurance that interaction effects from maintenances are 
included in the prioritization. 

2.7 Demonstration of the Risk Increase Approach for Determining Unimportances 

To determine the risk unimportam maintenances, the PRA is used and the risk increases with regard to 
the CDF, normalized by the CDF, are ranked. Table 2.7 shows the basic events with the smallest risk increases. 
Table 2.11 gives a more complete prioritization according to the risk increase. The maintenances associated with 
the basic events having insignifbnt risk increases (e.g. less than 10% or less than 5%) are identified as the risk 
unimportant maintenances. 

Some of the events of low risk increase importance in Table 2.7 were previously identified as events of 
high risk reduction importance in Table 2.5. Examples of such "low-high" events include turbine driven pump 
failure (rank 130), diesel failure (rank 136), and steam generator failures (ranks 143 and 144). These events which 
have low risk increase importance and high risk reduction importance are generally events having relatively high 
unavailability and high functional performance. Because the (normal) unavailability is already high, if the 
component goes down, a relatively small risk increase will occur because of the relative small unavailability 
change. However, because the component is functionally important, reductions in the unavailability will 
significantly increase the performance of the component and cause signfhnt risk reductions. Hence, 
maintenance should focus on reducing the unavailability of these components, not simply maintaining it. This 
illustrates how the risk importance results need to be carefully considered in guiding maintenance. 

2.8 Conclusion 

Using either the minimal cutsets or the risk reduction importances, the basic events and their associated 
maintenances can be prioritized for their risk importances. Both the minimal cutsets and the risk reductions are 
standardly tabulated in a PRA so application of the approaches is straightfowad. The risk reduction approach is 
somewhat simpler to use as it does not involve sorting Out the basic events which is required in Using the minimal 
cutset approach. However, the minimal cutset approach is still reasonable to implement. 
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Table 2.6 Comparison of the Top Risk Reduction and Minimal Cutset Prioritizations 

Rank Based on Cumulative 9% Contribution Cutset % at which 
Risk Reduction Event Code (Risk Reduction) Event Enters 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

OEP-DGN-FS -DGOl 
RCP-LOC A-750-90M 
OEP-DGN-FS 
OEP-DGN-FS-DG02 
OEP-DGN-FS-DG03 
OW-DGN-FR-6HDGl 
QS-SBO 
BETA-2MOV 
BETA-3DG 
OEP-DGN-FR-6HDG3 
SBO-PORV-DMD 
BETA-2DG 
OEP-DGN-FR-6HDG2 
R 
K 
MCW-CCF-VF-SBO 
MSS-SRV-00-ODSRV 
HPI-MOV-FT 
PPS-sov-oo- 1455c 
PPS-SOV-00-1456 
OEP-CRB-FT- 15H3 
RCP-LOCA-467-150 
AFW-PSF-FC-XCONN 
LPR-MOV-FT-1862A 
SGTR-SGSRV-ODMD 1 
LPI-MDP-FS 
BETA-LPI 
AFW-TDP-FR-2P6HR 
LPI-MOV-PG- 1890C 
AFW-TDP-FS-FW;! 
AFW-CCF-LK-STMBD 
SGTR-SGSRV-ODMD2 
OEP-CRB-FT- 15 53 
LPR-MOV-T;T-l860A 
RMT-CCF-FA-MSC AL 
PPS-MOV-FC-1536 
PPS-MOV-FC-1535 
LPR-MOV-FT-189OA 
PPS -MOV-FT- 1535 
ACC-MOV-PG- 1865C 
ACC-MOV-PG- 1865B 
MS S -SOV-OO-ODADV 
SGTR-SGADV-ODMD 
HPI-CKV-FT-CV225 

11.0 
18.0 
24.5 
30.4 
36.2 
41.7 
45.7 
49.4 
52.9 
56.0 
59.1 
62.1 
64.9 
66.9 
68.9 
70.8 
72.5 
74.1 
75.7 
77.3 
78.7 
80.0 
81.2 
82.2 
83.1 
84.0 
84.9 
85.8 
86.7 
87.6 
88.3 
89.1 
89.9 
90.5 
91.1 
91.7 
92.2 
92.8 
93.3 
93.7 
94.2 
94.5 
94.8 
95.1 

8 .O 
3.5 
3.5 
8.0 
9.9 
26.2 
17.8 
16.4 
3.5 

27.3 
54.1 
13.5 
28.3 
6.1 
6.1 
64.9 
11.7 
33.9 
54.5 
54.1 
65.4 
45.4 
25.2 
16.4 
11.7 
19.2 
19.2 
74.8 
20.5 
72.3 
39.2 
15.0 
65.9 
34.7 
33.1 
38.5 
38.5 
35.5 
38.5 
30.3 
31.3 
44.0 
44.0 
62.0 

45 HPI-CKV-FT-CV4 10 95.4 62.3 
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30 
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Number of Basic Events 

Figure 2.1 Cutoff percentage versus number of included basic events 

In the demonstrations, both the minimal cutset approach and the risk reduction approach give similar 
results providing a higher cutoff is used for the risk reduction approach. Since the risk reduction importance 
involves a summation of pertinent minimal cutset conrributions, it is not surprising that both give consistent 
results. The interaction terms in the risk reduction approach can be used to check for additional impacts from 
ineffective maintenances being performed on multiple components. 

Using the risk increase importances standardly tabulated in the PRA, risk unimportant basic events and 
unimportant maintenances can also be identifxed. In implementations involving the risk unimportant findings, 
assurances are needed that cumulative effects and configuration effects are controlled. 

2.9 The General Risk Sensitivity Formula 

The general minimd cutset formula for the core damage frequency C (or for any other appropriate risk 
result) is 

N 
C = C Q i  

i=l 

where 

Q = the ith minimal cutset contribution (2.10) 
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Table 2.7 Lowest Risk Increases for the Basic Events 

Event Risk % Risk 
Rank Event Description Increase Increase 

94 HPI-MOV-FT-1115E Motor-owrated valve failure 5.63E-06 14.0 
95 
96 
97 
98 
99 
100 
101 
1 02 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
13 1 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 

HPI-MOV-FT-1115D 
HPI-MOV-FT-1115C 
AFW-CKV-FT-CV 157 
AFW-CKV-FT-CV 172 
AFW-XVM-F'G-XV168 
AFW-XVM-PG-XV 183 
PPS-sov-FT 
RCP-LOCA-750-90M 
LPI-CKV-00-CV58 
LPI-CKV-00-CV50 
LPR-MOV-FT- 1890B 
MSS-CKV-FT-SGDHR 
HPI-MDP-FR- lA6HR 
BETA-LPI 
HPI-MOV-FT-1867D 
RCP-LOCA-183-90 
RCP-LOCA-183- 150 
RCP-LOC A- 183-2 10 
PPS-MOV-FT- 1536 
SGTR-SGSRV-ODMD2 
BETA-AFW 
CPC-MDP-FR-ccA24 
SBO-PORV-DMD 
RMT- ACT-FA-Rh4TS A 
RMT- Aa-FA-RMTSB 
PPS-MOV-FC-OPER 
CPC-CKV-00-CV113 
AFW-TDP-FSU2FW2 
PPS-MOV-00- 1536 
PPS-MOV-00-1535 
AFW-TDP-FR-6HRU2 
CPC-MDP-FR-swA24 
PPS-MOV-m 
PPS-MOV-FC- 1536 
PPS-MOV-FC- 1535 
A.FW-TDP-FR-2P24H 
HPI-MOV-FT-1867C 
CPC-MDP-FS-S W 1OB 
CON-VFC-RP-COREM 
CPC-MDP-FS -CC2B 
HPI-MDP-FS 
OEFDGN-FC-DG3U2 
Bc-MDP-FR-SW24 
RCS-PORV-ODMD 
BETA-STR 
BETA-SRV 
r n - L O W  -POWER 
BETA-HPI 
SGTR-SGADV-ODMD 
SGTR-SGSRV-ODMDl 

Motor-operated valve failure 
Motor-operated valve failure 
Check valve failure 
Check valve failure 
Manual valve failure 
Manual valve failure 
Solenoid-operated valve failure 
Seal failure 
Check valve failure 
Check valve failure 
Motor-operated valve failure 
Check valve failure 
Motor-driven pump failure 
Beta for motor-driven pumps 
Motor-operated valve failure 
Seal failure 
seal failure 
Seal failure 
Motor-operated valve failure 
Steam generator failure 
Beta for motor-driven pumps 
Motor-driven pump failure 
Station blackout event 
Actuator failure 
Actuator failure 
Motor-operated valve failure 
Check valve failure 
Turbine-driven pump failure 
Motor-operated valve failure 
Motor-operated valve failure 
Turbine-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Turbine-driven pump failure 
Motor-operated valve failure 
Motor-driven pump failure 
Containment event 
Motor-driven pump failure 
Motor-driven pump failure 
Diesel failure 
Motor-driven pump failure 
Steam generator event 
Beta for strainers 
Beta for safety relief valves 
UNIT-2 event 
Beta for motor-driven pumps 
Steam generator failure 
Steam generator failure 

5.63E-06 

5.4OE-06 
5.4OE-06 
5.4OE-06 
5.4OE-06 
4.7 1E-06 
4.61E-06 
4.5OE-06 
4.5OE-06 
4.49E-06 
4.05E-06 
4.OOE-06 
3.83E-06 
3.57E-06 
3.49E-06 
3.49E-06 
3.49E-06 
3.4 8E-06 

5.63E-06 

3.26E-06 
2.92E-06 
2.86E-06 
2.77E-06 

2.73E-06 
2.41E-06 
2.17E-06 
1.96E-06 
139E-06 
1.39E-06 
1.16E-06 
1.04E-06 
1 .O 1E-06 
1.01E-06 
9.93E-07 
9.21E-07 
7.42E-07 
7.16E-07 
4.93E-07 

1.9 1E-07 

1.52E-07 
1.22E-07 

6.26E-08 
2.40E-08 
2.89E-09 

E 
E 
E 

2.73E-06 

4.1 1E-07 

154E-07 

9.36E-08 

14.0 
14.0 
13.5 
13.5 
13.5 
13.5 
11.7 
11.5 
11.2 
11.2 
11.2 
10.1 
10.0 
9.6 
8.9 
8.7 
8.7 
8.7 
8.7 
8.1 
7.3 
7.1 
6.9 
6.8 
6.8 
6.0 
5.4 
4.9 
3.5 
3.5 
2.9 
2.6 
2.5 
2.5 
2.5 
2.3 
1.9 
1.8 
1.2 
1 .o 
0.5 
0.4 
0.4 
0.3 
0.2 
0.2 

0.060 
0.007 

E 
E 
E MSS-SRV-OO-ODSRV 

146 MSS-SOV-OO-ODADV Solenoid-operated valve failure E E 
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and where there are N total minimal cutsets. As previously discussed, the minimal cutset conmbution Qi generally 
consists of the frequency of an initiating event times the product of the unavailabilities of the basic events in the 
cutsets. 

Assume the individual unavdabilities of the maintainable components are increased because of 
ineffective maintenances. To be general, assume the new unavailability is a factor of l+f times the original 

unavailability, where f is a general factor increase. The new cutset contribution is thus 

(2.11) 

where ni is the number of maintainable components in cutset i. Expanding Equation (2.1 1) as a power series gives 

Qi =pi(l+ni f+(ii)f  '+...+ fni). (2.12) 

Now, when 6 is summed over all the cutsets to obtain the new core damage frequency using Equation 
(2.9), the first term on the right hand side of Quation (2.12) gives the original value C. For each maintainable 
component, the second term will give Qif for each cutset containing the component. For each pair of maintainable 
components, the third term will yield QifL for each cutset containing the pair. Hence we may write the expression 
for the new core damage frequency C as 

(2.13) 

or 

(2.14) 

where ri is the sum of the minimal cutset contributions containing component i, rij is the sum of minimal cutset 
contributions each containing components i and j, etc. 

2.10 Detailed Minimal Cutset Priorithations and Risk Reduction Priorithations 

Tables 2.8 and 2.9 give the derailed minimal cutset prioritizations and risk reduction priorithtions, 
respectively, using the plant-specXic PRA (ref. 4). These tables give perspectives on the numbers and types of 
contributors required for different total percentage coverages. The tables are also useful in providing perspectives 
on the prioritization levels at which given contributors enter. 
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Table 2.8 Minimal Cutset Prioritization of the Potentially Maintainable Basic Events 

Event Cutset Cutset Freq. Cumulative 
Index Rank EventCde Event Description (per year) cutset % 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

1 
1 
1 
2 
2 
3 
3 
4 
5 
5 
6 
7 
8 
8 
9 
10 
10 
11 
15 
16 
17 
18 
20 
21 
23 
24 
25 
26 
30 
30 
30 
31 
38 
38 
40 
42 
57 
57 
58 
77 
78 
79 
88 
90 

OEP-DGN-FS 
BETA-3DG 
RCP-LOCA-750-90M 
K 
R 
OEP-DGN-FS-DGO1 
OEP-DGN-FS-DGO2 
OEP-DGN-FS-DGO3 
MSS-SRV-OO-ODSRV 
SGTR-SGSRV-ODMDl 
BETA-2DG 
SGTR-SGSRV-ODMD2 
LPR-MOV-FT- 1 862A 
BETA-2MOV 
QS-SBO 
LPI-MDP-FS 
BETA-LPI 
LPI-MOV-PG- 189OC 
AFW-PSF-FC-XCONN 
OEP-DGN-FR-6HDGl 
OEP-DGN-FR-6HDG3 
OEP-DGN-FR-6HDG2 
ACC-MOV-PG- 1865C 
ACC-MOV-PG-1865B 
FWT-CCF-FA-MSC AL 
HPI-MOV-Fl' 
LPR-MOV-FT-186OA 
LPR-MOV-FT-189OA 
PPS-MOV-Fr- 1535 
PPS-MOV-FC-1535 
PPS-MOV-FC- 1536 
AFW-CCF-LK-STMBD 
MSS-SOV-OO-ODADV 
SGTR-SGADV-ODMD 
RCP-LOCA-467- 150 
HPI-MOV-FT-1350 
SBO-PORV-DMD 
PPS-SOV-00-1456 
PPs-sov-oo-1455c 
HPI-CKV-Fr-cv25 
HPI-CKV-FT-CV225 
HPI-CKV-FT-CV4 10 
MCW-CCF-W-SBO 
OEP-CRB-FT-15H3 

Diesel failure 
Beta for 3 diesels 
Seal failure 
Failure to scram 
Failure to scram 
Diesel failure 
Diesel failure 
Diesel failure 
Safety relief valve failure 
Steam generator failure 
Beta for 2 diesels 
Steam generator failure 
Motor-operated valve failure 
Beta for 2 motor-operated valves 
Station blackout event 
Motor-driven pump failure 
Beta for 2 motor-driven pumps 
Motor-operated valve failure 
UNIT-2 event 
Diesel failure 
Diesel failure 
Diesel failure 
Motor-operated valve failure 
Motor-operated valve failure 
Common-cause failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Common-cause failure 
Solenoid-operated valve failure 
Steam generator rupture 
seal failure 
Motor-operated valve faiIure 
Station blackout event 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Check valve failure 
Check valve failure 
Check valve failure 
Common-cause failure 
Circuit breaker failure 

1.17E-06 
1.17E-06 
1.1 7E-06 
8.43E-07 
8.43E-07 
6.21E-07 
6.2 1E-07 
6.21E-07 
6.09E-07 
6.09E-07 
5.77E-07 
5.18E-07 
4.58E-07 
4.58E-07 
4.54E-07 
4.5OE-07 
4.5OE-07 
4.4OE-07 
3.6OE-07 
3.39E-07 
3.39E-07 
3.39E-07 

3.25E-07 
3.00E-07 
2.64E-07 

3.25E-07 

2.64E-07 
2.64E-07 
2.42E-07 
2.42E-07 
2.42E-07 
2.40E-07 
221E-07 
2.21E-07 
2.19E-07 
2.02E-07 
1.4OE-07 
1.4OE-07 
1.40E-07 
1 .OOE-07 
1.OOE-07 
1 .OOE-O7 
8.48E-08 
8.47E-08 

3.5 
3.5 
3.5 
6.1 
6.1 
8.0 
8.0 
9.9 
11.7 
11.7 
13.5 
15.0 
16.4 
16.4 
17.8 
19.2 
19.2 
20.5 
25.2 
26.2 
27.3 
28.3 
30.3 
31.3 
33.1 
33.9 
34.7 
35.5 
38.5 
38.5 
38.5 
39.2 
44.0 
44.0 
45.4 
46.6 
54.1 
54.1 
54.5 
61.7 
62.0 
62.3 
64.9 
65.4 

92 OEP-CRB-FT-lSJ3 Circuit breaker failure 8.47E-08 65.9 
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Table 2.8 Minimal Cutset Prioritization of the Potentially Maintainable Basic Events (Continued) 

Event Cutset Cutset Freq. Cumulative 
Index Rank Eventcode 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 

113 
113 
113 
120 
123 
134 
135 
136 
137 
138 
139 
160 
178 
181 
182 
210 
217 
220 
220 
221 
23 1 
23 1 
243 
245 
245 
291 
292 
293 
302 
303 
306 
307 
332 
333 
334 
335 
338 
367 
380 
380 
406 
406 
407 
411 

BETA-AFW 
AFW-TDP-FR-2P24H 
AFW-MDP-FS 
PPS-MOV-FT-1536 
AFW-TDP-FS-FW2 
ACC-CKV-FT-CV130 
ACC-CKV-FT-CV147 
ACC-CKV-FT-CV128 
LPR-CCF-PG-SUMP 
ACC-CKV-FT-CV145 
AFW-TDP-FR-2P6HR 
HPI-XVM-PG-XV24 
RWT-TNK-LF-RWST 
AFW-MDP-FS-FW3B 
AFW-MDP-FS-FW3A 
LPR-MOV-FT- 1862B 
AFW-CKV-00-CV 142 
PPS-MOV-00- 1536 
RCS-PORV-ODMD 
PPS-MOV-00-1535 
BETA-STR 
Bc-sm-PG-3HR 
PPS-MOV-FT 
HPI-MDP-FR-lA24H 
HPI€Kv-oo-cv258 
LPI-MDP-FSSIlB 
LPI-MDP-FS-SI1A 
LF'R-MOV-FT- 1 860B 
AFW-CKV-00-CV157 
AFW-CKV-00-CV172 
IAS-CCF-LF-INAIR 
RB-LOCA- 1440-90 
RCP-LOCA-183-210 
RCP-LEA-183-150 
0EE'-DGN-FR-DGO1 
OEP-DGN-FR-DGO3 
OEP-DGN-FR-DGOZ 
RB-LOCA-383-90 
SIS-ACT-FA-SIS A 
SIS-ACT-FA-SISB 
HPI-MOV-FT-1115E 
HPI-MOV-FT-1115C 
LPR-MOV-FT-1890B 
HPI-MOV-FT-1115D 

Beta for motor-driven pumps 
Turbinedriven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Turbine-driven pump failure 
Check valve failure 
Check valve failure 
Check valve failure 
Common-cause failure 
Check valve failure 
Turbine-driven pump failure 
Manual valve failure 
Insufficient water in tank 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Check valve failure 
Motor-operated valve failure 
Steam generator event 
Motor-operated valve failure 
Beta for strainers 
Strainer plugged 
Motor-operated valve failure 
Motor-driven pump failure 
Check valve failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Check valve failure 
Check valve failure 
Common-cause failure 
Seal failure 
seal failure 
SeaI failure 
Diesel failure 
Diesel failure 
Diesel failure 
seal failure 
Actuator failure 
Actuator failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 

6.3OE-08 
6.3OE-08 
6.3OE-08 
6.09E-08 
5.62E-08 
5.OOE-08 
5.OOE-08 
5.OOE-08 
5.OOE-08 
5.OOE-08 
4.9%-08 
4.OOE-08 
3.5 1E-08 
3.4OE-08 
3.4OE-08 
2.7OE-08 
2.64E-08 
2.6 1E-08 
2.6 1E-08 
2.6 1E-08 
2.37E-08 
2.37E-08 
2.1 3E-08 
2.08E-08 
2.08E-08 
1.56E-08 
1 S6E-08 
1 S6E-08 

1.5 1E-08 

1.44E-08 
128E-08 
1.28E-08 
127E-08 
127E-08 
1.27E-08 
1.12E-08 
1.02E-08 
1.02E-08 
9.OOE-09 
9.OOE-09 
9.OOE-09 
9.OOE-09 

1.5 1E-08 

1.47E-08 

70.4 
70.4 
70.4 
71.8 
72.3 
74.0 
74.2 
74.3 
74.5 
74.6 
74.8 
77.7 
79.7 
80.0 
80.1 
82.7 
83.3 
83.5 
83.5 
83.6 
84.3 
84.3 
85.2 
85.3 
85.3 
87.8 
87.8 
87.9 
88.3 
88.3 
88.5 
88.5 
89.6 
89.6 
89.6 
89.7 
89.8 
90.8 
91.3 
91.3 
92.0 
92.0 
92.0 
92.2 

90 4 11 HPI-MOV-FT-1115B Motor-operated valve failure 9.OOE-09 92.2 
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Table 2.8 Minimal Cutset Prioritization of the Potentially Maintainable Basic Events (Continued) 

Event Cutset Cutset Freq. Cumulative 
Index Rank Eventcode Event Description (per year) cutset % 
' 91 433 MSSCKV-FT-SGDHR Check valve failure 8.12E-09 92.3 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 

448 
454 
503 
504 
505 
550 
55 1 
568 
568 
609 
615 
620 
620 
643 
673 
674 
676 
677 
705 
705 
708 
709 
74 1 
742 
753 
753 
759 
767 
781 
782 
800 
800 
810 
842 
843 
863 
876 
895 
916 
993 
1038 
1038 
1123 
1132 

CPC-STR-PG-24H 
RB-LOCA-561-150 
ACP-B AC-ST- 1 H 1-2 
ACP-B AC-ST-QKVIH 
ACP-B AC-ST- 1Hl 
PPS-SOV-~-1455C 
PPS-SOV-FT- 1456 
PPS-sov-Fr 
BETA-SRV 
OEP-CRB-FT-25H3 
AFW-TDP-FR-6HRU2 
BC-MDP-FS-SWlOB 
BC-MDP-FR-S WA3H 
HpI-MOV-m-1867D 
LPI-MDP-FR-B21HR 
LPI-MDP-FR-A21HR 
AFW-ACT-FA-PMP3A 
AFW-ACT-FA-PMP3B 
CON-VFC-RP-COREM 
sws-CCF-FT-3ABcD 
LF'I-CKV-00-CV50 
LPI-CKV-00-CV58 
ACP-TFM-NO-1 H1 
HPI-MOV-PG-1350 
RMT-ACT-FA-RMTSB 
RMT-ACT-FA-RMTS A 
OEP-DGN-FC-DG3U2 
AFW-TNK-VF-CST 
DCP-BDC-ST-BUS 1B 
DCP-BDC-ST-BUS 1A 
CPC-CKV-00-CV113 
BC-MDP-FR-swA24 
cvc-MDP-FR-2AlHR 
LF'I-MDP-FR-B%HR 
LPI-MDP-FR-A24HR 
PPS-MOV-FC-OPER 
UNlT2-LOW-POWER 
AFW-TDP-Fs-u2Fw2 
HPI-MDP-FR-lA6HR 
HPI-MOV-FT-1867C 
CPC-MDP-FS-CC2B 
CPC-MDF-FR-ccA24 
CPC-SlR-PG-6HR 
AFW-MDP-FR-3B6HR 

Strainer plugged 
seal failure 
AC bus failure 
AC bus failure 
AC bus failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Beta for safety relief valves 
Circuit breaker failure 
Turbine-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Motor-driven pump failure 
Motor-driven pump failure 
Actuator failure 
Actuator failure 
Containment event 
Common-cause failure 
Check valve failure 
Check valve failure 
Transformer failure 
Motor-operated valve failure 
Actuator failure 
Actuator failure 
Diesel failure 
Insufficient water in tank 
DC bus failure 
DC bus failure 
Check valve failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
UNIT-2 event 
Turbine-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Motor-driven pump failure 
Motor-driven pump failure 
Strainer plugged 
Motor-driven uumu failure 

5.58E-09 

6.06E-09 
6.06E-09 
6.06E-09 
5.08E-09 
5.08E-09 
4.71E-09 
4.71E-09 

7.34E-09 

4.82E-09 

3.84E-09 
4.02E-09 

3.84E-09 
3.5 1E-09 
3.28E-09 
3.28E-09 
3.24E-09 
3.24E-09 
3.02E-09 

3.00E-09 
3.00E-09 
2.69E-09 

3.02E-09 

2.69E-09 
2.56E-09 

254E-09 
2.4OE-09 
2.3OE-09 
2.30E-09 
2.17E-09 
2.17E-09 
2.02E-09 
1.87E-09 
1.87E-09 

256E-09 

1 -76E-09 
1.7 1E-09 
1.67E-09 
1.60E-09 
1.34E-09 
1.24E-09 

1.03E-09 
1.24E-09 

9.72E-10 

93.1 
93.2 
94.2 
94.2 
94.2 
95.0 
95.0 
95.2 
95.2 
95.8 
95.9 
95.9 
95.9 
96.2 
96.5 
96.5 
96.5 
96.5 
96.8 
96.8 
96.8 
96.8 
97.1 
97.1 
97.2 
97.2 
97.3 
97.3 
97.4 
97.4 
97.5 
97.5 
97.6 
97.8 
97.8 
97.9 
97.9 
98.0 
98.1 
98.5 
98.7 
98.7 
99.0 
99.0 - -  

136 1131 AFW-MDP-FR-3A6HR Motor-driven pump failure 9.72E- 10 99.0 
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Table 2.9 Risk Reduction Prioritization of the Potentially Maintainable Basic Events 

% Risk Cumulative % Risk 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

OEP-DGN-FS-DGO1 
RCP-uxA-750-90M 
OEP-DGN-FS 
OEP-DGN-FS-DGO2 
OW-DGN-FS-DGO3 
OEP-DGN-FR-6HDGl 
QS-SBO 
BETA-2MOV 
BETA-3DG 
OEP-DGN-FRdHDG3 
SBO-PORV-DMD 
BETA-2DG 
OEP-DGN-FRdHDG2 
R 
K 
MCW-CCF-VF-SBO 
MSS-SRV-OO-ODSRV 
HPI-MOV-FT 
PPs-sov-oo-1455c 
PPS-SOV-OO-1456 
OEP-CRB-FT-15H3 
RCP-LocA-467-150 
AFW-PSF-FC-XCONN 
LPR-MOV-FT-1862A 
SGTR-SGSRV-ODml 
LBI-MDP-FS 
BETA-LPI 
AFW-TDP-FR-2P6H.R 
LPI-MOV-PG-189W 
AFW-TJlP-FS-FW2 
AFW-CCF-LK-STMBD 
SGTR-SGSRV-ODMD2 
OEP-CRB-FI'-lSJ3 
LPR-MOV-FT-186oA 
RMTXCF-FA-MSC& 
PPS-MOV-FC-1536 
PPS-MOV-FC-1535 
LPR-MOV-R-1890A 
PPS-MOV-FT-1535 
ACC-MOV-pG-1865C 
ACC-MOV-PG-1865B 
MSSSOV-oooI1ADV 
SGTRSGADV4DMD 
HPI-CKV-FT-CV225 
HPI-CKV-FI'-Cv.QlO 
HPI-cKv-FTa25 
HPLMOV-FT-1350 
AFW-MDP-FS 
BETA-AFW 
PPS-MOV-FT-1536 

Diesel failure 
Seal failure 
Diesel failure 
Diesel failure 
Diesel failure 
Diesel failure 
Station blackout event 
Beta for 2 motor-operated valves 
Beta for 3 diesels 
Diesel failure 
Station blackout event 
Beta for 2 diesels 
Diesel failure 
Failure to scram 
Failure to scram 
Common-cause failure 
Safety relief valve failure 
Motor-operated valve faihm 
Solenoidqerated valve failure 
Solenoidqerated valve failure 
Circuit breaker failure 
seal failure 
UNIT-2 weat 
Motor-operated valve failure 
steam generator failure 
Motor-driven pump failure 
Beta for motor-driven pumps 
Turbmedriven pump failure 
Motorqexated valve failure 
Turbme-driven pump failure 
Common-cause failure 
Steam generator failure 
Citbreaker failure 
Motorqerated valve failure 
Common-cause failure 
Motorqerated valve failure 
Motorqerated valve failure 
Motorqcrated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Solenoid-operated valve failure 

Checkvalve failun 
Check valve failure 
Check valve failure 
Motor-opemed valve failure 
Motor-driven pump failure 
Betaformotordrivmpumps 
Motor-o~rakd valve failure 

steam generator failure 

8.22E-06 11.0 
5.20E-06 
4.88E-06 
4.38E-06 
4.38E-06 
4.08E-06 
3.04E-06 
2.72E-06 
2.66E-06 
2.32E-06 
2.27E-06 
2.25E-06 
2.09506 
151E-06 

1.38E-06 
151E-06 

1.25E-06 
1.2OE-06 
1.2OE-06 
12OE-06 
1.06E-06 
9.74E-07 
8.75E-07 
7.95E-07 
6.77E-07 
6.7507 
6.75E-07 
6.60E-07 
6.60E-07 
6.42E-07 
5.82507 
5.793-07 

458E-07 
450E-07 
431E-07 
4.26E-07 
4.09E-07 
3.87E-07 
3.25E-07 
3.25E-07 
254E-07 
254E-07 
210E-07 
206E07 
206EMn 
2.02507 
1.73 E47 
1.73E-07 
1.45E-07 

5.65E-07 

7.0 
6.5 
5.9 
5.9 
5.5 
4.1 
3.6 
3.6 
3.1 
3.0 
3.0 
2.8 
2.0 
2.0 
1.8 
1.7 
1.6 
1.6 
1.6 
1.4 
1.3 
1.2 
1.1 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 
0.8 
0.8 
0.6 
0.6 
0.6 
0.6 
0.5 
0.5 
0.4 
0.4 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.2 
0.2 
0.2 

11.0 
18.0 
24.5 
30.4 
36.2 
41.7 
45.7 
49.4 
52.9 
56.0 
59.1 
62.1 
64.9 
66.9 
68.9 
70.8 
72.5 
74.1 
75.7 
77.3 
78.7 
80.0 
81.2 
82.2 
83.1 
84.0 
84.9 
85.8 
86.7 
87.6 
88.3 
89.1 
89.9 
90.5 
91.1 
91.7 
92.2 
92.8 
93.3 
93.7 
94.2 
945 
94.8 
95.1 
95.4 
95.7 
95.9 
96.2 
96.4 
96.6 

51 AFW-TDP-FR-2P24H Turbm 
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Table 2.9 Risk Reduction Prioritization of the Potentially Maintainable Basic Events (Continued) 

%Risk Cumulative% 
Rank Event Event Description Reduction (yr-') Reduction Contribution 

Risk 

52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 

RCS-FORV~DMD' 
LPR-MOV-FT-1862B 
OEP-DGN-FR-DGO1 
AFW-MDP-FS-FW3A 
AFW-MDP-FS-FW3B 
HPI-XVM-PG-XV24 
LPR-CCF-PG-SUMP 
LPI-MDP-FS-SIlB 
LPI-MDP-FS-SI1 A 
RCP-LOCA- 1440-90 
LPR-MOV-FT- 1860B 
AFW-CKV-00CV142 
PPS-MOV-00- 1536 
PPS-MOV-OO-1535 
R C P - E A -  183-21 0 
RCP-LOCA- 183- 150 
RW"-TNK-LF-RWST 
OEP-DGN-FR-DG02 
AFW-CKV-00CV172 
OEP-DGN-FR-DGO3 
ACCCKV-FT-CV145 
ACCCKV-FT-CV128 
ACCCKV-FT-CV130 
ACCCKV-FT-CVl47 
RCP-LOCA-183-90 
PPS-MOV-FT 
IASCCF-LF-INAIR 
AFW-TDP-FR-6HRU2 
BETA-STR 
RCP-UXA-56 1 - 150 
SIS-ACT-FA-SISA 
SIS-ACT-FA-SISB 
AFW-CKV-00CV157 
OEPCRB-FT-2SH3 
CPC-STR-PG-3HR 
HPICKV-OOCV258 
AFW-TDP-FS-U2Fw2 
HPI-MDP-FR-lA24H 
HPI-MOV-FT-1llSB 
HPI-MOV-FT-lllSE 
HPI-MOV-FT-111SD 
HPI-MOV-FT-l llSC 
LPR-MOV-FT-189OB 
uNI?z-LoW-POWER 
ACP-B AC-ST4KVlH 
HPI-MOV-FT-1867D 
PPS-SOV-FT- 1456 
PPS-sov-Fr-1455c 
ACP-B AC-ST-1H 1 

Steam generator event 
Motor-operated valve failure 
Diesel failure 
Motor-driven pump failure 
Motor-driven pump failure 
Manual valve failure 
Commm-cause failure 
Motor-driven pump failure 
Motor-driven pump failure 
Seal failure 
Motor-operated valve failure 
Check valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Seal failure 
Seal failure 
Insufficient water in tank 
Diesel failure 
Check valve failure 
Diesel failure 
Check valve failure 
Check valve failure 
Check valve failure 
Check valve failure 
Seal failure 
Motorqerated valve failure 
Common-cause failure 
Turbine-driven pump failure 
Beta for strainers 
Seal failure 
Actuator failure 
Actuator failure 
Check valve failure 
circuit breaker failure 

Check valve failure 
Turbme-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
m - 2  event 
AC bus failure 
Motor-operated valve failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
AC bus failure 

strainer plugged 

1.22E-67 
1.09E-07 
1.02E-07 
1 .OOE-07 
9.93E-08 
8.23E-08 

7.41E-08 
7.75E-08 

7.4 1E-08 
6.4OE-08 
6.24E-08 
6.1OE-08 
5.78E-08 
5.78E-08 
5.70E-08 
5.7OE-08 
5.27E-08 
5.13E-08 
5.09E-08 

5.OOE-08 
5.06E-08 

5.OOE-08 
5.OOE-08 
5.OOE-08 
4.96E-08 
422E-08 
3.72E-08 
3.58E-08 
3.34E-08 
3.27E-08 
2.86E-08 
2.86E-08 
256E-08 
2.46E-08 
2.37E-08 
2.24E-08 
2.18E-08 
2.16E-08 
1.92E-08 

1.69508 

1.35508 

1.69E-08 

1.69E-08 

1 29E-08 
1.1 8E-08 
1.07E-08 
1.07E-08 
1.07E-08 
1.06508 

0.2 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.09 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.06 
0.05 
0.05 
0.05 
0.04 
0.04 
0.04 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 

96.9 
97.1 
97.2 
97.4 
97.5 
97.6 
97.7 
97.8 
97.9 
98.0 
98.1 
98.1 
98.2 
98.3 
98.4 
98.5 
98.5 
98.6 
98.7 
98.7 
98.8 
98.9 
98.9 
99.0 
99.1 
99.1 
99.2 
99.2 
99.3 
99.3 
99.3 
99.4 
99.4 
99.5 
99.5 
99.5 
99.5 
99.6 
99.6 
99.6 
99.6 
99.7 
99.7 
99.7 
99.7 
99.7 
99.7 
99.8 
99.8 

101 CON-VFC-RP-COREM Containment event 1.01E-08 0.01 99.8 
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Table 2.9 Risk Reduction Prioritization of the Potentially Maintainable Basic Events (Continued) 

Risk % b k  Cumulative% 
Rank Event Event Description Reduction (yr-') Reduction Gmaibutim 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 

LPI-MDP-FR-B21HR 
LpI-MDP-FR-A21HR 
MSSCKV-FT-SGDHR 
CPC-STR-PG-24H 
SWSCCF-FT-3ABCD 
PPS-MOV-FC-OPER 
Am-B AC-ST-1Hl-2 
CPC-MDP-FS-SW 1OB 
AFW-ACT-FA-PMP3B 
AFW-ACT-FA-PMP3A 
OEP-DGN-FC-DG3U2 
CPC-MDP-FR-SWA3H 
LPI-MDP-FR-B24HR 
LPI-MDP-FR-A24HR 
BETA-SRV 
PPS-sov-FT 
LPICKV-OOcV58 
LPICKV-oocv5O 
RMT-ACT-F A-RMTSB 
RMT-ACT-FA-RMTSA 
ACP-TFM-NO-1 H1 
CPC-MDP-FR-swA24 
DCP-BDC-ST-BUSlB 
DCP-BDC-ST-BUSlA 
AFW-TNK-VF-CST 
HPI-MOV-PG-1350 
HPI-MOV-FT-1867C 
CPCCKV-oocVll3 
CPC-MDP-FR-ccA24 
CVC-MDP-FR-2AlHR 
AFW-MDP-FR-3B6HJX 
AFW-MDP-FR-3A6HR 
cpc-sTR-FG-6HR 
HPI-MDP-FR-lA6HR 
CPC-MDP-FS-CC2B 
ACP-BACST4KVl J 
BETA-HPI 
HPI-MDP-FS 
CPc-sTR-PG-2A3HR 
cpc-mP-FR-swB24 
AFW-CKVFT-CV157 
AFW-CKV-m-CV172 
cpc-STR-PG-1HR 
AFW-XVM-G-xv183 

Motor-driven pump failure 
Motor-driven pump failure 
Check valve failure 

Common-cause failure 
Motor-operated valve failure 
AC bus failure 
Motor-driven pump failure 
Actuator failure 
Actuator failure 
Diesel failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Beta for safety relief valves 
Solenoidqmated valve failure 
Check valve failure 
Check valve failure 
Actuator failure 
Actuator f a i k  
Transformer failure 
Motor-driven pump failure 
DC bus failure 
DC bus failure 
Insufficient water in tank 
Motor-operated valve failure 
Motor-operated valve failure 
Check valve mure 
Motordriven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
Slrainer plugged 
Motor-driven pump failure 
Motor-driven pump failure 
AC bus failure 
Beta for motor-driven pumps 
Motor-driven pump failure 
strainer plugged 
Motor-driven pump failure 
Check valve failure 
Check valve failure 
strainer plugged 
Manual valve failure 

strainer plugged 

8.32E-09 
8.32E-09 
8.12EN9 
758E-09 
756E-09 
652B09 
6.06E-09 
5.78E-09 
5.5 1 E-09 
551E-09 
5.42E-09 
4.80E-09 
4.75E-09 
4.75E-09 
4.71E-09 
4.71E-09 
45OE-09 
45OE-09 
4.37E-09 
4.37E-09 
4BE-09 
3.97E-09 
352E-09 
352E-09 
2.76E-09 
2.69E-09 
223E-09 
2.17E-09 
2.06E-09 
2.02E-09 
1.65E-09 
1.65E-09 
1.61E-09 
1.6oE-09 
1 24E-09 
1.18E-09 
7.69E-10 
7.69E-10 
7.20510 

5.4OE-10 
5.4OE-10 
53lE-10 
2.16E-10 

5.78E-10 

0.01 
0.01 
0.01 
0.01 
0.01 
0.009 
0.008 
0.008 
0.007 
0.007 
0.007 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.005 
0.005 
0.005 
0.004 
0.004 
0.003 
0.003 
0.003 
0.003 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
O.Oo0 

99.8 
99.8 
99.8 
99.8 
99.8 
99.8 
99.9 
99.9 
99.9 
99.9 
99.9 
99.9 
99.90 
99.91 
99.91 
99.92 
99.93 
99.93 
99.94 
99.94 
99.95 
99.95 
99.96 
99.96 
99.97 
99.97 
99.97 
99.98 
99.98 
99.98 
99.98 
99.99 
99.99 
99.99 
99.99 
99.99 
99.99 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 

146 AFW-XVM-KMCV168 Manual valve failure 2.16E-10 100.00 
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2.11 Comparison of Risk Reduction and Minimal Cutset Prioritizations 

Table 2.10 presents a detailed comparison of risk reduction prioritizations and minimal cutset 
prioritizations using the plant-specific PRA. The table can be used to gain a more detailed perspective on the level 
at which a given contributor enters under the different prioritizations. As previously indicated, the relative levels 
at which different contributors enter are similar for the two prioritizations with a given contributor generally 
entering at a lower level for the minimal cutset prioritization. 

Table 2.10 Comparison of the Risk Reduction and Minimal Cutset Prioritizations 

RankBasedon Cumulative % Contribution Cutset % at which 
Risk Reduction Event Code Event Enters 

OEP-DGN-FS-DGO 1 11.0 8.0 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

RCP-LOCA-750-90M 
OEP-DGN-FS 
OEP-DGN-FS-DG02 
OEP-DGN-FS-DGO3 
OEP-DGN-FR6HDG1 
QS-SBO 
BETA-2MOV 
BETAJDG 
OEP-DGN-FR-6HDG3 
SBO-PORV-DMD 
BETA-2DG 
OW-DGN-FRdHDG2 
R 
K 
MCW-CCF-VF-SBO 
MSS-SRV-00-ODSRV 
HPI-MOV-FT 
PPS-sov-00- 1455c 
PPS-SOV-00-1456 
OEP-CRB-FT-15H3 
R C P - ~ A 4 7 - 1 5 0  
AFW-PSF-FC-XCONN 
LPR-MOV-FT-1862A 
SGTR-SGSRV-ODMDl 
LPI-MDP-FS 
BETA-LPI 
AFW-TDP-FR-2P6HR 
LPI-MOV-F’G-189OC 
AFW-TDP-FS-FW2 
AFW-CCF-LK-STMBD 
SGTR-SGSRV-ODMD;! 
OEP-CRB-Ff- 15J3 
LPR-MOV-FT-186OA 
RMT-CCF-FA-MSCAL 
PPS-MOV-FC-1536 
PPS-MOV-FC-1535 
LPR-MOV-FT-189OA 
PPS-MOV-FT-1535 
ACC-MOV-PG-1865C 
ACC-MOV-PG-1865B 
MSS-SOV-OO-ODADV 
SGTR-SGADV-ODMD 

18.0 
24.5 
30.4 
36.2 
41.7 
45.7 
49.4 
52.9 
56.0 
59.1 
62.1 
64.9 
66.9 
68.9 
70.8 
72.5 
74.1 
75.7 
77.3 
78.7 
80.0 
81.2 
82.2 
83.1 
84.0 
84.9 
85.8 
86.7 
87.6 
88.3 
89.1 
89.9 
90.5 
91.1 
91.7 
92.2 
92.8 
93.3 
93.7 
94.2 
94.5 
94.8 

3.5 
3.5 
8.0 
9.9 
26.2 
17.8 
16.4 
3.5 
27.3 
54.1 
13.5 
28.3 
6.1 
6.1 
64.9 
11.7 
33.9 
54.5 
54.1 
65.4 
45.4 
25.2 
16.4 
11.7 
19.2 
19.2 
74.8 
205 
72.3 
39.2 
15.0 
65.9 
34.7 
33.1 
38.5 
38.5 
355 
385 
30.3 
31.3 
44.0 
44.0 

44 HPI€KV&-CV225 95.1 62.0 
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Table 2.10 Comparison of the Risk Reduction and Minimal Cutset Prioritizations (Continued) 

RankBasedon Cumulative % Contribution Cutset % at which 
Risk Reduction Event Code Event Enters 

45 HPI-CKV-FT-CV410 95.4 62.3 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 

HPI-CKV-no25 
HPI-MOV-FT-1350 
AFW-MDP-FS 
BETA-AFW 
PPS-MOV-IT-1536 
AFW-TDP-FR-rnH 
RCS-PORV-ODM'D 
LPR-MOV-FT- 1862B 
OEP-DGN-FR-DGOl 
AFW-MDP-FS-FW3A 
AFW-MDP-FS-FW3B 
HPI-XVM-PG-XV24 
LPR-CCF-PG-SUMP 
LPI-MDP-FSSIlB 
LPI-MDP-FS-SI1 A 
RCP-=A-1440-90 
LPR-MOV-FT-186OB 

PPS-MOV-OO-1536 
PPS-MOV-OO- 1535 
RCP-LOCA-183-210 
RCP-LOCA-183-150 
RWT-TNK-LF-RWST 
OEP-DGN-FR-DGQ2 

AFW-CKV-OO€V142 

AFW-CKVUOCV172 
OEWXiN-FR-DG03 
ACC-CKV-FT-CV145 
ACCCKV-FT-CV128 
ACCCKV-FT-CV130 
ACCCKV-FT-CV147 
RCP-LOCA-183-90 
PPS-MOV-FT 
IAS-CCF-LF-IN AIR 
AFW-TDP-FR-6HRU2 
BETA-STR 
RCP-=A-56 1- 150 
SS-ACT-FA-SISA 
SIS-ACT-FA-SSB 
AFW-CKV-oocV157 
OEP-CRB-Fl"-SH3 
cPC-m-FG-3HR 
HPI-CKV-OaCV258 
AFW-TDP-Fs-u2FW2 
HPI-MDP-FR-1A24H 
HPI-MOV-FT-1115B 
HPI-MOV-FT-1115E 
HPI-MOV-FI'-ll15D 
HPI-MOV-FT-1115C 
LPR-MOV-FT-189OB 
UNlT2-ow-pPO~ 
ACP-BAC-ST4KVlH 
HPI-MOV-FT-1867D 
PPS-SOV-FI-1456 

95.7 
95.9 
96.2 
96.4 
96.6 
96.8 
96.9 
97.1 
97.2 
97.4 
97.5 
97.6 
97.7 
97.8 
97.9 
98.0 
98.1 
98.1 
98.2 
98.3 
98.4 
98.5 
98.5 
98.6 
98.7 
98.7 
98.8 
98.9 
98.9 
99.0 
99.1 
99.1 
99.2 
99.2 
99.3 
99.3 
99.3 
99.4 
99.4 
99.5 
99.5 
995 
995 
99.6 
99.6 
99.6 
99.6 
99.7 
99.7 
99.7 
99.7 
99.7 
99.7 

61.7 
46.6 
70.4 
70.4 
71.8 
70.4 
83.5 
82.7 
89.6 
80.1 
80.0 
77.7 
745 
87.8 
87.8 
88.5 
87.9 
83.3 
83.5 
83.6 
89.6 
89.6 
79.7 
89.8 
88.3 
89.7 
74.6 
74.3 
74.0 
74.2 
90.8 
85.2 
88.5 
95.9 
84.3 
93.2 
91.3 
91.3 
88.3 
95.8 
84.3 
85.3 
98.0 
85.3 
922 
92.0 
92.2 
92.0 
92.0 
97.9 
94.2 
96.2 
95.0 
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Table 2.10 Comparison of the Risk Reduction and Minimal Cutset Prioritizations (Continued) 

RankBasedon Cumulative % Contribution Cutset % at which 
Risk Reduction Event Code Risk Reduction) Event Enters 

100 ACP-PAC-ST-1H1 99.8 94.2 
101 CON-VFC-RP-COREM 99.8 96.8 
102 LPI-MDP-FR-B21HR 99.8 96.5 
103 LPI-MDP-FR-A21 HR 99.8 96.5 
104 MSSCKV-FT-SGDHR 99.8 92.3 
105 CPC-STR-PG-24H 99.8 93.1 
106 SWSCCF-ET-3ABCD 99.8 96.8 
1 07 PPS-MOV-FC-OPER 99.8 97.9 
108 ACP-BAC-ST-1Hl-2 99.9 94.2 
109 CFC-MDP-FS-SWlOB 99.9 95.9 
110 AFW-ACT-FA-PMP3B 99.9 96.5 
111 AFW-ACT-FA-PMP3A 99.9 96.5 
112 OEP-DGN-FC-DG3U2 99.9 97.3 
113 CPC-MDP-FR-SWA3H 99.9 95.9 
114 LPI-MJlP-FR-B24HR 99.90 97.8 
115 LPI-MDP-FR-A24HR 99.91 97.8 
116 BETA-SRV 99.91 95.2 
117 PPS-sov-FT 99.92 95.2 
118 LPI-CKV-OOCV58 99.93 96.8 
119 LPI-CKV-OO-CV50 99.93 96.8 
120 RMT-ACT-FA-RMTSB 99.94 97.2 
121 RMT-ACT-FA-RMTSA 99.94 97.2 
122 ACP-TFM-NO-1 H1 99.95 97.1 
123 CFC-MDP-FR-SWA24 99.95 97.5 
124 DCP-BDC-ST-BUSlB 99.96 97.4 
125 DCP-BDC-ST-BUSlA 99.96 97.4 
126 AFW-TNK-VF-CST 99.97 97.3 
127 HPI-MOV-PG-1350 99.97 97.1 
128 HPI-MOV-ET-1867C 99.97 98.5 
129 CpC-CKV-oOCV1l3 99.98 97.5 
130 CPC-MDP-FR-CcA24 99.98 98.7 
131 CVC-MDP-FR-2A1 HR 99.98 97.6 
132 AFW-MDP-FR-3B6HR 99.98 99.0 
133 AFW-MDP-FR-3A6HR 99.99 99.0 
134 CPC-STR-pG-6HR 99.99 99.0 
135 HPI-MDP-FR-lA6HR 99.99 98.1 
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2.12 Detailed Risk Increase Prioritizations 

Table 2.11 presents the detailed increase prioritizations for the basic events in the plant-specific PRA. 
The risk increase is the increase in the core damage frequency when the event is assumed to occur. 

Table 2.1 1 Risk Increase Prioritization of the Basic Events 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

K 
RWT-TNK-LF-RWST 
AFW-PSF-FC-XCONN 
AFW-CCF-LK-STMBD 
AFW-TNK-VF-CST 
HPI-CKV-FT-CV225 
HPI-CKV-FT-CV4 10 
HPI-CKV-FT-CV25 
HPI-XVM-PG-XV24 
LPR-CCF-F'G-SUMP 
LPI-MOV-F'G- 189OC 
RMT-CCF-FA-MSCAL 
IAS-CCF-ISINAIR 
ACC-CKV-FT-CV145 
ACC-CKV-FT-CV130 
ACC-MOV-PG- 1865B 
ACC-CKV-FT-CV147 
ACC-MOV-PG- 1865C 
ACC-CKV-FT-CV128 
HPI-MOV-FT 
OEP-DGN-FS-DGO1 
OEP-CRB-FT-15H3 
OEP-DGN-FR-6HDGl 
Bc-STR-PG3HR 
PI-MDP-Fs 
OEP-DGN-FS 
OEP-DGN-FS-DGO2 
OEP-DGN-FS -DGO3 
OEP-DGN-FR-6HDG3 
OEP-CRB-FT-15J3 
OEP-DGN-FR-6HDG2 
LPR-MOV-FT-186OA 
LPR-MOV-FT-1862A 
BE"A-3DG 
LPR-MOV-FT-1890A 
ACP-BAC-ST4KVlH 
AB-B AC-ST-1 Hl 

Event Risk 

Failure to scram 2.52E-02 
Rank Event Description Increase 

Insufficient water in tank 
UNIT-2 event 
Common-cause failure 
Insufficient water in tank 
Check valve failure 
Check valve failure 
Check valve failure 
Manual valve failure 
Common-cause failure 
Motor-operated valve failure 
Common-cause faiIure 
Common-cause failure 
Check valve failure 
Check valve failure 
Motor-operated valve faiIure 
Check valve failure 
Motor-operated valve failure 
Check valve failure 
Motor-operaml valve failure 
Diesel failure 
Circuit breaker failure 
Diesel failure 
Strainer plugged 
Motor-driven pump failure 
Diesel failure 
Diesel failure 
Diesel failure 
Diesel failm 
Circuit breaker failure 
Diesel failure 
Motor-operated valve failure 
Motor-operakd valve failure 
Beta for 3 diesels 
Motor-operated valve failure 
AC bus failure 
AC bus Mure 

1.95E-02 
5.83E-03 
5.82E-03 
2.76E-03 
2.1OE-03 
2.06E-03 
2.06E-03 
2.06E-03 
155E-03 
1 SOE-03 
1.5OE-03 
1.38E-03 
5.OOE-04 
5.OOE-04 
5.OOE-04 
5.OOE-04 
5.00E-04 
5.00E-04 
3.98E-04 
3.633-04 
3.54E-04 
3.36E-04 
2.63E-04 
2.24E-04 
2.17E-04 
1.95E-04 
1.95E-04 
1.9 1E-04 
1.88E-04 
1.72E-04 
1.52E-04 
152E-04 
1.45E-04 
1.36E-04 

1.18E-04 
1.3 1E-04 

38 ACP-TFM-NO-1Hl Transformer failure 1.06E-04 
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Table 2.1 1 Risk Increase Prioritization of the Basic Events (Continued) 

Event Risk 
Rank Event Description Increase 

~ 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 

HPI-MOV-PG-1350 
ACP-B AC-ST- 1 H1-2 
cvc-MDP-FR-2AlHR 
HPI-MOV-FT-I 350 
AFW-CKV-OO-CV142 
AFW-TDP-FS-FW2 
BETA-2DG 
OEP-DGN-FR-DGOl 
AFW-CKV-00-CV 172 
DCP-BDC-ST-BUS 1A 
DB-BDC-ST-BUS 1B 
PPS-SOV-00-1456 
PPS -sov-oo- 1455c 
BETA-2MOV 
AFW-MDP-FS 
OEP-DGN-FR-DG02 
AFW-CKV-00-cv157 
OEP-DGN-FR-DGO3 
LPI-MDP-FS-SI 1A 
LPI-MDP-FSSIlB 
HPI-CKV-00-CV258 
MCW-CCF-VF-SBO 
AFw-TDP-FR-2P6HR 
LPR-MOV-FT- 1862B 
LPR-MOV-Fl'- 1 860B 
SIS-ACT-FA-SISB 
SIS-ACT-FA-SIS A 
m-STR-PG-1HR 
AFW-MDP-FS-FW3A 
AFW-MDP-FS-FW3B 
RCP-LOCA- 1440-90 
€PI-MDP-FR-lA24H 
LPI-MDP-FR-B21 HR 
LPI-MDP-FR-A21HR 
ACP-BAC-ST4KVlJ 
sws-ccF-FT-3ABcD 
PPS-sov-FT-1455c 
PPS-SOV-FT-1456 
BC-S'IR-F'G-24H 
CPC-MDP-FR-SWA3H 
PPS-MOV-FT-1535 
AFW-MDP-FR-3A6HR 
AFW-MDP-FR-3B6HR 
AFW-ACT-FA-PMP3B 

Motor-operated valve failure 
AC bus failure 
Motor-driven pump failure 
Motor-operated valve failure 
Check valve failure 
Turbine-driven pump failure 
Beta for 2 diesels 
Diesel failure 
Check valve failure 
DC bus failure 
DC bus failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Beta for 2 motor-operated valves 
Motor-driven pump failure 
Diesel failure 
Check valve failure 
Diesel failure 
Motor-driven pump failure 
Motor-driven pump failure 
Check valve failure 
Common-cause failure 
Turbine-driven pump failure 
Motor-operated valve failure 
Motor-operated valve failure 
Actuator failure 
Actuator failure 
Strainer plugged 
Motor-driven pump failure 
Motor-driven pump failure 
seal failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-driven pump failure 
AC bus failure 
Common-cause failure 
Solenoid-operated valve failure 
Solenoid-operated valve failure 
Strainer plugged 
Motor-driven pump failure 
Mom-operated valve failure 
Motor-driven pump failure 
Motor-driven pump failure 
Actuator failure 

6.73E-05 
6.73E-05 
6.73E-05 

6.09E-05 
6.7 1E-05 

5.77E-05 
5.69E-05 
5.1OE-05 
5.09E-05 
3.9 1E-05 
3.9 1E-05 
3.87E-05 
3.87E-05 
2.82E-05 
2.74E-05 
2.56E-05 
2.55E-05 
2.53E-05 
2.46E-05 
2.46E-05 
2.24E-05 
2.16E-05 
2.13E-05 
2.08E-05 
2.07E-05 
1.79E-05 

1.77E-05 
158E-05 
1 S7E-05 
1.48E-05 
1.393-05 
1.32E-05 
132E-05 
1.3 1E-05 

1.07E-05 
1 -07E-05 

1 -0OE-05 

9.18E-06 
9.18E-06 
9.17E-06 

1.79E-05 

120E-05 

1.05E-05 

9.3OE-06 

83 AFW-ACT-FA-PWA Actuator failure 9.17E-06 
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Table 2.1 1 Risk Increase Prioritization of the Basic Events (Continued) 

Event Risk 
Rank Event Description Increase 

84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
1% 
125 
126 
127 

BC-STR-X-6HR 
QS-SBO 
OEp-cRB-FT-25H3 
Re-LOCA-561-150 
Bc-sTR-PG-2A3HR 
R 
RCP-LOCA-467- 150 
LPI-MDP-FR-B24HR 
LPI-mP-FR-mHR 
HPI-MOV-FT-1115B 
HPI-MOV-FT-1115E 
HPI-MOV-FT- 1 1 15D 
HPI-MOV-Fr-1115C 
AFW-CKV-FT-CV157 
AFW-CKV-FT-CV172 
AFW-XVM-PG-XV168 
AFW-XVM-PG-XV183 
PPS-sov-Fr 
RCP-LOCA-750-9oM 
LPI-CKV-00-CV58 
LPI-CKV-00-CV50 
LPR-MOV-Fr-189OB 
MS S-CKV-FT-SGDHR 
HPI-MDP-FR-lA6HR 
BETA-LPI 
HPI-MOV-FT- 1867D 
RCP-LOCA-183-90 
RCP-LOCA-183-150 
Re-WA-183-210 
PPS-MOV-FT-1536 
SGTR-SGSRV-ODMD2 
BETA-AFW 
CPC-MDP-FR-Ccm 
SBO-F'ORV-DMD 
RMT-ACT-FA-RMTS A 
RMT-ACT-FA-WSB 
PPS-MOV-FC-OPER 
8c-cKv-oo-cv113 
AFW-TDP-Fs-Urn2 
PPS-MOV-OO-1536 
PPS-MOV-00-1535 
AFW-TDP-FR-6HRU2 
Bc-MDP-FR-swm 
PPS-MOV-FT 

Strainer plugged 
Station blackout event 
Circuit breaker failure 
seal failure 
Strainer plugged 
Failuretoscram 
seal failure 
Motor-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Motor-operated valve failure 
Check valve failure 
Check valve failure 
Manual valve failure 
Manual valve failure 
Solenoid-operated valve failure 
seal failure 
Check valve failure 
Check valve failure 
Motor-operated valve failure 
Check valve failure 
Motor-driven pump failure 
Beta for motor-driven pumps 
Motor-operated valve failure 
Seal failure 
seal failure 
seal failure 
Motor-operated valve failure 
Steam generator failure 
Beta for motor-driven pumps 
Motor-driven pump failure 
Station blackout event 
Actuatorfailure 
Actuatorfailure 
Motor-operated valve failure 
Check valve failure 
Turbiiedriven pump failure 
Motor-operated valve Mure 
Mom-operated valve Mure 
Turbine-driven pump failure 
Motor-driven pump failure 
Motor-operated valve failure 

8.933-06 
821E-06 
8.19E-06 
8.14E-06 
8.00E-06 
7.37E-06 
6.7OE-06 
6.6OE-06 
6.6OE-06 
6.37E-06 
5.63E-06 
5.63E-06 
5.63E-06 
5.40E-06 
5.40E-06 
5.40E-06 
5.40E-06 
4.71E-06 
4.61E-06 
4.50E-06 
4.50E-06 
4.49E-06 
4.0E-06 
4.00E-06 
3.83E-06 
357E-06 
3.49E-06 
3.49E-06 
3.49E-06 
3.48E-06 
326E-06 
2 9 x 4 6  
2.86E-06 
2.77E-06 
2.73E-06 
2.73E-06 
2.41E-06 
217E-06 
1.96E-06 
1.39E-06 
1.39E-06 
1.16E-06 
1.04E-06 
1.01E-06 
1.01E-06 
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Table 2.1 1 Risk Increase Prioritization of the Basic Events (Continued) 

Event Risk 
Rank Event Description Increase * 
129 PPS-MOV-FC-1535 Motor-operated valve failure 9.93E-07 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 

AFW-’?’DP-FR-2€?4H 
HPI-MOV-FT-1867C 
CPC-h4DP-FS-SW 1OB 
CON-VFC-RP-COREM 
CPC-h4DP-FSCC;?B 
HPI-MDP-FS 
OEP-DGN-FC-DG3U2 
CPC-MDP-FR-SWB24 
RCS-PORV-ODMD 
BETA-STR 
BETA-SRV 
uNZT;?-LOW-POwER 
BETA-HPI 
SGTR-SGADV-ODMD 
SGTR-SGSRV-ODMD 1 
MS S-SRV-OO-ODSRV 
MSS-SOV-OO-ODADV 

Turbine-driven pump failure 
Motor-operated valve failure 
Motor-driven pump failure 
Containment event 
Motor-driven pump failure 
Motor-driven pump failure 
Diesel failure 
Motor-driven pump failure 
Steam genexator event 
Beta for strainers 
Beta for safety relief valves 
UNIT-2 event 
Beta for motor-driven pumps 
Steam generator failure 
Steam generator failure 
Safety relief valve failure 
Solenoid-omrated valve failure 

9.21E-07 
7.42E-07 
7.16E-07 

4.1 1E-07 
1.91E-07 
154E-07 

4.93E-07 

15E-07 
122E-07 
9.36E-08 
626E-08 
2.40E-08 
2.89E-09 

E 
E 
E 

E 
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3. QUANTIFYING MAINTENANCE EFFECTS ON UNAVAILABILITY AND RISK 
USING MARKOV MODELING 

A Markov approach is presented for quantifying the effects of maintenance on unavailability and risk. 
The maintenance particularly modeled is preventative maintenance according to the EPRI defmition on page 1-1. 
Markov modeling is standard, however what is new is the new applications that are presented, including the 
relations which are developed for the required transition rates to allow practical implementations of the model. 
Maintenance effects are quantified by defining a degraded state for the component in addition to an operational 
state and a failed state. The Markov maintenance model which is developed is a natural extension of the standard 
models used in Probabilistic Risk Assessments (PRAs) and simplifies to the PRA models when the degraded state 
is not differentiated from the operational state. Identification of a degraded state allows the benefits of 
maintenance to be explicitly evaluated and allows optimal maintenance intervals to be determined. The component 
unavailabilities which are determined can be subsequently used in a PRA to evaluate the risk effectiveness of 
maintenance. Applications of the model are demonstrated. The demonstrations indicate that maintenance effects 
on component unavailability can be significant in certain situations. 

Standard reliability approaches and standard probabilistic risk assessments (PRAs) assume two states for 
each component, a success state and a failed state. Because of these assumptions, only the negative aspects of 
maintenance can be explicitly quantified, which include the effects of maintenance downtime and possible 
maintenance related errors. The benefits of maintenance cannot be explicitly quantified since a principle benefit of 
maintenance is to prevent and correct degradations before failure occurs. Degraded component conditions are not 
considered in standard reliability and PRA modeling, and hence the benefit of maintenance in correcting degraded 
conditions is not explicitly considered. A straightforward approach for considering component degraded 
conditions is to utilize Markov models. The objective of this chapter is to show how Markov modeling can be used 
to quantify maintenance effectiveness on component unavailability which explicitly quantifies both the positive and 
negative effects of maintenance. Markov models incorporating maintenance effects have been reported in 
literature (refs. 5,6,7,8, and 9). What is new in this work is the new application approaches which are developed 
including relationships which are developed for the transition rates which allow the rates to be determined from 
engineering data and engineering knowledge. This work is an extension of the work reported in Reference 10. 

The presented Markov maintenance model can be directly used to identify optimal maintenance intervals 
from a component reliability and performance standpoint using plant maintenance data. The Markov model can 
also be applied to component pieceparts to optimize maintenances at the piecepart level. The Markov maintenance 
model can thus be a potentially powerful tool for monitoring maintenance effectiveness, for supplementing 
reliability centered maintenance applications, and for carrying out predictive maintenance functions. The 
component unavailabilities which are obtained from the Markov maintenance model can furthermore be input into 
FXAs to explicitly evaluate the risk effectiveness of maintenance. 

3.1 The Four State Markov Maintenance Model 

To explicitly evaluate the benefit of maintenance in correcting degradations, at least one degraded state 
needs lo be considered for the component (or component piecepart). The simplest Markov model is to thus 
consider one degraded state for the component in addition to the operational state and the failed state. When in the 
degraded state, the component will still be functional but will be in a degraded mode. The degraded state of a 
component occurs when the component's performance degrades below some threshold value defining normal 
designed performance. A standard PRA lumps the degraded state with the operational state. To quantify 
maintenance effectiveness the degraded state needs to be separated. 

The operating, degraded, and failed states partition the range of performance of the component and can be 
defined in various ways which are consistent with available information. The states can be defined based on 
explicit performance criteria such as pump flow rates or diesel load times. Alternatively, the states can be defined 
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based on the type of maintenance required and its urgency. The Nuclear Plant Reliability Data System (NPRDS) 
(ref. 11) defines component degraded states based on a combination of performance considerations and 
maintenance considerations. 

In addition to the normal operational state, the degraded state, and the functionally failed state, we will 
also define a maintenance down state for the component. The maintenance down state exists when the component 
is down for maintenance and measures a negative aspect of maintenance. We will further assume the component is 
a standby component and is periodically tested. We will assume that any test downtime required for testing is 
negligible. We include in the failed state definition the component being in an undetected failed state or being in a 
repair state when the failure has been detected. We could define a separate repair state and test state for the 
component if we wanted to separate out these contributions. We could also define more than one degraded state if 
we wanted to track the progression of degradations. The definition of an operational state, one degraded state, a 
maintenance state, and a failed state is, however, sufficient to quantify maintenance effectiveness. 

We thus have a total of four states for the component which we denote by 0, d, m, and E 

a the component operational state reflecting normal designed performance 

d the component degraded state reflecting degraded, but functional performance 

m: the component maintenance state in which the component is down for 
maintenance 

and 

E the component failed state in which the component is functionally failed. (3.4) 

If a component piecepart instead of a component is the focus of maintenance then the above state definitions apply 
to the specific piecepart. 

Given the four performance states (0, d, m, f) we need to define the transition rates between states. The 
relevant transition rates are shown in the transition matrix below: 

The initial state consists of the rows of the matrix and the succeeding state consists of the columns of the matrix. 
The missing values are disalIowed transitions and can be treated as having a transition rate value of zero. As is 
standard, we do not consider one-step transitions from one state to the same state since they do not constitute state 
changes. We do not consider a transition from a degraded state directly to an operating state (d-) since a 
maintenance state must first exist. We also do not consider a transition from a failed state directly to a 
maintenance state (f+m) assuming repair has precedence over maintenance. The nonzero transition rates are 
defmed below: 
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the transition rate from an operational state to a degraded state, i.e. the 
component degradation rate+ 

the transition rate from an operational state to a maintenance state, i.e. the 
maintenance frequency when the component k operational 

(3.5) 

(3.6) 

Lf the transition rate fiom an operational state directly to a failed state, i.e. the 
catastrophic failure rate 

(3.7) 

the transition rate from a degraded state to a maintenance state, Le. the 
maintenance fiequency when the component is degraded 

the transition rate from a degraded state to a failed state, Le. the failure rate 
when the component is degraded 

n, the transition rate from a maintenance state to an operational state, i.e. the 
maintenance restoration rate 

(3.10) 

the transition rate from a maintenance state to a degraded state, i.e. the 
maintenance degradation rate 

the transition rate from a maintenance state to a failed state, i.e. the 
maintenance failure rate 

(3.11) 

(3.12) 

&* the transition rate from a failed state to an operational state, i.e. the failure 
restoration rate 

(3.13) 

and 

= the transition rate from a failed state to a degraded state, i.e. the failure 
degradation rate. 

(3.14) 

The definitions in iralics express the rates in reliability oriented terminology and assist in their determination from 
data and test and maintenance procedures. The transition rates are treated as being constant to obtain the steady 
state maintenance characteristics. 

3.2 Performance State Probabilities for the Four State Model 

For the four state model, the associated performance state probabilities are: 

Po = the probability that the component is in the operational state (0) at a given 
time 

Pd 

Pm 

= the probability that the component is in the degraded state (d) at a given time 

= the probability that the component is in the maintenance slate (m) at a given 
time 

Note that the degradation rate as defined here is a rate of transition to a degraded state and is not the differential, 
or rate of decrease, of a performance characteristic. 
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and 

Pf = the probability that the component is in the failed state ( f )  at a given time. (3.18) 

The steady state solutions for pol Pd, pm, pf give the steady state reliability performance of the component. All 
reliability characteristics of the component are obtainable from the performance state probabilities, which include: 

the component unavailability due to failures 

the component unavailability due to being in maintenance 

the designed, operational availability 

the degraded availability 

the observed degradation rate 

the observed failure fiequency from degradations 

the observed catastrophic failure frequency 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

Maintenance effectiveness is obtained from these performance characteristics, and maintenance can be scheduled 
to optimize one or more of these characteristics. 

The time dependent solution for the performance state probabilities for the four state maintenance model 
is addressed in Reference 10. We focus here on the steady state solutions to give the average measures of 
maintenance effectiveness. The standard steady state equations for pot pd. pm, and pf are (see for example 
Reference 12 or Reference 13): 

These steady state equations are solved for po, pd, pm, and pf using the constraint 

(3 -26) 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

One solution approach is to solve for the ratios of the performance probabilities and then determine the 
probabilities from the ratios. This approach worked efficiently for the applications that have been carried out. 
Assuming po is greater than zero, otherwise the component would never be operational, let: 

Pd rd =- 
Po 

(3.3 1) 

(3.32) 
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and 

Pf rf =- 
Po 

(3.33) 

Then the steady state equations are solved to yield: 

and 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

1 
I+Q +r, +rf Po = 

(3.41) 

(3.42) 

(3.43) 

and 
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(3.44) 

Through algebraic manipulations, other alternative expressions can be obtained for rd, r,, and rf which do not 
contain specific transition rates in the denominator which allows these transition rates to go to zero. 

3 3  Parametric Relationships for the Transition Rates 

To determine the performance state probabilities for a given application we need to determine specific 
values for the transition rates. This is often a problem for appiication of the Markov modeling approach. When 
there is sufficient maintenance and failure data, then the transition rates can be directly estimated from the data 
using appropriate statistical estimation techniques (ref. 14). However, oftentimes detailed data are not available. 
To make the Markov maintenance model practically applicable, we have found it useful to express the transition 
rates in terms of basic test and maintenance parameters and component failure rates which are more readily 
estimated based on PRA data and engineering knowledge. Sensitivity studies can also be more easily carried out in 
terms of these basic parameters. The relationships which are developed in this section are examples of 
relationships which are important in making the Markov approach a practical tool for applications. 

The Component Catasn-aphic Failure Rate k,/ 

Let be the component constant failure rate from all causes as standardly defined in Pus: 

x = the constant component failure rate. (3.45) 

We have found it useful to relate relevant component transition rates to the constant component failure rate since 
constant component failure rates are standardly available. Since h contains both catastrophic failures and failures 
passing through degradation, the catastrophic failure rate & can be expressed as a fraction f& of the component 
failure rate: 

Lf (3.46) 

where 

fof = the catastrophic failure fraction. (3.47) 

Note that 4 is not the fraction of transitions from o to f, but the fraction of all failures which are catastrophic. 
Knowing k, & can be determined by determining €of. A small value of fof (e.g. fof = 0.1) represents a small 
fraction of catastrophic failures which do not pass through a degraded state. 

The Component Degradation Rate hd 

The component degradation rate can also be related to the component failure rate h using the 
expression, 

(3.48) 

where 

rod = the degradation ratio. (3.49) 

NUREGICR-6602 
3-6 



With h used as a reference, determination of r d  such as based on data from NPRDS wil l  thus determine &. Since 
r d  is a relative factor, it can be less sensitive to uncertainties. Small values of r d  (e.g. 1< rd 13) represent slow 
degradation rates while large values (e.g. r d  210) represent rapid degradation rates. 

The Degraded Failure Rate hqf 

We have developed two alternative expressions for the degraded failure rate hdf. Others can also be 
developed. One expression is obtained by relating & to 3L: 

bf 

where 

= rah. (3.50) 

= the failure rate ratio. (3.51) 

The failure rate ratio gives the relative increase in the failure rate when the component is degraded. The faiIure 
rate ratio ra is thus similar to the degradation ratio rd.  

To obtain an alternative expression for the degraded failure rate &, consider mean times to occurrences 
ofevents. Let 

Tid 

Tdf 

and 

By their defmitions 

= 

= 

the mean transition time from an operational srate to a degraded state 

the mean transition time from a degraded to failed state 

(3.52) 

(3.53) 

= the mean transition time from an operational state to a failed state passing 
through a degraded state. 

(3.55) 

The transition rates & and h a r e  the inverses of the corresponding mean transition times: 

1 hod =- 
=od 

1 

Tdf 
3Ldf =- 

Also define 

1 h*f =-, 
Todf 

where hodf is the failure rate through a degraded state. 
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Now, the total component failure rate X is the sum of conmbutions from catastrophic failures and from 
failures passing through a degraded state. Therefore, 

A = Aof +A,, , 

or in terms of mean transition times 

1 1  A=- +-- 
Tof Todf 

(3.59) 

(3.40) 

Equation (3.59) can be considered as ".e defiiing equation for X in terms of L.B Markov-related transition rates. 

Expressing Equation (3.55) in terms of transition rates 

1 1  +- 
& i f  hod Adf 

1 -=- 

Now from Equations (3.46) and (359) we have 

where fof is again the catastrophic failure fraction. 

Finally, substituting Equation (3.62) and Equation (3.48) for into Equation (3.61), we have 

1 1 +-, - -- 1 
(l-fof)A rod3L 3Ldf 

which can be solved for hdf giving 

(3.61) 

(3.62) 

(3.63) 

This expression does not contain any additional parameters such as the failure rate ratio ra, however the transition 
rates are constrained by Equation (3.59). 

The Maintenance Completion Rates Lm, b, L,,,j 

The maintenance completion rates &, &, and & may be expressed as: 

A, =pmo *, (3.65) 

(3.66) 

and 

3-8 
NUREGICR-6002 



where 

= the average maintenance duration 

= the fraction of maintenances resulting in the component being in an 
operational state 

PmO 

(3.68) 

(3.69) 

= the fraction of maintenances resulting in the component being in a degraded 
state 

(3.70) Pmd 

= the fraction of maintenances resulting in the component being in a failed 
State 

P d  (3.71) 

and where 

Pmo +Pmi +Pmf =I- 

Equations (3.65)-(3.67) are a particular application of the general transition rate relationship, 

(3.72) 

(3.73) 

where Ajj is the transition rate from state i to j, pij the transition probability, and Li the average sojourn time in state 
i (ref. 15). Equations (3.65)-(3.67) are useful since they allow the transition rates to be determined from the 
maintenance downtime d, and the maintenance efficiencies pmo, pma, pmf. 

The Repair Completion Rates hio, hfd 

The repair completion rates &,, and hd may similarly be expressed as 

Pfo hfo =- 
df 

and 

where 

df 

Pfo 

= the average failure duration time 

the fraction of failures which are restored to an operational state = 

(3.74) 

(3.75) 

(3.76) 

(3.77) 

and 
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Pfd = the fraction of failures which are partially restored to a degraded state. (3.78) 

where 

(3.79) 

If a failure is most likely to be detected by a surveillance test as opposed to a maintenance then 

1 df = -T + r : negligible failure detection by maintenance 
2 (3.80) 

where 

T = the surveillance test interval (3.81) 

and 

r = the average repair time. (3.82) 

Equation (3.80) is an accurate approximation when the maintenance interval is significantly larger than the 
surveillance test interval. Equation (3.80) can also be an accurate approximation when maintenances do not carry 
out opcrational testing to detect component failures. 

When the possibility of failure detection by maintenance is also to be incorporated then the following 
expression can be used for df : 

(3.83) 

whcre 

Tm = the average time between maintenances, (3.84) 

and where Tm is assumed to be largcr than T. Equation (3.83) is obtained by assuming a maintenance can be 
carried out uniformly throughout the test interval with probability proportional to lflm. Appendix A presents the 
dcrivation. 

The Maintenance Frequency When Operational horn 

Using the gencral transition rate relationship, the maintenance frequcncy when the component is 
opcrational can be expressed as 

- Porn (3.85) 
RO, -- 

LO 

whcre 

Porn = the transition probability from the operational state(0) to the maintenance (3.86) 
state(m) 
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and 

= the average duration (sojourn) in the operational state before a transition. (3.87) 

Consider an operational state existing after a maintenance. The next transition can result in a 
maintenance state if there is no degradation Occurrence and no catastrophic failure occurrence to the next time of 
maintenance, at an interval T,. Hence 

porn = exp(-h,fdTm) ; given an o state after maintenance 

where 

(3.88) 

The average duration is accordingly 

When Lfd Tmccl then 

Lo Tm* 

(3.89) 

(3.90) 

(3.9 1) 

(3.92) 

The derivation of this limiting expression is given in Appendix B. The transition rate & is then obtained by 
substituting Equations (3.88) and (3.91) in Equation (3.85). An additional correction term can be added to porn 
and Lo to consider a failure occurring after maintenance and being repaired to achieve the operational stare before 
the next maintcnance, however this correction term is generally small. 

The Maintenance Frequency When Degraded h h  

The maintenance frequency when the component is degraded hd, may be expressed as 

Pdm 
Ld 

Adm =- 

where 

= the transition probability from the degraded state (d) to the maintenance 
state (m) 

Pdm 

and 

Ld = thc avcrage duration in the degraded state before a transition. 

(3.93) 

(3.94) 

(3.95) 
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Again, assume the component is in an operational state after a maintenance. If a degraded state occurs between 
maintenances then on the average it will occur at one half the interval between maintenances because of the 
assumption of a constant degradation rate &. 

Hence, 

(3.96) 

3.4 Applications 

As a demonstration of the preceding methodology consider a standby component with the following 
failure rate, test interval, and repair downtime data which could serve as input data to a PRA: 

= I x  10-6h1-1 (3.99) h 

T = 730 hrs (1 month) (3.1 00) 

d = 72hrs. (3.101) 

Assume however, we want now to explicitly include the efccts of maintenance in calculating the 
component reliability and unavailability characteristics. Using the Markov four state model and parameuic 
expressions for the transition rates including Equation (3.64) and assuming maintenance and repair are effccuve, 
we necd the following additional data: 

rcd = the degradation ratio (3.1 U3) 
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and 

or 

- Tnl 
2 

Ld =(?)(%p(-hdf+)+ 0 IteXp(-hdft)hdfdt (3.97) 

Ld = (%)up(-&f 5) + &( 1 -exp(-hdf %)b + hdf %)). (3.98) 

When hdf is small such that hdf T, e< 1 then Ld =L. Since Equation (3.98) is similar in form to Equation 

(3.91) the derivation of this limiting expression is similar and is given in Appendix B. An additional correction 
term can be added to p h  and Ld to account for a degraded state existing immediately after maintenance but this 
corrcction term is generally small. Appendix C also presents an alternative method of determining hdf which is 
consistent with a given failure rate value used in a PRA. 

2 

fof = the catastrophic failure fraction (3.102) 
._ . 

- 

Trn = the average interval between maintenances (3.104) 

- * m  



and 

dxn = the average maintenance duration time (3.105) 

If the values are not known then sensitivity studies can be performed to evaluate ranges of impacts and to evaluate 
ranges of optimal maintenance intervals. 

For our evaluations we will use the following values: 

fof = 0.1 (3.106) 

rod = 3  (3.107) 

and 

dm = 72.hours. (3.108) 

We will allow the maintenance interval T, to vary to determine the effectiveness of different maintenance 
intervals: 

= variable. (3.109) Tm 

Figure 3.1 illustrates the steady state performance state probabilities which are obtained. Table 3.1 
tabulatcs the corrcsponding state probabilities depicted in Figure 3.1. Figure 3.1 shows 1-p, instead of po for better 
rcsolution since po is near unity. The term 1-p, may be called the operational unavailability. 

Figure 3.1 indicates that component performance can be significantly affected by maintenance and the 
intcrval at which the maintenance is carried out. All that is being varied is the maintenance interval; the 
surveillance test interval, repair and maintenance downtimes, component failure rate, and component degradation 
characteristics are not changed, As the maintenance interval increases from 1 wk to 8 1/3 yrs, the operational 
unavailability 1 - po varies from a high of 3.OE-1 at a 1 week maintenance interval to a low of 2.1E-02 at a 1 year 
maintenance interval, a factor change of more than 14. As the maintenance interval increases, the degraded 
unavailability pd increases by more than a factor of 500 and the maintenance unavailability pm decreases by more 
than factor of 300. Also the failed unavailability pf increases by more than a factor of 3. 

Figure 3.2 and Table 3.2 show the component performance state probabilities for a degradation ratio r d  of 
10; all other data is the same as in Figure 3.1 and Table 3.1. A degradation ratio of 10 represents a faster 
degradation rate. The performance of the component shows similar behaviors except now the operational 
unavailability 1 - po is higher, particularly at larger maintenance intervals. The degraded unavailability Pd is also 
significantly higher, and the failed probability pf is also higher at larger maintenance intervals. 

To identify the optimal maintenance interval, Figure 3.3 focuses on the Operational unavailability 1 - po 
versus maintcnance interval T, for a degradation ratio r d  of 3. Figure 3.3 identifies the optimal maintenance 
interval for the componcnt to be approximately 12 months. The optimal interval region is fairly broad, being 
bctween approximately 3 months and 24 months for the unavailability to be within a factor of 2 of the optimal 
vduc. What is especially important from an operational standpoint is that the maintenance interval not be on the 
tails of the curve. For too small of a maintenance interval, the operational unavailability is high because of the 
dominance of the maintenance downtime contribution. For too large of a maintenance interval, the operational 
Unavailability is high because degradations are not being corrected frequently enough. Thus, the Markov 
maintcnance modeling is able to quantify maintenance effectiveness and to identify optimal maintenance 
guidclines. 
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Table 3.1 Performance State probabilities Versus Maintenance Interval for a Degradation Ratio of 3 

Po Pd Pm Pf 

lwk 7.00E-01 1.76E-04 3.00E-01 3.07E-05 
2wk 823E-01 4.15E-04 1.76E-01 3.62E-05 
1 mo 9.09E-01 9.96E-04 8.97E-02 4.03E-05 
3 mo 9.692-01 3.17E-03 3.17E-02 4.40E-05 
6 mo 9.77E-01 6.42J5-03 1.61E-02 4.63E-05 
l y r  9.79E-01 129E-02 8.04E-03 5.00E-05 

2.5 yrs 9.65E-01 3.17E-02 3.17E-03 6.00E-05 
5yrs 9.37E-01 6.1E-02 1 S4E-03 755E-05 

8.33 yrs 9.01E-01 9.85E-02 8.94E-04 9.47E-05 

X = 1.OE-06 hrl T= 730 hrs d=72hts  
r d  =? f,f = 0.1 d m = 7 2 h  

l.OE+Oo 

1.oE-01 

Performance State Probability V m  Maintenance Intend 
rod=3, dm=72, fof=.lO 

t - - - - - - - -  

I 
1 10 100 
Maintenance Interval (Months) 

1.0E-05 ' 
0.1 

A= 1.OE-6, T=;lUlhrs, d=72hrs 
I+l-Po +Pd +Pm 43Pf 1 

Figure 3.1 Effects of maintenance interval on component performance for a degradation ratio of 3 
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Table 3.2 Performance State Probabilities Versus Maintenance Interval for a Degradation Ratio of 10 
~ 

Po 
~~ ~ 

Pm Pf - 
1 wk 7.00E-01 5.88E-04 3.00E-01 3.08E-05 
2wk 8.22E-01 1.38E-03 1.76E-01 3.6SE-05 
1 mo 9.07E-01 3.3 1E-03 8.9sE-02 4.1 1E-05 
3 mo 9.58E-01 1.05E-02 3.12-02 4.64E-05 
6 mo 9.63E-01 2.1 1E-02 1.58E-02 5.12E-05 
l y r  9.50E-01 4.16E-02 7.83E-03 5.95E-05 

2.5 yrs 8.99E-01 9.84E-02 3.01E-03 8.18E-05 
5yrs 8.19k-01 1.79E-0 1 1.44E-03 1.13E-04 

8.33 yrs 7.32E-01 2.67E-01 853E-04 1.47E-04 

3c = 1.OE-06 hrl T=730hrs d=72hrs 
r d  = 10 fof = 0.1 d,=72hrs 

1.OEtOO 

1.oE-01 

1.oE-02 

1.0E-03 

1.oE-04 

Performance State Probability krsus Maintenance Intewal 
rOd=lO, dm=n, fof=.lO 

state Probabiliw 

I 
100 

1.oE-05 ’ 
0.1 1 10 

Figure 3.2 Effects of maintenance interval on component performance for a degradation ratio of 10 
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Operational Unavailability Versus Maintenance Intewal 
d = 3 ,  dm-72, fof=.lO 

1.oEo1 

1.oE-02 1 f 1 I I I I t *  

0.1 1 10 100 
Maintenance Interval (Months) 

1 = 1.OE-6, T=nO hrs, d=72 hrs 

Figure 3.3 Operational unavailabifity versus maintenance interval for a degradation ratio of 3 
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4. EVALUATIONS OF COMPONENT UNAVAILABILITY VERSUS 
MAINTENANCE INTERVAL 

The previous chapter presented a methodology for quantifying the unavailability and risk effects of 
maintenance programs. To illustrate component level applications of this methodology, this chapter presents 
evaluations of the component unavailability vmus maintenance interval for scheduled maintenance actions. The 
evaluations are carried out for different component degradation rates and failure rates. The values for the 
degradation rates and failure rates are selected to be representative of various nuclear plant components in different 
environments. For a particular application, the values for the appropriate degradation rate and failure rate for a 
component can be obtained from plant maintenance and failure logs using data analysis techniques similar to those 
now used in PRAs to estimate failure rates. The degradation rates and failure rates in the Nuclear Plant Reliability 
Data System (NPRDS) could also be used if they are assessed to be applicable for the given application. 

4.1 Plots and Tables of Component Unavailability Versus Maintenance Interval 

Appendix D shows sixteen (16) plots of the operational unavailability (qo) and the failed plus maintenance 
unavailability (qfeQ versus maintenance interval. The operational unavailability (qo) is the probabiliv of not 
being in the designed operating state, i.e. being in the degraded state, the maintenance state, or the failed state. 
The operational unavailability is thus the performance unavailability. The failed plus maintenance unavailability 
( ~ d  is the functional unavailability used in the PRA. The functional unavailability is thus the probability that 
the component will not be able to function at all and is what the PRA calls simply the component unavailability. 

Each of the 16 plots is for a given component degradation rate (hod) and a given failure rate from the 
degraded state (A&. The rates are in units of per hour. As observed from the calculated unavailabilities in the 
plots, the values of the degradation rate and degraded failure rate which are used cover behaviors exhibited by 
active components in nuclear plants, including diesels, motor operated valves, and pumps. For the calculations, all 
failures are assumed to be preceded by degradation. All plots assume a monthly test interval (730 hours) and a 
downtime of 72 hours for maintenance or repair. The test interval and downtime are not varied so the variations in 
component operational and functional unavailability are due only to the maintenance interval. Maintenance and 
test-caused error probabilities are assumed to be negligible. The associated tables which give the calculated values 
shown on the plots are given after the plots. 

4.2 Observations on the Component Unavailability Evaluations 

Observations from the plots are the following: 

1. The maintenance interval can have a significant impact on both the operational unavailability and 
the functional unavailability. In some cases the unavailability varies by two orders of magnitude. 
These are individual component effects. System and plant effects need to be separately evaluated. 

2. The optimal maintenance interval which minimizes operational unavailability is generally smaller 
than the optimal maintenance interval which minimizes functional unavailability. In extreme cases 
where the degraded failure rate is very high, which occuts when the component quickly fails after 
becoming degraded, the optimal functional maintenance interval is basically the same as the optimal 
operational maintenance interval. This is shown in plots #1 and #lo. 

3. If the maintenance interval is selected to minimize the functional unavailability then the component 
can most likely be in a degraded state if called upon. This is shown for example in plot #8. Thus, 
minimizing functional unavailability can sacrifice performance. 
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4. The functional unavailability and the optimal functional maintenance interval depends on the 
surveillance interval. This does not show in the plots since only one test interval is used, however 
the underlying equations show this depen&ncy. Hence, there is an interaction between maintenance 
and testing with regard to functional unavailability effects. 

5. The maintenance intervals which minimize system unavailabiity either from an operational or 
functional standpoint can be different from those which optimize component unavailability. The 
optimal interval to minimize system unavailabiity will depend on the scheduling of the 
maintenances, e.g. not allowing components to be down at the same time for maintenance. 

6. Maintenance intervals can also affect the component reliability, e.g. the component failure 
frequency. We have not carried out these evaluations but the underlying equations show this 
dependency. 

7. Various strategies can be used to optimize maintenance programs. For example, performance can be 
maximized (i.e. operational unavailability can be minimized) while constraining the functional 
unavdability to be acceptable and to be below a given value. Alternatively, functional unavailability 
can be the focus, i.e. functional unavailability can be minimized while constraining the operational 
unavailability to be acceptable. The exploratory evaluations show large potential benefits in terms of 
risk reduction and burden reduction. 

8. Only the maintenance interval has been varied in the plots. Different types of maintenance and 
different maintenances on component pieceparts can also be evaluated and can have significant 
effects. 

9. Implications for monitoring maintenance effectiveness are interesting. The effects of maintenance 
can be significant. Maintenance has significant effects at the component level and thus component 
level evaluations are useful. By analyzing data on component degradations, maintenance 
effectiveness can be monitored and maintenance can be optimized using approaches such as these to 
provide substantial risk and plant benefits. 

10. Implications for PRAs are also interesting. PRAs presently do not explicitly model maintenance 
effects other than the downtime and possible associated errors. It is generally argued that the failure 
rate data incorporate the effects of maintenance. The effects on the failure rate data, however, are 
averaged out and are difficult to resolve. The evaluations performed here indicate risk effects can be 
significant if maintenance is more explicitly evaluated in the PRA and this implies maintenance 
needs to be more explicitly evaluated. 

I 4.3 Summary and Recommendations 

Application of a simple Markov methodology has been presented for quantifying maintenance 
effectiveness. One degraded state is defined for the component in addition to the designed operating state and the 
functionally failed state. The equations for the steady state component performance probabilities explicitly 
incorporate the benefits of maintenance as well as its negative effects. The performance probabilities (e.g. the 
failed probabilities) with maintenance effects explicitly included can be used in place of the component 
unavailabilities now used in the PRA. The performance state equations can also be used to determine optimal 
maintenance intervals for the components. Optimal maintenance intervals can be determined to optimize various 
performance characteristics, including the operational unavailability, failed probability, or the reliability. 

To apply the Markov methodology, transition rates between states are required. This means. first of all, 
that degraded states need to be defined for maintainable components. Formulations were presented which express 
the transition rates in terms of parameters which can be more readily estimated from engineering information. 
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These parameters can also be varied for sensitivity evaluations. Further work is needed in identifying other 
expressions for specific applications, and in utilizing statistical approaches, including Bayesian approaches, for 
estimating the transition rates and their uncertainties from plant maintenance log data. 

This work assumes that the transition rates are constant, which is a standard assumption for maintenance 
systems as the references describe. For specific applications, the transition rates can vary with the age of the 
component. For any application the assumption of constant transition rates needs to be validated. Reference 10 
addresses the aging case, but further work is needed to develop specific expressions for agedependent transition 
rates. 

If the Markov models are to be consistent with the PRA models, then the Markov transition rates need to 
be calibrated with the PRA data. The expressions which were developed for the transition rates were one step in 
this direction in that the constant failure rate A was used as a reference pammeter. However, there were constraints 
assumed in these expressions, particularly in the expression for & which was obtained by equating h to the sum of 
catastrophic and degradation related transition rates. Appendix C presents another approach for calibrating the 
degraded failure rate &with the total component failure rate A. Other means of calibrating the Markov models 
with PRA models need to be investigated. 

The Markov models can be used in two ways with the PRA. The component unavailability pf due to 
failures and the component unavailability pm due to maintenance can be used in the PRA as they are now used. 
The only difference is that the Markov equations are used to calculate pf and Pm to account explicitly for the 
effects of maintenance. Optimization of maintenance schedules may then be carried out by varying the 
maintenance intervals Tm and redetermining pf and Pm. 

Alternatively, the Markov models can be used to transform the PRA from a two state model covering 
failed and success states to a multi-state model covering failed, degraded, and operational states. Probabilities of 
safety systems being in various degraded states can be determined to obtain system degraded miavailabilities in 
order to further resolve and differentiate system and risk performance. Multi-state methodologies have been 
developed for system models and PRAs (refs. 16, 17, 18), however the importance of evaluating -the effects of 
maintenance and the need to consider degraded states imply that multi-state approaches may need to be given a 
new look for PRA applications. 
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APPENDIX A DERIVATION OF df CONSIDERING MAINTENANCE 
CONTRIBUTIONS 
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Assume the maintenance interval Tm is larger than the test interval T (otherwise reverse the maintenance 
and test intervals in the derivation). Now, assume a failure occurs at a time tf between two successive tests, 0 5 tf I 
T. The failure will be detected if a maintenance occurs between the time of the failure and the time of the next test 
Assuming a maintenance can uniformly occur within an interval, the average duration dl to failure detection is 

Assuming the failure time tf is uniformly distributed between the test intervals (which is an accurate 
approximation for the mean time to failure being significantly larger than the test interval), the overall average 
duration time & is then 

If a maintenance does not occur between tf and T then the duration time to detection will be the interval to 
the next test. This average overall duration z2 is 

where the first term in parentheses is the probability of the maintenance not occurring between tf and T. Hence, 

d2 =-T--- l T T  - 1  
2 3Tm 

Adding & + & gives the total duration to failure detection. We must also add the repair time r to obtain 
the total failure duration. Hence 

1 T  1 df =- -T+-T-ET+r  
6Tm 2 3Tm 

or 

df = z ( l - E ) + r .  2 3Tm 
(A.9) 
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APPENDIX B DERIVATION OF THE LIMITING EXPRESSIONS FOR Lo AND Ld 
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The equation for Lo, Equation (3.9 l), can be expressed in the general form as: 

1 
r 

Lo = Lexp(-x) +-(1-exp(-x)(l+x)) 

where 

L=Tm 

= XofdTm 

03.1) 

03.2) 

03.3) 

and 

and 

r = hofd. 

The equation for Ld, Equation (3.98), is also given by Equation (A.1) with 

L,T" 
2 

T 
2 

x=hdf-IIL 

(s -4) 

r=h&. 

Expanding the exponentids to second order gives 

x + x 2 - x  
2 3 1  

2 X ZL 1-x+- +- 1-l+x--- [ 3 :[ 2 

Ignoring first order corrections, 

Lo GL. 

(s .7) 

03.9) 

03.10) 

Because of the cancellations, the exponents need to be expanded to second order to obtain the proper first order and 
zeroth order expressions. 
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APPENDIX C AN ALTERNATIVE DERIVATION OF TO PROVIDE 
CONSISTENCY WITH THE PRA FAILURE RATE X 
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For the four state Markov model, the total failure frequency wf for the component is 

where po and pd are the component operational state and degraded state probabilities, respectively. We can define 
the average component failure rate Xf as 

If we equate & to a specified total component failure rate h such as the failure rate used in a PRA then 
we can determine hdf so that the same failure rate h is produced: 

Solving for hdf 

or 

hdf = x + q x - x o f ) .  
Pd 

If h and & are given, then to determine hdf using the above expression, values for po and pd need to be 
estimated, or equivalently a value for Po/Pd needs to be estimated. A value for pd can be estimated from an initial 
Markov model such as given in previous sections. Alternatively, po/pdcan be estimated from plant maintenance 
logs as the relative fraction of time the component is operational to the fraction of time it is degraded. The hdf 
value determined by the above expression will then result in the Markov total failure rate for the component, given 
by Equation (C.2), being equal to the PRA total component failure rate A. 
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APPENDIX D DETERMINATIONS OF COMPONENT UNAVAILABILITY VERSUS 
MAINTENANCE INTERVAL FOR DIFFERENT COMPONENT DEGRADATION 

CHARACTERISTICS 
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Figure D.l Component performance and functional unavailability versus maintenance interval: 
= 1x10-5 per hour, & = 1x1Q2 per hour 
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Figure D.2 Component performance and functional unavailability versus maintenance interval: 
= lxlQ5 per hour; hdf= lxlP3 per hour 
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Figure D.3 Component performance and functional unavailability versus maintenance interval: 
& = lxle5 per hour, hdf = 1x10" per hour 
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Figure D.4 Component perfoi.nance and functional unavailability versus maintenance intervak 
& = I X ~ O - ~  per hour; hdf = l ~ l O - ~  per hour 
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Figure D.5 Component performance and functional unavailability versus maintenance interval: 
& = lx105 per hour; hdf = 1x10" per hour 
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Figure D.6 Component performance and functional unavailability versus maintenance interval: 
& = 1x1@ per hour; hdf = lxlCr3 per hour 
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Figure D.7 Component performance and functional unavailability versus maintenance interval: 
& = 1x10" per hour; hdf = 1x10" per hour 
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Figure D.8 Component performance and functional unavailability versus maintenance intervak 
& = 1~10-4 per hour; hdf = I X ~ O - ~  per hour 
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Figure D.9 Component performance and functional unavailability versus maintenance interval: 
& = 1x1@ per hour; hdf = lxlod per hour 
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D.10 Component performance and functional unavailability versus 
hod = 1x10-6 per hour; hdf = 1xW2 per hour 

maintenance 

1000 

interval: 

D-5 
NUREGICR6002 



1E-01 

1E-02 

Figure D.11 Component performance and functional unavailability versus maintenance intervak 
& = 1x10" per how & = lxlD3 per hour 
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Figure D. 12 Component performance and functional unavailabdity versus maintenance interval: 
= 1x1@ per hour; hdt. = 1~10-4 per hour 
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Figure D.13 Component performance and functional unavailability versus maintenance interval: 
& = lxla6 per h o w  & = l ~ l O - ~  per hour 
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Figure D.14 Component performance and functional unavailability versus maintenance interval: 
= lxW3 per hour; hdf = 1 x l e  per hour 
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Figure D.15 Component performance and functional unavailability versus maintenance internal: 
& = 1x103 per hour, hdf = l ~ l O - ~  per hour 
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Figure D.16 Component performance and functional unavailability versus maintenance interval: 
& = 1x10” per hour; hdf = 1 ~ 1 0 ~  per hour 
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Table D. 1 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= l ~ l O - ~  per how hdf = 1xW2 per hour 

T, (months) 90 Wqrn 

0.5 0.1665825 0.1665825 
1 0.0934167 0.0934167 
3 0.0427007 0.0427007 
6 0.0377562 0.0377562 
12 0.0507007 0.0507007 
24 0.0867934 0.0867934 
60 0.19 18827 0.1918827 
120 0.3346630 0.3346630 
240 0.5286224 0.5286224 
480 0.7234009 0.7234009 
720 0.8108706 0.8108706 

Table D.2 Component Performance and Functional Unavailability Versus Maintenance Interval: 
& = lxlQ5 per hour; 3idf = lx103 per hour 

Tm (months) 90 9 M m  

0.5 0.1665825 0.1654256 
1 0.0934167 0.09 11066 
3 0.0427007 0.03 58 164 
6 0.0377562 0.0241236 
12 0.0507007 0.0239701 
24 0.0867934 0.03 53960 
60 0.19 18827 0.0774814 
120 0.3346630 0.1449316 
240 0.5286224 0.26 1633 5 
480 0.7234009 0.4359396 
720 0.8 108706 0.5554193 

T,,, = maintenance interval 
qo = performance unavailability 
q + = functional unavailability 
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Table D.3 Component Performance and Functional Unavailabiilty Versus Maintenance I n t e d  
& = 1x10-5 per hour, & = 1x1@ per hour 

, T, (months) 

0.5 0.1665825 0.1648263 
1 0.0934167 0.0899088 
3 0.0427007 0.0322298 
6 0.0377562 0.01697 14 
12 0.0507007 0.0097492 
24 0.0867934 0.0072834 
60 0.19 18827 0.0095922 
120 0.3346630 0.0166392 
240 05286224 0.03 17 140 
480 0.7234009 0.0615122 
720 0.8 108706 0.0902082 - 

Table D.4 Component Pexformance and Functional Unavailab%ty Versus Maintenance Interval: 
= l ~ l O - ~  per hour, hdf = lxlQS per how 

______1____1_ - T,,,(monthS) qo w-wm 

0.5 0.1665825 0.1647664 
1 0.0934167 0.0897889 
3 0.0427007 0.03 18702 
6 0.0377562 0.0162524 
12 0.0507m 0.0083120 
24 0.0867934 0.0044124 
60 0.1918827 0.002A401 
120 0.3346630 0.0024182 
240 05286224 0.0036014 
480 0.7234009 0.006573 1 
720 0.8 108706 0.0096681 

T, = maintenance interval 
qo = performance unavailability 
9f + = functional unavailability 
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Table D.5 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= lxlQ5 per hour; hdf = lxlod per hour 

T, (months) qo 9tWm 

0.5 0.1665825 0.1647604 
1 0.0934167 0.0897769 
3 0.0427007 0.03 18342 
6 0.0377562 0.01 6 1 805 
12 0.0507007 0.0081682 
24 0.0867934 0.004 1247 
60 0.1918827 0.001721 1 
120 0.3346630 0.00098 1 1 
240 0.5286224 0.0007305 
480 0.7234009 0.0008446 
720 0.8108706 0.0010956 

Table D.6 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= 1x1@ per hour, hdf = lxlC3 per hour 

0.5 0.1827897 0.1713915 
1 0.1254034 0.1029805 
3 0.1337559 0.0707538 
6 02064140 0.0920127 
12 0.34 19939 0.1522626 
24 05323044 0.2653155 
60 0.7761903 0.5025851 
120 0.8866839 0.7008489 
240 0.9433332 0.8442949 
480 0.97 16666 0.9220171 
720 0.981 11 11 0.94801 13 

T, = maintenance interval 
qo = performance unavailability 
Q + = functional unavailability 
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Table D.7 Component Performance and Functional Unavailability Versus Maintenance Interval: 
hod = 1x1@ per hour; & = 1x1@ per hour 

Tm (months) 40 4ft% 

0.5 0.1827897 0.1654256 
1 0.1254034 0.09 11066 
3 9.13 37559 0.0358 164 
6 02064 140 0.0241236 
12 0.3419939 0.0239701 
24 05323044 0.0353960 
60 0.7761903 0.0774814 
120 0.8866839 0.1449316 
240 0.9433332 0.26 16335 
480 0.97 16666 0.4359396 
720 0.981 11 11 0.5554193 - 

Table D.8 Component Performance and Functional Unavailability Versus Maintenance Interval: 
& = 1xlV per hour; & = lxlC5 per hour 

Tm (months) q, qfeq, 

0.5 
1 
3 
6 
12 
24 
60 
120 
240 
480 

0.1827897 
0.1254034 
0.1337559 
0.2064140 
0.3419939 
0.5323044 
0.7761903 
0.8866839 
0.9433332 
0.97 16666 

0.1648263 
0.0899088 
0.0322298 
0.0169714 
0.0097492 
0.0072834 
0.0095922 
0.0166392 
0.0317140 
0.0615122 

720 0.981 11 11 0.0902082 

T, = maintenance interval 
qo = performance unavailability 
q + = functional unavailability 
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Table D.9 Component Performance and Functional Unavailability Versus Maintenance Intervak 
= 1x10" per hour; hdf = lxlod per hour 

0.5 0.1827897 0.1647664 
1 0.1254034 0.0897889 
3 0.1337559 0.03 18702 
6 0.2064140 0.0162524 
12 0.3419939 0.0083120 
24 05323044 0.0044 124 
60 0.7761903 0.0024401 
120 0.8866839 0.0024182 
240 0.9433332 0.0036014 
480 0.97 16666 0.0065731 
720 0.981 11 1 1 0.009668 1 

Table D.10 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= 1x104 per hour; & = 1 ~ 1 0 - ~  per hour 

0.5 0.1649422 0.1649422 
1 0.0901405 0.0901405 
3 0.0329244 0.0329244 
6 0.0183593 0.0183593 
12 0.0125194 0.0125 194 
24 0.0128018 0.01 2801 8 
60 0.0232249 0.0232249 
120 0.0433698 0.0433698 
240 0.0831 114 0.0831 114 
480 0.1566160 0.1566160 
720 0.2223602 0.2223602 

T, = maintenance interval 
qo = perfomance unavailability 
q + q,,, = functional unavailability 
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Table D. 11 Component Performance and Functional Unavailability Versus Maintenance Interval: 
& = lxlod per how &= 1x1Q3 per hour 

0.5 0.1649422 0.1648263 
1 0.0901405 0.0899088 
3 0.0329244 0.0322298 
6 0.0183593 0.0 1697 14 
12 0.01 25 194 0.0097492 
24 0.012801 8 0.0072834 
60 0.0232249 0.0095922 
120 0.0433698 0.0166392 
240 0.0831 114 0.0317140 
480 0.1566160 0.0615122 
720 0.2223602 0.0902082 

Table D.12 Component Performance and Functional Unavailability Versus Maintenance Interval: 
hod = lxlod per hour, hdf = 1x1@ per hour 

0.5 0.1649422 0.1647664 
1 0.0901405 0.0897889 
3 0.0329244 0.03 18702 
6 0.01 83593 0.01 62524 
12 0.0 125 194 0.0083 120 
24 0.0128018 0.0044124 
60 0.0232249 0.0024401 
120 0.0433698 0.0024 182 
240 0.083 11 14 0.0036014 
480 0.1566160 0.006573 1 
720 0.2223602 0.0096681 

Tm = maintenance interval 
qo = performance unavailability 
qf + = functional unavailability 
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Table D.13 Component Perfomance and Functional Unavailability Versus Maintenance Interval: 
& = 1x1@ per hour; & = lxlP5 per hour 

~~ 

T, (months) qo 4wim 

0.5 0.1649422 0.1647604 
1 0.090 1405 0.0897769 
3 0.0329244 0.03 18342 
6 0.0183593 0.01 61 805 
12 0.0125194 0.0081682 
24 0.01 28018 0.0041247 
60 0.0232249 0.017211 
120 0.0433698 O.Ooo9811 
240 0.0831 114 0.0007305 
480 0.1566160 0.0008446 
720 0.2223602 0.00 10956 

Table D.14 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= l ~ l O - ~  per hour, hdf = 1x104 per hour 

0.5 0.3269423 0.17 139 15 
1 0.3800618 0.1029805 
3 0.6263 128 0.0707538 
6 0.7907217 0.0920127 
12 0.8940148 0.1522626 
24 0.947015 1 0.2653 155 
60 0.9788101 0.502585 1 
120 0.9894057 0.7008489 
240 0.9947030 0.8442949 
480 0.9973516 0.922017 1 
720 0.9982344 0.94801 13 

T, = maintenance interval 
q,, = performance unavailability 
q + q,,, = functional unavailability 
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Table D.15 Component Performance and Functional Unavailability Versus Maintenance Interval: 
= lx103 per hour, & = lXlO5 per hour 

0.5 03269423 0.1654256 
1 03800618 0.0911066 
3 0.6263 128 0.0358 164 
6 0.7907217 0.024 1236 
12 0.8940148 0.0239701 
24 0.9470 15 1 0.0353960 
60 0.9788 101 0.0774814 
120 0.9894057 0.14493 16 
240 0.9947030 026 16335 
480 099735 16 0.4359396 
720 0.9982344 05554193 

Table 0.16 Component Performance and Functional Unavaiiability Versus Maintenance Interval: 
& = lxW3 per hour, & = lxlod per hour 

Tm(months) -qw 

05 0.3269423 0.1648263 
1 03800618 0.0899088 
3 0.6263 128 0.0322298 
6 0.7907217 0.01 697 14 
12 0.8940148 0.0097492 
24 0.9470151 0.0072834 
60 0.9788101 0.0095922 
120 0.9894057 0.0166392 
240 0.9947030 0.03 17140 
480 0.9973516 0.0615122 
720 0.9982344 0.0902082 

T, = maintenance interval 
qo = performance unavailability 
Q + = functional unavailability 

D-16 
NUREGICR-4002 



IRC FORM 335 U.S. NUCLEAR REGULATORY COMMISSION 1. REPORT NUMBER 
'RCM 1102. 

(Arrigncd bv NRC. Add Vol.. SUPP.. Rev.. 
.nd Addendum Numbm, If mv.) 

?a91 

201.3202 BIBLIOGRAPHIC DATA SHEET 
(See instructions on the reverse) NUREG/CR- 6002 

.TITLE AND SUBTITLE 'BNL-NUREG-52332 
isk-Based Maintenance Modeling: 
mportances 'and Quantification of Maintenance Effectiveness 

Prioritization of Maintenance 

3. DATE REPORT PUBLISHED 
MONTH YEAR 

September ' 1995 
4. F I N  OR GRANT NUMBER 

A3230 
6. TYPE OF REPORT . AUTHOR(S1 

.E. Vesely and J.T. Rezos /SAIC Formal 

7. PERIOD COVERED (inciusrvc Darer) 

Science Applications International Corp. 
Dublin, Ohio 43017 

Under Contract to: 
Department of Advanced Technology 
Brookhaven National Laboratory 
Upton, New York 11973 

.SPONSORING ORGANIZATION - NAME AND ADDRESS ( I f  NRC. rvpr 'SPmu.bon'lifccnrcror.provideNRC Drvision. OfficeorRwion, U.S. NuJe.rRcguiamry -mi-, 
ud mailing addntsl 
ivision of Systems Research 
ffice of Nuclear Regulatory Research 
. S .  Nuclear Regulatory Commission 
'ashington, D.C. 20555-0001 

0. SUPPLEMENTARY NOTES 

1. A0STR ACT I 2 w  words or k s l  

his report describes approaches for prioritizing the risk importances of maimtenances 
sing a Probabilistic Risk Assessment (PRA) . Approaches are then described Tor 
uantifying the reliability and risk effects of-maintenance actions. Two different PRA 
mportance measures, minimal cutset importances and risk reduction importances, are used 
o prioritize maintenances and the report shows that similar results are obtained- if 
ppropriate criteria are used. The justifications for the particular importance measures 
re also developed.' The approaches which are developed for quantifying the reliability 
nd risk effects of maintenance actions are extensions of the usual reliability models 
ow used in PRAs. These extended models consider degraded states of the component and 
uantify the benefits of maintenance in correcting degradations and preventing failures. 
he negative effects of maintenance, including maintenance downtimes, are also included. 
hese models are specific types of Markov models. This report analyzes a range of 
ostulated values of input data in order to explore the potential usefulness of these 
odels. The effects of maintenance are quantified to be large in specific cases. 

13. AVAILABILITY STATEMENT 2. KEY WORDSIDESCR:PTORS (List wwas orphrases rhar wiiiawirrresearctm-s in imartng rhhCmp0rt.I 

uclear Power Plants - Maintenance, Reactor Components - Risk Unlimited 
ssessment , Reactor Maintenance - Risk Assessment, Reactor Maintenance SECURITY C L A S S ~ ~ I C A T I ~ N  

r obab il is t ic . Es t ima t ion 
Reliability BNL, Failure Mode Analysis, Failures, Markov Process, frhispwej  

Re1 iab il i ty S tat is tical Models JnclassiEed 

Jnclassified 
(This Reoorrl 

15. NUMBER OF PAGES 

16. PRICE 



Federal Recycling Program 


	LIST OF TABLES
	EXECUTIVE SUMMARY
	EVALUATING MAINTENANCE EFFECTS ON RELIABILITY AND RISK
	Using PRA Importance Measures to Prioritize Maintenances
	Quantifying Maintenance Effects on Unavailability and Risk

	APPLICATIONS
	Determining the Risk Contributor Importance of a Maintenance
	Determining the Risk Impact Importance of a Maintenance
	Demonstration of the Minimal Cutset Prioritization Approach
	Demonstration of the Risk Reduction Prioritization Approach
	Comparison of the Minimal Cutset and Risk Reduction Prioritization Procedures
	Demonstration of the Risk Increase Approach for Determining Unimportances
	Conclusion
	The General Risk Sensitivity Formula
	Detailed Minimal Cutset Prioritizations and Risk Reduction Prioritizations
	Comparison of Risk Reduction and Minimal Cutset Prioritizations
	Detailed Risk Increase Prioritizations
	MARKOV MODELING
	The Four State Markov Maintenance Model
	Performance State Probabilities for the Four State Model
	Parametric Relationships for the Transition Rates
	3.4 Applications
	Plots and Tables of Component Unavailability Versus Maintenance Interval
	Observations on the Component Unavailability Evaluations
	4.3 Summary and Recommendations

	REFERENCES

	APPENDK A DERIVATION OF df CONSIDERING MAINTENANCE CONTRIBUTIONS
	APPENDIX B DERIVATION OF THE LIMITING EXPRESSIONS FOR Lo AND
	Prioritization of the Risk Important Contributors Using the PRA's Minimal Cu tsets
	2.1 The Minimal Cutset Maintenance Prioritization Approach
	2.3 The Risk Increase Maintenance Unimportance Identification Approach
	Minimal Cutset Prioritization of the Top Potentially Maintainable Basic Events
	Risk Reduction Prioritization of the Top Potentially Maintainable Basic Events
	Comparison of the Top Risk Reduction and Minimal Cutset Prioritizations
	2.7 Lowest Risk Increases for the Basic Events
	Minimal Cutset Prioritization of the Potentially Maintainable Basic Events
	Risk Reduction Prioritization of the Potentially Maintainable Basic Events
	Comparison of the Risk Reduction and Minimal Cutset Prioritizations
	Risk Increase Prioritization of the Basic Events
	Performance State Probabilities Versus Maintenance Interval for a Degradation Ratio of
	Performance State Probabilities Versus Maintenance Interval for a Degradation Ratio of
	per hour *lxlO- 2 per hour

	per how +lxNP3 per hour
	per hour; &=1xl@ per hour
	per hour &=lxlO- per hour
	per hour; &=1x10-6 per hour

	per hour blxlO-3 per hour

