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ABSTRACT

This paper describes degradation modeling, an
approach for analyzing degradation and failure of
components to understand the aging process of
components. As used in our study, degradation
modeling is the analysis of information on degra-
dation of components for developing models of the
degradation process and its implications. This
modeling focuses on the analysis of the times of
degradations of components, to model how the rate
of degradation changes with the age of the compo-
nent. With this methodology we also determine
the effectiveness of maintenance as applicable to
aging evaluations.

The specific applications which are performed
show quantitative models of degradation rates of
components and failure rates of components from
plant-specific data. The statistical techniques
allow aging trends to be identified in the degra-
dation data and in the failure data. Initial
estimates of the effectiveness of maintenance in
limiting degradations from becoming failures are
developed. These results are important first
steps in degradation modeling, and show that
degradation can be modeled to identify aging
trends.

I. INTRODUCTION

Analyses of data on plant experience show
that components experi?nce various forms of
degradations that are detected and corrected
through testing, maintenance, and repair. In
fact, records on component reliability contain
muct. more data on degradations than on failures,
because degradations occur before failures and
generally occur more frequently than failures.
Aging is a degradation process and by studying
aging of components, we can assess the deteriora-
tion of the component's ability to perform its
function and identify the activities and process-
es that could mitigate such deterioration. In
this paper, we present an approach to analyze

degradation and failure- data of components to
understand the aging process, and also to evalu-
ate the maintenance used to preverr age-related
failures.

This paper describes a methodology called
degradation modeling, for analyzing degradation
data of components. As used in our study, degra-
dation modeling is the analysis of information on
degradation of components. From the analysis, we
can develop models of the degradation process and
its implications. The degradation modeling
described here focuses on the analysis of the
times of component degradations to model how the
rate of degradation changes with the age of the
component. The times of degradation which are
analyzed include times of degraded failures and
times of corrective maintenance. Failures of
components also are analyzed to model how this
rate changes with component's age. The models of
the changes in the rate of degradation and rate
of failure with age are important results in
themselves, because they quantify the aging
reliability behavior of the component.

As importantly, with this methodology we
can construct maintenance indicators which relate
component degradations to reliability and risk
impacts. When the degradation indicators become
severe enough, Implying significant impact on the
failure rate of the component and resulting risk,
then maintenance should be performed to correct
the degradations so that failures are avoided.
The evaluation of maintenance studied here pro-
vides a means for understanding the maintenance
process so that degradations are corrected before
they have significant implications for reliabili-
ty and risk.

The degradation modeling approaches are
applied for two types of components: (a) standby
safety system components, namely the residual I
heat removal (RHR) pump, and (b) continuously
operating components, namely air compressors.
The applications focus on demonstrating the
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benefit of using degradacion occurrences Co
understand aging effects and the role of mainte-
nance in mitigating age-related degradacion.

II. OBJECTIVES OF DEGRADATION MODELING

Degradacion modeling can encompass many
different areas, from microscopic modeling of
material degradacion processes to macroscopic
modeling of times of occurrences of degradations.
Whatever the level of degradacion modeling, Che
goal is Co develop models of the degradation
process so chat we can predict the impact of the
degradation on the component's performance. in
this paper, we analyze component degradations to
understand the aging effect on a component using
times of occurrences of degradations (macroscopic
modeling). The approach here is to develop
statistical modeling techniques to estimate age-
dependent degradation rates from times of occur-
rences of degradations, similar to analyses of
age-dependent failure rates from analyses of
failure occurrence times. Our approach is also
to develop reliability nodeling techniques to
establish relations among degradations, failures,
and maintenances in explaining component perfor-
mance.

The specific focuc of degradation modeling
presented in this paper is:

1. To quantify and characterize the frequency
of degradation,

2. To model and quantify the effects of aging
on the frequency of degradation of compo-
nents and characteristics of degradation,

3. To model and quantify the frequency of
component failure and the aging effects on
such frequency, and

4. To establish the use of component degrada-
tion data in aging evaluations so that
maintenance policies can be defined to
mitigate such deteriorations.

We discuss the first steps in degradacion
modeling at this time focussing on the type of
data available in the component failure data
base. Degradation models have many potential
applications. The development of approaches to
study such applications, described below, will
enhance component reliability analyses and the
study of aging effects on the performances of
components.

A significant application of degradation
modeling will be to estimate the age-dependent
component failure rate using information on
degradation occurrence times. The component
failure rate is the critical component parameter
needed to quantify the risk-effects of aging;
however, failure data is often sparse. On the
other hand, degradation data are more abundant ,
because degradations occur (and are identified) I

more frequently than failures 3v developing
relaCionships between degradacion occurrences ar.d
component failure rates, aging crends in degrada-
tion rates can be used to predict aging trends in
failure races. When the failure daca are sparse
or are not available, degradation analyses will
provide the basis for estimating failure rates to
perform risk and raliability evaluations of
aging.

Maintenance can be evaluated to determine
its effectiveness in controlling aging effects on
components. Maintenance is defined as the pro-
cess to control degradations to prevent component
failures; the analyses of degradation rate and
the relationship between the degradation race and
failure can be used to evaluate maintenance.
This paper presents an evaluation of maintenance
(in preventing age-related degradation from
transforming to failures). This approach can be
extended to determine the maintenance practices
needed to control the effects of aging. Thus, an
application of the degradation modeling approach
will not only be the evaluation of maintenance,
but also the determination of the maintenance
policies used to control aging effects.

Finally, degradacion occurrences can be
monitored to decide on the strategy for repair or
replacement of components. If degradation rates
become high enough to indicate high failure
rates, then corrective maintenances can be per-
formed. Alert levels and warning levels on
degradation rates can be developed to assure that
failure rates of components remain acceptably
low.

III. DEFINITION OF DEGRADATIONS

To analyze degradations, the degraded state
of the component must first be defined so it can
be identified and analyzed. Definitions of the
degraded state can be at a gross level or at a
detailed level. At a gross level a component is
described as degrsded whenever any deterioration
occurs which does not cause loss of function.
For this gross definition, the operational per-
formance of the component is divided into three
states; the normal operating state, the degraded
state, and the failure state. An example of a
gross definition of degradation is to say that a
component degradation occurs whenever corrective
maintenance is required, but the component has
not failed.

More detailed modeling of degradations
involves dividing the degradation space into
multiple degraded states. A given degraded state
is then associated with a given range of charac-
teristics of the component or performances of the
component. For example, detailed degraded states
for circuit breakers can be defined based on
defined ranges for the pick-up/drop-out voltage.
inrush/holding current, and other measurable
degradation characteristics.



The advantage of defining more detailed
degradation states is that we can more accurately
predict impacts on the failure rate of the compo-
nent. When aging occurs, the component generally
progresses through a series of degradation states
before failure occurs. By analyzi-ng and imdeling
the progression of degradation states with age,
we can more accurately predict when failure will
occur. For initial work, the gross definition of
degradation can be used, which basically equates
the degradation state occurring whenever correc-
tive maintenance is required. Figure 1 illus-
trates the basic alternative for defining the
degradation state.

Table 1 presents an example of component
data analyses identifying degraded states, along
with failure status of the component. In this
example, derived ifrom the analyses of data for
air compressors, failure states and degraded
states of air compressors are distinguished based
on engineering judgement using the failure effect
information and the identified affected
subcomponent. In some situations, judgements
were used to determine whether the degradation
was of the magnitude to be defined as a failure.
For example, in general, an oil leak at the
piston rod seal can be a degraded state for an
air compressor, but in the example in the table,
the leak was of sufficient magnitude to oe called
a failure of the air compressor.

To understand degradation modeling, we
study a repairable component, i.e., a component
that is being repaired and maintained. The
"active" components, pumps, valves, circuit
breakers, compressors, etc., are repairable
components, and are the focus of this study.

For one of the simplest models, we make the
following assumptions:

1. Degradation always precedes failure.

2. When a component is repaired after a fail-
ure, the operational state of the component
reflects more restoration than when on-line
maintenance is performed.

3. When maintenance is performed following
detection of a degraded condition, the
component is restored to a maintained I
state, which reflects less restoration than
when repair is performed after a failure.

We call the state after repair of a failure
the "o" state, the state after failure the "f"
state, and the one after maintenance the "m"
state.

We use the Markov process approaches for
degradation modeling; they have the advantage
that simple models can first be constructed and

Table 1. Examples of Air Compressor Degradation and Failure Occurrences

Compressor
Subcomponent

Jacket Heat Exchanger

Bolts and Fasteners

Pistons

Piston

Lube Oil System

Classification

D

D

D

F

F

Failure Effect

Corrosion deposits built up
by aftercooler

Fractured stud on spacer

Brass filings in high and
low pressure regions found
during P.M.

Oil leak at piston rod seal

Pump seized and became
inoperable

Failure Mechanism

Mechanical debris; poor
water chemistry

Mechanical vibration

Mechanical wear

Mechanical wear

High temperature,
mechanical wear

IV. HETHODOLOCY:
APPROACHES

DEGRADATION MODELING

In this section, we give a brief summary of
the degradation modeling approaches. Basically,
we present the relationships to be used in apply-
ing degradation modeling to component degradation
and failure data, the assumptions of degradation
modeling, and basic formulations of the modeling
approaches. Detailed mathematics of specific
degradation modeling can be obtained from Ref. 1.

then expanded to yield more complex models.
Statistical analysis is coupled to the models to
estimate unknown parameters from degradation
data. The simplest model we present considers
only one degraded state. Expanded modeling can
include multiple degraded states (Figure 1). For
the simplest model using single-degraded state
definitions, approaches are developed that can be
applied to current data, and to obtain signifi-
cant insights, as demonstrated in Section 5,
which defines the specific applications carried
out and the results that we obtained.
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Figure 1. Alternatives for degraded
state definitions

A. State Representation of Degradation
Modeling

The Markov approaches of degradation model-
ing can be described by the state diagram for a
component (Figure 2). Based on our a:=',umptions,
the component can be in a legraded state (d-
state) through three processes:

• the component reaches its first degraded
state from a restored state (o-state),

• the component undergoes recurring degrada-
tion with no intermediate failure (it is i
assumed that the component is in a main- |
tained state (m-state) following a degrada- j
tion), and

• the component urdergoes degradation follow-
ing restoration resulting from a failure
(f-state).

The component can fail only from a degraded state
(d-state). However, it is assumed that mainte-
nance is performed every time a degraded state is
detected. Thus, a maintained state (m-state) is
reached following a degraded state (d-state).
For Markov modeling considerations, these two
states are equivalent in this analysis.

B. Transition Probabilities

The transition probabilities
various states are as follows:

among the

poo " probability that degradation occurs
after the component is restored, with
no failure before a degradation

- 1 because we assume degradation al-
ways precedes failure

PDM ~ probability chat maintenance is car-
ried out once a degraded state is
identified

prt> " probability that degradation occurs
after maintenance before a failure
occurs

- PHF - probability that failure occurs after
maintenance (performed following
detection of a degraded state) , with
no intermediate degradation

P0F - probability that component is re-
stored following failure

- 1

o-atata: raatorad atata d-sui * dagradad aut*

m-tltll: maintainad atata t-atat>: tailad atata

P : tranaition probability from l-atata to J-atata

Figure 2. Markov state diagram for component

degradation mode ling(single degraded state)

Our interest lies in obtaining P^, and PDF.
Principally, PDF describes the effectiveness of
maintenance and the probability of transferring
to a failed state once a degraded state is
reached. Similarly, ?m, expresses the probabili-
ty of recurring degradation before failure.

C. Frequency of Degradation, Frequency
of Failure, and Transition Probabili-
ties

Frequency of degradation defines the fre-
quency of degraded state, i.e., the number of
degraded states observed for a component per unit
time. Similarly, the frequency of failure repre-
sents the failure states observed per unit time.

Let

WD(t) - the degradation frequency at t

WF(t) - the failure frequency at t

Developing balance equations from the
renewal theory2, one can obtain the steady-state
solution that relates the frequency of degrada-
tion, the frequency of failure, and the transi-
tion probabilities. (Mathematical derivation is
described in Ref. 1.) WD and WF represent the
steady state degradation and failure frequencies.



WD ~ UF vl)

(2)

Expressed In terms of transition probabilities,

PDr - WF / WD ' ' (3)

rw> - 1 - UF / UD - 1 - ?„

The above expressions define how the steady-s"ate
transition probabilities (PDF and P,*,) can be
obtained from che frequency of degradation and
the frequency of failure. Using component reli-
ability data bases such as the Nuclear Plant
Reliability Data System (NPRDS) or a plant-spe-
cific data base, one can determine WF and UD, and
henre, WF / WD for various components. These
ratios can also be determined for various failure
modes of a component to evaluate the type of
maintenance carried out for a component.

The interpretations of the steady-state
solutions are as follows:

1. The larger the ratio of frequency of fail-
ure and frequency of degradation (WF / UD)
the larger is the probability that a fail-
ure will occur after degradation, PDF.

2. For a given degradation frequency, tfD, the
larger the probability, PDF, the larger is
the failure frequency, WF.

3. The ratio WF / U, is a measure of ineffec-
tiveness of maintenance in that it is equal
to PDF. However, smaller values of T0F can
result in larger values of Wp, if WD is
larger.

4. Another measure of effectiveness of mainte-
nance is the failure frequency, WF itself,
which is equal to WDPDF.

The approaches presented above define how
information on degradation can be used to obtain
the characteristics of degradation (frequency,
the transition probabilities from degraded to
failure state and from maintained to degraded
state) and how the frequency of component failure
relates to such characteristics.

D. Aging Effects on Degradation Rata and
Failure Rate

The effect of aging on component reliabili-
ty may be manifested through either increased
degradation or increased failures, or both.
Generally, earlier studies have focussed on
increased failures due to aging. Here, the focus
has been on degradations, along with an analysis
of failures to seek relation between the two.

The degradation rate, A w, is defined as the
rate of degradation occurring after maintenance
given that no previous degradation has occurred.

Similarly, the failure rate, A-F, is the rate of
a failure occurring after a degradation given
that no previous failure has occurred.

The age-dependent A,̂  can be obtained by
observing the times of degradation. The time of
degradations, tj, t2 tn is used to estimate
the parametric form of Ato(t). Similarly, time of
failures is used to estimate the parametric form
of ADF(t).

When times of failure of the aged component
are also present, along with the information on
degradation, the former can be used to develop
the age-dependent ABF, which can then be compared
to Â ,. The different behavior of ADf(t) and
Am(c) signify different effectiveness of mainte-
nance In the component's aging process. If AMD(t)
shows a significant aging effect as opposed to
ADF(t), then the maintenance averts component
failure. Conversely, maintenance is ineffective
if the transition probability, F̂ ,, in the aging
process is higher than the steady-state value.

E. Assumptions and Limitations in the
Methodology

The degradation modeling presented in this
section is the first step in the development of
the component aging reliability model using
degradation information. The. specific analyses
of examples presented in the next section also
demonstrate the applicability of the methodology
and show how useful insights can be derived from
this approach. Nevertheless, at this time,
several assumptions for this simple model are
made, many of which will be dealt with as we make
future extensions to the model and gain more
experience with the analyses. In this section,
we discuss the assumptions and limitation in the
methodology and their implications in the results
presented.

1. In the modeling presented, the component
degradation is represented by a single
degradation state. Degradations are gener-
ally continuous and not discrete as treated
in the model. For this simplest model, the
assumption is that a degradation state
occurs when the degradation, which can be
continuous, exceeds some threshold. Our
objective is to demonstrate how important
insights relating to aging and maintenance
can be obtained by using degradation infor-
mation in its simplest form. As stated,
more extended models can be developed that
allow multiple states of degradation.

2. The model assumed that maintenance is
performed every time a degraded state is
detected. A degraded state as used in the
model is a state in which degradation has
exceeded a threshold requiring maintenance.
Thus, a degraded state is associated with a
requirement for maintenance. The data
used in the analyses are delineated so that



the identified degraded states are associ-
ated with maintenance. However, it is
recognized that component degradations can
be identified where no maintenances are
performed. Extended models with multiple
degraded states will b«> able Co distinctly
treat degraded states which are not neces-
sarily associated with maintenance require-
ments.

3. Maintenance as useJ in the model is correc-
tive maintenance, not preventative mainte-
nance. More frequent corrective mainte-
nances are associated with more frequent
degradation occurrences exceeding some
threshold. Nondetected degradations and
scheduled maintenances are not explicitly
Created by the model.

4. Data requirements for applications of
degradation modeling are more comprehensive
in that degradation data are required.
Degradation data are often unavailable, and
if available, they are often incomplete.
The interpretation of available data for
degradation modeling application also needs
to be systematized. Realizing the diffi-
culty in obtaining comprehensive data, one
of the objectives of this paper is to
develop models which show how degradation
data can be specifically used for mainte-
nance. If these specific benefits and uses
of degradation data are presented, Chen
there would be more of an incentive to
collect more accurate degradation data.

V. RESDx/s AND INTERPRETATION OF AGE-RELATED
DEG?LADATION AND FAILURE DATA

Xn this section, we present an analysis of
age-',elated degradation and failure data for
selected components, namely Residual Heat Removal
(RHR) pumps and air compressors. The primary
focus of the analysis is to use the concept of
degradation modeling, which provides us with an
understanding of the aging of the active compo-
nents. Based on the data analyses, we discuss
the following:

• behavior of degradation race and aging
failure rate with age of a standby safety
system component and a continuously operat-
ing component (i.e., the RHR pump and air
compressors),

• interpretation of the aging process through
the behavior of degradation and failure
rate, i.e., how meaningful information can
be obtained by studying these parameters,
and

• derivation of the effectiveness of mainte-
nance in prevencing age-relaced failures.

A. Aging Effect on Degradation

The degradation data for the RHR pumps and
air compressors were analyzed with the following
objeccives:

• to identify age groups where statistically
significant time crends exist, and

• to determine the time trends and degrada-
tion races, using regression analysis.

The details of the statistical analyses are
presented in Ref. 1. Here, we discuss Che re-
sults and the characteristics of degradation
rate.

Figure 3 shows the logarithm of Che degra-
dation rate that characterized the RHR pumps over
10 years (presented as 40 quarters). Scatistical
tests showed that the degradation behavior across
these components are similar, ar.d accordingly, a
generic degradation characteristic was studied.
Data combining and data pooling were studied:
both showed similar results. The results ob-
tained by data combining are discussed.

Degradation Ralfl *•< * o«r auartar)

0 10 20 30 40

Age in Quarters o ™°"i« o«>.o««i

Figure 3. Age dependent degradation rate
(Component: RHR pumps; 3 plane data)

The following observations can be made from
the age-dependent degradation race for Che RHR
pumps:

1. The degradation rate shows significant age-
dependence: the early life of the compo-
nent (i.e., first 5 years of the 10 year
period) shows a decreasing trend, and Che
last 5 years show an increasing trend, with
the age of the component.

2. The increase in degradation race, which is
of interest in aging studies, is signifi-
cant: the degradation rate increased by
almost an order of magnitude in Che last 5
years.



3. The 95% confidence bounds for the degrada-
tion rate show that the uncertainty in the
estimation is not large. The increased
number of degradations observed in a compo-
nent (compared to failure data) and the
statistical approach taken .for using data
across similar components exhibiting simi-
lar degradation behavior contribute to
lower the range of uncertainty.

Figure 4 shows the logarithm of the degra-
dation rate for the ai.r compressors over 10 years
(presented as 40 quarters). The methods of data
combining was used for this analysis. As seated,
this generic degradation characteristic was
obtained by combining data from 4 air compressors
in a BUR unit.

Degradation Rate D«r quarter)

I Estimated Deg. fl*« wi(f)
95« confidence Bounds -
Data Method - Comoming

• Quasi CuOiC solrnt tit *

0 5 10 15 20 25 30 35 40 45 50
Age in quarters (3 month period)

Figure 4. Age dependent degradation rate
(4 air compressors data)

The observations from the age-dependent
degradation rate for air compressors are as
follows:

1. The degradation rate shows significant age-
dependence: the early life of the compo-
nent (i.e., first 5 years) shows a decreas-
ing trend and the last 5 years show an
increasing trend. The age-dependent behav-
ior is similar to that observed for RHR
pumps.

2. The increase in degradation rate was small-
er (about a factor 2) compared to the
increase observed for the RHR pumps (about
a factor of 10) in the last 5 years of
life.

B. Aging Effect on Failures

The aging-failure data for the RHR pumps
and air compressors were also analyzed with the
following objectives:

• to identify age groups where statistically
significant time trends exist, and

• to determine a^ing-failure rates where r Irse
trends exist, and to estimate time-indepen-
dent failure rate where time trends cannot
be established.

Figure 5 gives the logarithm of the age-
dependent failure rate for RHR pumps. The data
base used covered the same components as for the
degradation rate. The statistical tests justify-
ing the use of data across 12 RHR pumps were the
same, but the sparsity of data on aging failure
required a slightly different analysis.

Failur* Ran >, (# par Quarter) '"*•

Dsla M*inod I - Combining - 2

10 20 30 40

Age in Quarters o month panoai* j

Figure 5. Age dependent failure rate
(Component: RHR pumps; 3 plant data)

The aging-failure data for the RHR pumps
show only 3 failures during the last 5 years of
the components' life (age 5-10) and, in general,
the number of failures was small (18). The
statistical trend testing, based on both data
combining and pooling, showed a decreasing trend
in the early life (first 5 years), but no trend
in aging-failure could be established in the last
5 years. Because of the sparsicy of the data,
isotonic regression analysis was used to estimate
failure rate for the first 5 years of RHR pumps
where a decreasing trend was observed. For the
last 5 years, due to a lack of any trends, a
constant, time-independent, failure rate was
estimated.

The following observations can be made from
the aging-failure rate obtained for the RHR
pumps:

1. The aging-failure rate shows a decreasing
trend in the first 5 years, but a constant
failure rate can only be estimated for the
last 5 years of the overall 10 years. In
other words, there was no trend of increas-
ing failure with age for the ten-year
operating period of the RHR pumps.

2. The aging failure rate shows a behavior
similar to the degradation rate in the
first 5 years, but differs after that. The
aging-failure rate was significantly lower
than the degradation rate and the differ-
ence increased with increasing age. The



degradation race was about a factor of 30
higher than the aging faiLure race at the
end of 10 years.

3. The 95* confidence bounds associated with
aging-failure rate show higher uncertainty
compared to the degradation race, due co
the few observations of failures.

Figure 6 gives the logarithm of the failure
race for the air compressors. Scatistical analy-
ses were performed co determine trends in the
failure rate using 25 age-related failures ob-
served for the air compressors.

Failure Rat« > ( (# per quarter)
c Oeg fiats wilti

O*t* Mtthoa - Combin
OuBW Cu3>tc aolin* 'it

i.esi

r.oou

o.s rl

0.371-
t

-1-1.5

5 10 IS 20 25 30 35 40 45 SO

Age in quarters (3 month period)

Figure 6. Age dependent failure rate
(Component: 4 air compressors)

The following observations can be made from
the ^p.ing-failure rate obtained for the air
compressors:

1. The aging-failure rate of the air compres-
sors shows a strong age-dependence with a
decreasing trend in the first two and a
half years and an increasing trend for the
last 5 years of the overall 10 years.

2. The aging-failure rate shows a behavior
similar Co the degradation rate in the
first 3 years, but differs after that. The
aging-failure rate was significantly lower
than the degradation rate in the first 5
years, but the difference decreased with
increasing age. The aging-failure rate
reached about the same level as the degra-
dation rate at the end of ten years of
operation.

C. Aging Evaluation Using Degradation
and Aging-Failure Rate

The analysis of the degradation rate and
the aging-failure rate provides a comprehensive
picture of the aging process in the RHR pumps and
air compressors and provides interesting insights
on aging of components.

3.

4.

The use ot infor.Tiat ton on degradation und
failure not only significantly increases
the information base for adequate analysis,
but provides interpretations of the aging
process that cannot be obtained bv analyses
of failure data alone. For both the RHR
pumps and air compressors, analyses of
degradation showed effects of aging.

The aging trend in the degradation during
the last 5 years of the components' 10
years of operation shows a significant
effect on component degradation as the RHR
pump ages, but a simultaneous lack of aging
trend in the failure rate signifies that
degradation has not manifested in an in-
creasing failure race. For the air com-
pressors, the growth in degradation rate is
accompanied by growth in the failure rate.
In the degradation modeling approach, this
finding signifies that maintenance does not
prevent age-related degradation from re-
sulting in faster growth in the failure
rate.

The relation between degradation and aging-
failure rate in the first 5 years of the
RHR pumps remained the same, i.e., both
curves were similar and the degradation
rate was steadily higher than the aging-
failure rate. For air compressors, the
degradation rate was steadily higher than
the failure rate, but the failure rate
showed increasing trends slightly before
the increasing trend is observed in the
degradation rate.

Because there is more information on degra-
dations, degradation races are probably
better indicators of aging than failure
rates. Also, uncertainties in estimates of
degradation rates are lower than those for
aging-failure rates. Therefore, degrada-
tion rates can be effectively used to
understand aging effects.

D. Evaluation of Maintenance

As discussed in Section 3, the degradation
modeling approach provides an estimate of the
effectiveness of maintenance in preventing age-
related failures. The transition probability
from a maintenance state to failure state signi-
fies the ineffectiveness of maintenance. The
complement of maintenance ineffectiveness is
maintenance effectiveness.

For the RHR pumps, the maintenance effec-
tiveness is obtained (Figure 7) for each 10
quarters of age. Effectiveness varies between
0.6 to 0.7 for the first 30 quarters, but signif-
icantly increases in the last 10 quarters. It is
possible that effect of degradation on failures
is delayed and data beyond 40 quarters sight
provide better estimates of maintenance effec-
tiveness in the last 10 quarters. The mainte-



nance effectiveness for Che air compressors
(Figure 8) shows slightly different behavior.
Effectiveness declines with the age of the compo-
nent, a manifestation of che increased failure
rate observed in che last 5 years. As discussed,
the relationship among degradations, failures,
and maintenances is complex, but extremely useful
for studying aging in repairable components. A
better understanding of this parameter will allow
us to estimate the aging-failure race based on
estimates oi the degradation rate.
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Figure 7. Maintenance effectiveness
(Component: RHR pumps; 3 plant data)
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• use of degradation information to develop a
degradation modeling approach for use in
aging scudies,

• statistical approach to analyze information
on degradation and failure, and

• evaluation of aging and maintenance effec-
tiveness using degradation information.

As discussed in this paper, the degradation
modeling approach can have broader applications
in aging reliability studies. The simple models
presented provide interesting insights; further
developments and evaluations are necessary to
develop chis tool for understanding and modeling
component agii^.
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Figure 8. Maintenance effectiveness
(Component: air compressors)

VI. SUMMARY AND CONCLUSIONS

This paper presents the concept of the
degradation modeling approach In an evaluation of
aging of the safety system components in nuclear
power plants. The use of degradation modeling
based on component degradation occurrence times
was studied, along with the statistical approach
to data analyses needed in such modeling. Appli-
cations to RHR pumps across 3 nuclear units and
air compressors from a nuclear unit were carried
out to demonstrate the approach and the use of
the modeling concept. In summary, we addressed
the following aspects to derive insights on the
aging process of components:


