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(Goldman and Slattery, 1964, p . 27) . Routine maintenance is a basic strategy that

accompanies operation. It keeps at least the easily serviceable parts of machinery and

structures in good repair and maintains a clean and healthy operating environment.

All moving parts ar e kept wel l greased an d free of condensation, dust , an d rust .

Routine maintenance i s performed without interrupting the operation of the system.

From a probabilistic point of view, routine maintenance is a hazard control  activity.

It ha s th e potentia l t o discove r mino r irregularitie s an d incipien t flaw s that ,

overlooked or unattended, migh t develop into major failure . For example, an oil or

cooling water pump failure can lead to turbine or generator bearing failure that takes

the production unit off-line, thu s causing thousands or millions of dollars in damage

and repair cost. Although there i s nothing obviously probabilistic about it, routine

maintenance plays a significant role in the generally probabilistic syste m operation

environment by its contribution to reliability and longevity of systems and equipment.

Corrective maintenance  is performe d in response t o failure . This typ e of

maintenance may be justified when damage associated with failure is minor or if no

serious consequences ar e associated wit h failure. The damage i s corrected afte r i t

occurs without a possibly unjustified interference with the running system.

Preventive maintenance  i s performe d i n anticipatio n o f failur e o r afte r

deterioration o f equipmen t ha s been detected . Preventiv e maintenance ma y b e

mandatory whe n syste m failur e i s associated wit h serious consequences fo r th e

continued operation of the system or because of serious or unacceptable consequences

for th e public , publi c an d privat e property , an d th e environment . Thus , bot h

corrective maintenance and preventive maintenance are legitimate approaches under

proper circumstances. Th e criteria for selecting one or the other are essentially the

costs and consequences o f failure.
The most desirable approach is maintenance on demand. Suppose a system's

normal performance signature is known and continuously monitored. I f departures

beyond a normal band of deviations occur , alarms are triggered tha t alert operators

of the need fo r inspection or immediate maintenance action. But also this kind of

maintenance ha s probabilistic aspect s a s i t raises th e proble m o f fals e o r faile d

alarms, whic h ma y trigge r prematur e maintenance o r mis s th e opportunit y fo r

preventive maintenance. N o type of maintenanc e can eliminate al l probability o f

failure because of the probabilistic character of systems. Other maintenance-related

activities include rehabilitation, replacement, retirement , an d removal . Although

these aspects wil l not be specifically discussed, they all include engineering work

with probabilistic aspects that is addressed here under maintenance.

5.2 Maintenance Management

A probabilisti c approac h t o maintenanc e consider s th e syste m t o b e

maintained as an assembly of components that exhibit random behavior with respect
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to being operational or not. In developing a maintenance approach to such a system,

the following steps need to be considered (LaPay , 1992):

Figure 5-1: Maintenance applied periodically brings the failur e rat e

down t o o r belo w a n acceptable level . Th e indice s identif y tw o

maintenance programs tha t differ b y the time maintenance i s applied

and by the failure rate incurred (afte r LaPay , 1990).

(a) Identif y systems . structures , and components :  There should be a clear

understanding o f th e scope o f equipment an d structures t o b e addressed b y th e

maintenance program. Area s of commonality should be identified so that the scope

and cost of the program can be minimized.

(b) Understan d syste m operationa l characteristics : I t i s importan t t o

understand the total system operational behavior and the interrelationships between
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components; identif y redundant paths that allow shutdown of equipment without loss

of service.

(c) Identify failur e mode characteristics: Failure modes typical to the system

must b e identified . Example s ar e seepag e an d erosio n i n embankment dams ;

overtopping o f embankments; slidin g o f embankments, foundatio n seepage an d

pressurization o f roc k foundations ; deformatio n o f concret e dam s b y concret e

swelling or foundation movements; tunnel , pipeline, an d penstock leakage; valley

slope creep and slides; settling of embankment dams and associated rupturin g of the

core; jamming of gates by concrete swelling, failure of gate operation device; failure

of emergenc y gates ; structura l failur e o f gates ; penstoc k corrosion ; trashrac k

collapse; turbine runner failure , generator insulation and bearing failure ; operation

errors, external events, and so on.

(d) Understand aging and deterioration behavior: Generic and project specific

data should be obtained.

(e) Understand basi s of design :  Strength inherent i n the design should be

identified and quantified.

(f) Understand environment and loadings of system and components: Data on

the environment an d loading conditions to which the equipment an d structure are

subjected shoul d b e collected . Histori c record s shoul d b e consulte d an d th e

exceedance probability fo r critical natura l events (high winds, floods , snow , ice,

earthquakes) should be prepared.

(g) Understand existing maintenance procedures: Th e current maintenance

process shoul d b e reviewe d an d existin g maintenanc e procedure s shoul d b e

incorporated int o th e evaluatio n process . Th e nee d fo r ne w procedures o r th e

modification of existing procedures can then be identified .

The evaluatio n o f thes e step s form s th e basi s fo r th e selectio n o f a

maintenance program. The maintenance budget can be estimated and the extent and

frequency o f th e mos t effectiv e maintenance activitie s ca n b e determined. A n

indicator o f th e nee d fo r maintenance i s th e increas e o f failur e rate s o r othe r

symptoms beyond an acceptable level. Figur e 5-1 illustrates the increase of failur e

rate wit h time. I f failur e rate s ar e no t know n o r failure s ar e acceptable, othe r

measurable indicators mus t be defined and monitored instead. Such an indicator is

the stress state in a component. When a safe level of stress is exceeded, maintenance,

repair, o r rehabilitation ar e explored a s possible methods to correct th e problem .

Figure 5-1 also illustrates the use of two maintenance programs, one program with

short maintenance intervals and another with longer intervals. The level of reduced

stress state achieved by the two programs is not necessarily the same. A criterion for

judging the two programs could be the expected remaining life of the component that

results from the two maintenance programs.
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5.3 Reliability-Centered Maintenance (RCM)

Reliability ranks high among maintenance objectives. This was brought out

in the responses to survey questions (Section 1.6.2, Question 8). Other objectives are

ensuring the safety of process operations, minimizing cost, completing the work on

time, an d meeting external requirements. Differen t emphasi s o n these objectives

could lead to various "centered" maintenance approaches, suc h as safety-centered

maintenance, economy-centered  maintenance,  o r reliability-centered  maintenance

(RCM). Reliability-centered maintenanc e give s th e highest priorit y t o servic e

reliability, which implicitly requires reliability of all contributing system components

(e.g., structures an d equipment), competent management, and expertise o f O&R

personnel. Prioritizing reliability could also mea n compromising safety by skipping

a preventive shutdown to avoid service disruption; or it could mean overmaintaining,

thereby causin g a  higher tha n necessary cos t a s a  consequence o f unnecessary

shutdowns, and premature replacement of operable components. I t could also mean

rushing repair s t o minimize downtim e a t th e expense o f repai r quality . I f on e

objective is given the highest priority in a maintenance program, others must still be

included as secondary objectives or constraints that put limits on trade-offs i n favo r

of the central objective. Economy-centered maintenance could mean maintenance at

minimum cost, or minimizing the cost of overall O&M. Also, safeguards would be

required to prevent such an approach from becoming overly centered on economy,

for example , b y takin g risks i n stretching maintenance intervals , an d b y taking

shortcuts on safety and reliability measures, to minimize maintenance cost and loss

of service cost s accruing from a shut down production process. Safety-centered

maintenance could mean sacrificing service reliability and economy by frequent and

extended downtime to avoid unexpected breakdown. For industries in which safety

is o f overriding concern , suc h a s the nuclear industry , a  safety focu s should b e

mandatory. In the hydro industry, mandatory provisions require meeting minimum

maintenance requirements tha t address the various objectives mentioned here. Such

mandatory requirements ar e usually imposed on the industry as the consequence of

damages and losses caused by the neglect of safety objectives or constraints in favo r

of other objectives (see Section 1.5.1).

LaPay (1992) states that "reliability-centered maintenance philosophy requires

that resources b e concentrated o n those components whic h ar e critical t o plant

operation an d safety . Th e prioritization process i s based upo n the impact o f the

equipment o n plant availability, plan t safety , economic , an d other plan t specific

factors." It is a basic premise of multiobjective optimization that compromises among

objectives ar e necessar y i n orde r t o arriv e a t a  feasible solution. Thi s kin d o f

optimally tha t restricts th e optimum seeking procedure b y sid e objectives an d

constraints of an administrative, political, environmental or other nature in favor of

tradeoffs among objectives is known as Pareto optimality. To make a difference with
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respect to general maintenance, RC M must maximize reliability, whil e serving all

other objectives a t or within agreed upon limits.

A plan t maintenance progra m unde r th e RC M labe l mus t addres s th e

following aspects (LaPay, 1992):

(a) Critical component identification: A prioritized list of critical components

and documentation o f these components i s prepared tha t must be included i n the

program. Critica l components ar e thos e tha t mus t functio n fo r th e proces s t o

function.

(b) Requirements, definitions, and documentation for each critical component

For each identified component, the following informatio n items ar e prepared and

made part of a readily accessible database:

related industry codes and standards

regulatory requirements

technical specifications

vendor documentation

vendor recommendations for inspection and maintenance

vendor warranty (life expectancy)

(c) Component performance definition: The component's function , possible

failure modes, root causes (trigger events), and impacts of subcomponent failure are

documented. This information i s used t o identify ke y equipment problems t o be

addressed by maintenance.

(d) Maintenance activity selection: Equipment requirements and performance

needs, includin g historical performance are evaluated. Any new techniques, such as

diagnostic an d monitoring techniques , tha t suppor t mor e effectiv e performanc e

should be evaluated.

(e) Activity breakdown into tasks: Every activity is broken down into tasks,

and tasks are broken down into steps. Related procedures may emerge.

(f) Detailed task definition: The major steps of each maintenance task must

be described wit h detailed step-by-step instructions, including lists o f spare parts,

tools, and other necessary resources. These task descriptions form the basis for the

plant maintenance procedures and training programs.

(g) Procedur e development: Th e tas k descriptions ar e incorporated int o

preventive maintenanc e procedures , bu t ar e als o applicabl e t o correctiv e

maintenance. Also , th e huma n facto r i s addressed , whic h provides maintenance

personnel wit h documentation fo r thei r activitie s b y on-sit e (b y deskto p an d

notebook) computer displays.
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The functional performance designed into equipment must be understood and

combined with all external requirements imposed on the equipment to provide an

effective and justifiable maintenance program.

5.4 Maintenanc e Times

5.4.1 Correctiv e Maintenance Time

Corrective maintenance, also called breakdown maintenance,  is initiated by

a breakdown event. The elapsed time from breakdown to when maintenance ends is

a probabilistic quantity, because man y events surrounding the maintenance activity

contribute to the lengt h of the outage. All maintenanc e policy can do is to reduce

the uncertaint y inherent i n maintenance wor k withou t being abl e t o completely

eliminate uncertainty in all aspects. Hence , maintenance time is a stochastic variable

and the occurrence of maintenance time over a period of time, such as the life of the

component, has the characteristics o f a stochastic process. A  process that alternates

between operation an d shutdow n periods i s also called a  renewal  process o r a

birth-death process, with the startup of the operation being construe d a  birt h or

renewal, and the shutdown being a failure or death. The literature on such processes

provides examples of the analytical treatment of such processes with applications to

maintenance (Parzen, 1965; Ross , 1992).

The life span of a system or a component consists of periods during which it

is operating an d periods whe n i t i s shu t down. The time fro m th e start-u p of an

operation to a shutdown or unexpected breakdown, and on to a new start-up, i s the

cycle time.  The cycle time consists of two periods, operatio n time and downtime.

Operation time begin s with start-up and terminates with failure. I t is also calletiwe

to failure TTF.  Downtime is the time the system or equipment i s down for repair. It

is als o called time  t o repair  TTR.  Downtim e begins wit h failur e an d end s with

completed repair. Cycl e time is also called time between failures TBF:

TBF =  TT F +  TT R (5.4-1 )

where TTF  an d TT R ar e observe d rando m realizations. Th e operatio n cycl e i s

illustrated i n Figure 5-2. Eac h cycle marks a period o f random length, TBF,  tha t

is the sum of two random variables.

5.4.2 Preventiv e Maintenance Time

Preventive maintenance interferes with the occurrence of random failures by

replacing the random variable time  to failure b y a scheduled time to maintenance,

TTM, whic h is followed by the preventive maintenance time, PMT, the scheduled
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downtime. Thus, the duration of the preventive maintenance cycle, the time between
maintenance, TBM,  i s

IBM =  TTM  +  PMT. (5.4-2)

Figure 5-2: Correctiv e maintenance i s initiated by a random failure.
The ensuin g tim e t o repai r 777 ? i s compose d o f man y tim e
contributions b y wor k tha t i s performed unde r uncertainty , which
makes TTR a  random variable. With the process start-up at the end of
the repair period begins the next time to failure, 7TF, that again ends
with a random failure. The time between failures, or cycle time, TBF,
is th e su m o f tw o rando m variables an d therefore als o a  rando m
variable.

Since failure s canno t b e eliminated completely , a  serie s o f schedule d
maintenance cycles may be disrupted by an unexpected shutdown, a random failure,
followed b y a  rando m TTR,  a s illustrated i n Figur e 5-3 . A  perfectly successfu l
preventive maintenance program would eliminate all random TBF's and replace them
by an uninterrupted series o f TBAf s. However , even if the safety issue is central,
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achieving a  reduction o f th e probability o f failur e t o zer o ma y b e prohibitively

expensive or technically simply impossible. Some components of hydrosystems, such

as large dams , qualif y fo r safety-centered maintenance, an d special maintenance

approaches have been instituted for them (Section 1.3.4). The primary goal in these

cases must be to minimize the probability of unexpected failure , subject to few , if

any, secondary objectives and constraints.

Figure 5-3 : Fo r preventiv e maintenance , th e tim e betwee n tw o

successive maintenance period s i s th e tim e between maintenance ,

TBM, o r cycle time. It i s the sum of the time to maintenance,TTM,

and preventiv e maintenanc e time , PMT.  Unexpecte d breakdown s

during TTM  ar e possible, but their duration should be short and their
probability should be small.

In preventive maintenance, TT M is a scheduled time, wherea s PMT i s still

subject t o random fluctuations, a s not al l it s time components ca n be accurately

predicted. Generally, PMT i s much smaller than TTM and the fluctuations o f PMT
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can be absorbed in TTM,  s o that TBM  ca n be part of a fixed maintenance schedule.

From time to time, the scheduled IBM's  ar e disrupted by an unexpected shutdown.

Then the TB M cycl e ha s t o b e rese t i n som e suitabl e way . Al l a  preventiv e

maintenance policy can accomplish i s to reduce the frequency and size of failures,

in other words , i t can lengthen 7TF, and reduce the size and variability of PMT.

Thus, th e frequenc y an d siz e o f th e disruption s o f th e productio n proces s ar e

reduced.

Example: Suppose the preventive safety-centered maintenance schedule of a structure

is scheduled on an annual basis beginning with PMT =  1 0 days followed by TTM =

172 days. This cycle is followed by a second PM T =  1 0 days and a  TTM =  17 3

days. Then the annual cycle starts all over again. If PMT has a standard deviation of

0.5 days, and is normally distributed around a mean of 10 days, there is a probability

of 95 %  that PMTwill not exceed llday s (see Section 2.6.3) . This day in exceess

of the scheduled PMT is absorbed by the TTM period and the maintenance schedule

remains fixed.

5.4.3 Downtim e

The time between shutdown and start-up is the time to repair, TTR.  This time

is not the same as repair time.  The repair time is just one component of the time to

repair. Therefore, th e total time from shutdown to start-up is also called downtime

to avoid confusion. The various downtime components are to some extent project-

dependent. Their names diffe r from source to source. Listings fro m two sources are

given in Table 5-1. The activities associated with the time components are similar for

corrective an d preventive downtimes , bu t thei r lengt h an d variabilit y ca n b e

significantly different .

The Navord time set is used in the time plan of Figur e 5-4. The layout of a

repair time plan shows analogy to serial and parallel systems (Chapter 4), as well as

networks. A network consists of nodes connected by branches. In activity planning,

a node represents an event, and a branch represents an activity. Passage through the

event-activity network can only be in the direction of time, fro m a completed activity

marked by an event or node to a subsequent activity marked by a branch emanating

from th e preceding node . Network s that simulate activity schedules ar e directed

networks with restrictions on movements from a completed event to the next event.

There i s a  critical sequence o f activities with each depending o n completion o f a

preceding activity and a resulting critical time which indicates the minimum time the

completion o f al l sequential activitie s requires . Usuall y ther e ar e als o paralle l

activities tha t can be carried ou t simultaneously, but they mus t al l be completed

before th e next activity based o n thei r completion can begin. Waitin g times may

result in parallel branches of the network. For example, obtainment of spare parts
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can begi n a s soo n a s th e faul t ha s been identified , bu t th e spar e part s mus t b e

available befor e replacement ca n begin , a s illustrate d i n Figur e 5-4 . Sinc e th e

minimum time excluding all waiting times is a stack of random variables representing

the many individual activit y times, i t i s likely to hav e a  normal distributio n (see

Section 3.4.2) .

Table 5-1: Terminology of Maintenance Time Components

(after Navord , p. 2.3 , 1970; an d Goldman and Slattery, p. 27 , 1964)

Navord (1970)

Fault identification time

Team assembly time

Tool and equipment assembly time

Fault localization time

Gaining access time

Spare part obtainment time

Repair or replacement time

Alignment and adjustment time

Reassembling time

Testing time

Goldman and Slattery (1964, p. 27)

Reaction time (delay time)

Administrative time

Preparation time

Fault location time

Item procurement tim e

Supply time

Fault correction time

Adjustment an d calibration time

Final test time

The sum of faul t location time and team assembly time is thedelay time.  In

corrective maintenance, thi s time represents the surprise  effect  o f the unexpected

breakdown. In preventive maintenance, the delay time does not exist, because prior

planning clears the way for an immediate start of the active  repair time.  This time

consists of all time components that deal with repair in contrast to waiting for some

activity t o b e completed. Preventiv e maintenance als o ma y no t requir e too l an d

equipment assembly time or spare part obtainment time after shutdown occurs. These

activities ca n b e complete d i n anticipatio n o f th e shutdown . Thus , preventiv e

maintenance ma y shorte n downtim e considerabl y compare d wit h correctiv e

maintenance because o f elimination o f the surprise effec t an d by using preparatory

parallel activities that would otherwise have to be serial activities commenced afte r

shutdown. This means that time components may have smaller standard deviations
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