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However, classical RCM (as defined in the current RCM Standards) doesn’t take into account situations where
maintenance on one piece of equipment may disturb or drive maintenance on one or more other pieces of equipment. It
also doesn't tell the analyst, when the RCM analysis specifies maintenance intervals for various portions of the system that
are all different from each other, how to reconcile those differences in such a way that will keep maintenance costs, down-
time, or any other system-wide maintenance optimization, to a minimum. Furthermore, it will not address how to best
perform corrective maintenance — i.e., how to decide what other optional tasks should be performed while the system is
down for maintenance.

Undoubtedly, there will be differences between different types of systems, users, operating locations, etc., and they all
would have some kind of criteria to measure the cost-effectiveness of any maintenance decisions that are contemplated.
The real issue |s how to calculate the cost effectiveness in aII those various 5|tuat|ons The costs themselves may be easy

ftiveness of various
maintenance. The
techniques describ¢d herein have been developed for, and successfully applied to, aircraft and airgraft engines. They
allow a comparisopn of a wide variety of considerations to be made whereby the cost and the |“effectiveness” are
determined computptionally (vice notionally), and gives system maintainers a more upambiguous recommendation for the
maintenance that should be performed that will result in the lowest practical long-term~maintenance cost.

Since the techniqugs described herein have been successfully applied to aircraft:and aircraft engines, the examples below

own situations and @address any similar requirements and constraints thatpertain to them.
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1. SCOPE

SAE JA6097 (“Usin
perform on a syste

j a System Reliability Model to Optimize Maintenance”) shows how to determine
M when that system requires corrective maintenance to achieve the lowest long-

While this documemnt may focus on applications to Jet Enginescand Aircraft, this methodology could

any type of system.
of the system causg

However, it would be most effective for systems that are tightly integrated, where
es the entire system to go off-line, and the process of accessing a failed com

additional maintenahce on other unrelated components.
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3. DEFINITIONS

3.1 PROBABILISTIC

Of, based on, or affected by probability, randomness, or chance (American Heritage Dictionary). For the purposes of this
document, a probabilistic failure is an event where the system (or a component thereof) becomes unserviceable, and the
underlying probability of that type of failure mechanism occurring at a given point in time can be represented by a
mathematical function, such as an Exponential, Weibull or LogNormal distribution. See also Stochastic (below).

3.2 STOCHASTIC

Of or pertaining to a process involving a randomly determined sequence of observations each of which is considered as a

sample of one ele
3.3 SUNSHINE ¢

Costs incurred to ¢
and detected by, thg

3.4 WORKSCOPR
The scope (amount
4. ACRONYMS

41 ATOW
Average Time On-V|

42 CBM

Condition-Based Maintenance. CBM is an approach to’maintenance whereby maintenance is only per

of need identified t
given time in its op

cost and operational impact of the occurrence of a failure. CBM differs from “on-condition” mainte

CBM, knowledge of
required maintenan

4.3 CPFH/CPEFt
Cost Per (Engine)

from the time it is
certain level of repa

+ £ laaladlid chiateila, it LD pu | Ll | P AY
MU A PTUUauniity Uistumioutiur (I artfuutimT rToustT Uil uuriaryj.

prrect conditions discovered only when a part is exposed and a fault with that part
P technician.

E

or extent) of work you plan to do during a maintenance event.

Ving. This is the historical time between aircraft engine removals.

hrough direct or indirect monitoring. CBM requires specific knowledge of an assg
brating life such that the ntaintenance action can be planned with sufficient lead t

asset condition at any\given time provides an understanding of how much time is
Ce must be performed.

.I
Flying Hour/ The cost of maintenance (parts and labor, not fuel) divided by time t

epairéduntil it fails again, or the estimated amount of time it could be expected
r.

becomes visible to,

ormed on evidence
t's condition at any
me to minimize the
nance in that under
Available before the

ne system operates
to operate given a

44 ETOW

Estimated Time On-Wing. This is a future projection (estimate) of aircraft engine life expectancy (time between engine
removals). Itis the “expected value” (E(t)) term derived by integrating the overall system reliability function (R(t)).

45 LCF
Low Cycle Fatigue.

46 LLP

Life-Limited Part. Engine parts that have a limited allowable service life.
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47 OCM

On-Condition Maintenance.

Scheduled maintenance performed to detect potential failures. This

usually consists of

inspections, tests, or measurements to determine if an item is or is expected to remain in serviceable condition until the
next scheduled maintenance event.

48 PM

Preventive Maintenance. Maintenance tasks such as inspections, adjustments, tests, as well as lubrication and other
servicing actions performed to extend the life of a component or system.

49 RBD

Reliability Block Di
components in a sy,

4.10 RCM
Reliability-Centered
manage the failure
(See SAE JA1011).
4.11 TSO/TSN

Time Since Overhal

5. BACKGROUNL

As we have all beeip reminded many times over the last fewyears, aircraft operators (specifically, com

cargo delivery serv
competition spurred
the airlines’ profit m

The single largest ¢
alone typically acco
external market co
perform maintenang

Historically, mainter
impact. One of the

5tem, including the potential for single point failures as well as redundancies,

Maintenance. RCM is a specific process used to identify the poficies which must
modes which could cause the functional failure of any physical(asset in a given

Il or Time Since New. Different measures of servige life accumulation.

ce providers) are under intense pressure to reduce operating costs. Rising fu
by de-regulation, and aging aircraft fleets requiring increased levels of maintenand
argins. Several airlines have evenbeen driven into bankruptcy as a result.

ontrollable expense for aircraft fleet owners or operators is maintenance. In fact,
Lint for about 50% of all aviation fleet maintenance costs. Since other costs, such g
hditions and are noteally controllable, those aircraft fleet owners have typically
e as a means to reduce costs.

ance decisions\have been made based only on short-term needs, not based on thg
reasons is.that the maintainers have had no objective method for determining what

most cost-effective

whenever_something breaks; it's all based on ‘experience’ or ‘gut instinct’, neith
metimes be totally wrong. In addition, aircraft engine maintenance is complicated

agram. RBD models are a way of graphically representing the reliability relatlonships of various

be implemented to
bperational context.

mercial airlines and
| prices, increased
e are all cutting into

the aircraft engines
s fuel, are driven by
looked at how they

e long-term financial
maintenance is the
er of which is very
by an abundance of

chiieal manual requirements, the complex design of the engines, a wide variety of

configurations, high

accurate and can s

rules, regulations, t

asset value, high cgstiimpact when it's unavailable, all of the possible decisions to be made when engines are brought in
for repair, and whether it is a scheduled or unscheduled maintenance event. Any method that could objectively determine
what maintenance to perform, with the goal of lowering the long-term operating cost and increasing system availability,
needs to address all of these issues.

6. LIMITATIONS OF ‘CLASSICAL’ RELIABILITY-CENTERED MAINTENANCE

Recall the steps of the traditional Reliability-Centered Maintenance (RCM) system analysis process (shown below).
Basically, an analyst looks at all of the components of a system, identifies all the ways that each component can falil,
determines the consequences of each failure, then decides (using the RCM decision logic) what maintenance strategy will
best address that failure mode.
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maintenance requir
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and many personne
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Another common ¢

/1 analysis results in the optimal maintenance strategy for\each individual comp
omplex that system may be. That, in turn, usually means many components will h
enance. This may be perfectly suitable (or at least acceptable) for systems like a
nt are accessible without disturbing anything else and can be repaired indg
production processes are specifically designed,so they can tolerate one or more
short periods of time and still cause no significant disruption to the overall producti

or systems where maintenance decisions 0n one portion of the system have dir
ements for the rest of the overall system, or where the failure of a single compg
p off-line? As mentioned above, prime examples of systems like this include
n, other examples may also ineclude (at least for some kinds of maintenance §
tanks and other heavy military-vehicles, construction equipment (such as bulldo
f chemical plants, nuclear reactors, and other complex systems. In these situations
hch is incomplete, and othertechniques are needed to address this problem.

bned above all share’some common characteristics. The first is a high cost to f
ce. Second, for aircraft and aircraft engines as well as the other examples cited ab
m will often leave-the entire system inoperable. Also, performing maintenance on
res taking theentire system out of service. The maintenance may involve large
| to disasSemble the areas that require attention and the disassembly may take a ¢
As a restilt, the cost impact of a failure in the system can be significant.

Safety .
Financial
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onent of a system,
hve slightly different
factory where most
pendently of other
ieces of equipment
bn flow.

pct ramifications on
nent will cause the
pircraft and aircraft
ctions) locomotives
vers, graders, etc.),
, the classical RCM

ring those systems
pve, a failure of one
hny portion of these
complex equipment
bnsiderable amount

haracteristic of these types of systems is that, given how tightly integrated and/q

r closely packaged

some of the comp

- s - ) fort el PSRN - : L
UTICTILS 4lT, yCcllully 4alltss U UIT TalleU CUNMTPUTIETINS ) Lall TEYUITTE TAICTISIVE Ul

assembly of other

uninvolved portions of the system. Exposing those non-failed portions of the system often creates considerable
opportunities to find additional substandard conditions and the possibility that additional maintenance (primarily on those
portions that are exposed) will be required in order to comply with government safety regulations (especially true for
aircraft and possibly for nuclear reactors), the manufacturer's requirements, or operational needs. When they're
discovered, the additional maintenance needed to address the other non-conformances then leads to increased costs over
and above what was originally anticipated.

All of the factors described above mean that whenever maintenance is performed on systems like these, anyone
interested in keeping costs down needs to make each maintenance event count and get the most ‘bang-for-the-buck’
when that maintenance is performed. In fact, it also means it can be financially advantageous to perform extra
maintenance if it will reduce the chances of future failures.
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In order to ensure the maintenance is as cost-effective as possible, the system owners and/or maintainers need a
structured methodology to facilitate the decision-making process that can objectively account for the reliability of key
components by using all applicable failure distributions to determine the effectiveness of different workscopes. It needs to
weigh the cost of performing the different repairs against the benefits (at the system level) to identify the workscope that
yields in the lowest long-term operating cost. This approach goes beyond the classical RCM analysis process by
optimizing the maintenance for all components in the system.

So the question then becomes, how can system maintenance be optimized on complex integrated systems like the ones
described above? First, let’s take a specific example and dissect the system to identify the major subsystems, issues, and

constraints. Then, once we understand the complexity of the problem, we can identify how to approach the solution.

7. MAINTENANC

-

!

NOTE: Since the g
following p3
methodolog
application

Readers already fa
terminology discuss
7.1 Basic Parts o
A typical jet engine
one or more turbing

or even three majd
rotating assemblies

ragraphs will focus on that type of system, just for the sake of discussion.This doe
y isn’t suitable for, or cannot be applied to, other systems. Quite the contrary; it
bf this technique to aircraft engine maintenance is far better understood at this time

miliar with aircraft and/or aircraft engines may not need to refer (to'the following, al
ed below will be used later in this document.

an Aircraft Engine

consist of several “modules”, such as one or more‘compressor(s), a diffuser, a

(s), and one or more external gearboxes. The,compressor(s) and turbine(s) can
r rotating assemblies, and they are enclosed-within what are usually referred to
usually ride on roller or ball bearings mounted in heavy structural supports (often

different locations throughout the engine. The modules, frames, cases, and major rotating assemblies

generally referred-tg

Also, there are so-
assemblies where t
or LCF), heat, mec
those parts nearly
associated with the
generally don’t drive

It is normal for the

as the engine “core”.

called Life-Limited Parts, or LLPs - these are typically individual components of

ne manufacturer is concerned-about the effects of dynamic stresses (in the form o
hanical wear, deterioration-thfough rework, etc., and must impose a maximum s4
never experience an in-service failure. Jet engines also include a number of e
oil, fuel, pneumatic, hydraulic, and electric systems, etc., but they will not be discus
engine removals and‘can be replaced without involving many other components (if

major engine.stibbassemblies (modules) and critical components (LLPS) to be trag

total amount of accfued operating-time, cycles, etc. The amount of “Life” accumulated by these varioug

drives maintenance
compliance with thd
for an extended dis

decisions. JFor example, LLPs are not allowed to operate beyond the life limits s¢
se limifS(1s required by the FAA (or other applicable regulatory agencies around the
ussion/of this topic.

rocess described in this guide had been successfully developed and applied\to ircraft engines, the

s not mean that the
bnly means that the

though some of the

ombustion section,
consist of one, two,
as “cases”. These
called “frames”) at
constitute what are

he primary rotating
Low-Cycle Fatigue
rvice life to ensure
Kternal accessories
sed here since they

any).

ked in terms of the
parts of the engine
t by the OEMs, and
world) — see below

Modules and other

parts may also have time lImits where inspections are required at fixed intervals.

hose limits may be

“hard” or “soft” (meaning there may be some flexibility as to when the maintenance must be performed), and those limits

may be imposed by

7.2 Aircraft Engin

the OEM or the owner/operator.

e Maintenance 101

The ideal situation from the standpoint of maintenance planning would be that all aircraft engine removals would be
“scheduled”. In other words, the operator and maintainer would be able to forecast all removals well in advance so that the
necessary parts, manpower, equipment, and facilities could be budgeted ahead of time and the removal timed to be the
least disruptive to the aircraft fleet’s operational schedule. It would also mean that decisions on what maintenance should
be done on an engine could be made only once for all engines, and all the maintainer would have to do is look up the
‘rules’ for what maintenance would be needed based on the specific situation for that particular engine removal.
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Even though we don't live in such an ideal world, there are several types of maintenance actions that can be handled as
scheduled events. The primary ones are for the expiration of life or inspection (time) limits (applied to LLPs and modules,
respectively) which are based on the current flying (utilization) rate and the life used so far. Some maintenance
requirements are strictly calendar-driven (e.g., ones that pertain to corrosion), so they’re independent of the utilization rate.
Also, some types of engines have such predictable performance degradation that the end of their useful life (in terms of
engine performance) can be forecasted as well.

Engines are also subject to unscheduled removals for “probabilistic” (or stochastic) failures. Oftentimes, these may be
characterized as wear-out, random, or infant mortality failures. Unscheduled engine removals caused by these types of
failures can dominate fleet maintenance costs and will derail almost any scheduled maintenance plans.

Examples of some

Wear-out — Erg
the component
establish a har
incorrect conclu
will always reag
much useful se
maximize their
unscheduled m

Random eventq
events have an
when they refer

Infant mortality
leading to beari
testing prior to
testing to check

babiiatial foil H Lado.
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Sion from sand ingestion, or tread wear on tires. Both of these are directly related

has been in service, where the deterioration accumulates over time. While thi
[ time limit to remove all components before they experience a wear-out failure
sion. The probabilistic aspect of wear-out behavior means you can never be 1009
h a particular limit, even if you set the limit very, very, low. Since asset owners als
vice life out of their equipment as possible, they would want to Set'these limits as
return on investment. As a result, this implies an assumptionCof a certain degre
hintenance events will occur due to wear-out failures.

— A flat tire from a road hazard, or foreign object ingestion in a jet engine. Neith

to “probabilistic” failures.

— Defects introduced during manufacturesor rework, such as residual swarf rem
hg or gear failure, or faulty belts in a tire,«Failures in this category can often benefi

o the length of time
5 implies you could
, that would be an
b sure a component
Db want to extract as
igh as possible and
e of risk that some

er of these types of

y relationship to how long a component has been in Service. This is typically what fnost people think of

hining in a gearbox
from some form of

being returned to service to capture failures before the asset reaches the custom
for many types of electronics failures:

As implied above,

various types of mjonitoring equipment.
specialized signal pfocessing devices. The faildres can be anticipated as long as there is sufficient ti

impending failure ¢
this strategy is that
advance notice that

Once removed, the
for removal, the lif¢
maintenance requi
modifications and tk

hese “probabilistic” failures can't be forecasted, but some of them can be anticip
Examples include vibration sensors, real-time oil debris

n be detected and thetime when the failure would actually occur. However, a si
it only works if the (failure is something that can be detected accurately, consisten
the maintainer canjproactively prepare for the engine removal.

r, such as ‘burn-in’

ted with the aid of
tectors, and other
e between when an
nificant limitation in
ly, and with enough

e engines fequire workscoping — determining what work needs to be performed Hased on the reason
b remaining for the various modules and components of the engine, the equipment manufacturer’s
ements. and recommendations, and any applicable special safety inspections, repairs, and/or
e assoCiated requirements for each. Each module may have its own workscope, Where each different

workscope would e

htai) different tasks & associated costs. Some workscopes will drive the replacemjent of certain parts,

which then entails the cost of replacing those parts.

A typical aircraft engine can’t be disassembled at any arbitrary location. In other words, the engine must be disassembled
in a predetermined sequence, possibly resulting in many portions of the engine being exposed that are unrelated to the
intended maintenance task and have no pre-identified defects. A simple analogy would be performing a brake job on a car
with drum brakes — you couldn’t just repair the brakes without doing some disassembily first: you’d first have to remove the
hub cap, unscrew the lug nuts, remove wheel and tire assembly, and then remove the brake drum. The disassembly
would pretty much have to be done in that sequence every time before the brake components would be exposed for
maintenance.

The components on the exterior of a turbine engine are, for the most part, accessible without disturbing many (if any) other
components. The engines have various types of components for fuel delivery (pumps, filters, fuel metering, flow meters,
etc.), oil system operation (pressure & scavenge pumps, filters, breather valves, etc.), anti-icing, ignition, electrical power
generation, hydraulic pumps, starters, pneumatic controls, and so forth. On nearly all modern engines, these components
are replaceable without removing the engine from the aircraft or disassembling the engine core.
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7.3 Contractual and Regulatory Requirements for Maintenance

From time to time, unusual conditions and an increased potential for dangerous failures to occur are identified. When that
happens, the various aviation regulatory agencies around the world require aircraft operators and maintainers to undertake
special inspections, repairs, or modifications to (1) identify the potential failures, (2) correct problems introduced through
faults in manufacturing, repair, handling, or operation, and/or (3) address deficiencies in the design of critical parts (either
through replacement or modification). Circumstances that lead to these types of special inspections or repairs can arise
when a previously unrecognized failure mode has occurred, a manufacturing defect had been found in a group or type of
part, or a flaw was found in the way certain parts were repaired.

For US civil aviation, these special inspections and mandatory maintenance orders are commonly known as Airworthiness
Directives (ADs) or Service Bulletins (SBs) dependmg on their severlty The names glven by other aviation regulatory

agenC|es may be di
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nce requirements foraircraft engines were discussed in-depth above, there are
similarities when it cames to maintenance. Railroad Locomotives, Military Tanks,

trochemical plants, etc.) require the entire system (or at least a large portion of it
pes of maintenance are performed. The common thread among these examples
ensive, andysome future failures may be averted by performing some preemptiy

2quired immediately
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F REQUIREMENTS AND CONSTRAINTS — NON-AIRCRAFT SYSTEMS OR EQUIPMENT

other systems that
pulldozers, and ship

uire some very (heavy equipment to disassemble them. Certain industrial procg¢sses (like those in

to be taken off-line
s that maintenance
e repairs when the

from start to finish,

For example, some

types of chemical plants have complex handling systems that are tlghtly mtegrated

making any kind of
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in-service failure could be catastrophic, such as in the following example:

also mean that an

A consumer products company had a manufacturing plant where they operated a Nylon injection mold production

line.

extensive network of double-walled stainless steel pipes that ran throughout the plant.

T

The injection molds were supplied with liquefied Nylon that was pumped through the center tube of an

he Nylon was kept

liquefied though the use of molten Sodium flowing through the annular passage in the double-walled pipes.
Sometime in the late 1950’s or early 60’s, through some kind of system breakdown (the exact nature of which is
not clear, but it doesn’t really matter for the purposes of this example), the Sodium was not kept hot enough,
resulting in both the Sodium and the Nylon cooling and solidifying in the pipes. Since neither the Sodium nor the
Nylon could be re-liquefied in the pipes once they cooled, this resulted in the total loss of that portion of the plant’s
Nylon distribution system. While the cost of that failure is hard to assess nearly 50 years after-the-fact, it certainly
had to be significant considering that half of their facility was permanently shut-down following that incident.
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Whether the failure described above was the result of a single point failure, or a combination of failures, RCM analysis
should have been able to identify the critical component(s) and where the system was most vulnerable. Most likely it
would have shown the circumstances and potential for a single point failure. Presumably, this would have resulted in a
system redesign to incorporate higher reliability components or some kind of redundancy, such as the use of a backup
heating system for the Sodium, along with some sort of alarm or monitoring to ensure that component failures could be
identified before major damage was done to the rest of the system.

But more to the point, as far as this best practices guide is concerned, this is an example of an industrial system whose
components are tightly integrated, and the failure of any one of them could have rendered the entire system inoperable. It
is also an example of a case where shutting the system down to repair a failed component would be complicated,
expensive, and time consuming. When the system was shut down for maintenance, it would have been a prime
opportunity to perform addltlonal mamtenance on components other than ]USt the one(s) that had failed or were about to
fail, and some formge : be addressed while

extended costs (anfl resulting benefits to be derived thereof) for various workscope options)) the realit
impossible to accoynt for every conceivable cost and benefit for every possible situation/and,type of sy
might be applied to] Those factors may be applicable and suitable in some situations-and not for oth
will leave it to thosq implementing this approach to decide for themselves whether those other factors

hen considering the
y is that it would be
stem this approach
ers. Therefore, we
should be included

or not, and how to dccount for them.

9. SELECTING AN OPTIMUM WORKSCOPE

NOTE: This section will continue to refer to the aircraft engine example discussed earlier.
er when an aircraft
eeded to repair the
be done to fix the
ile the engine is in

After the obvious q
engine is brought ir

Liestion of “What’s wrong with it?”, the second question the technician must answ
for repair is: “At this time, what other work(stiould be performed beyond what’s n
primary failure?” Unless a lot of diagnosis or investigation s required, the decision of what needs t
primary problem is jusually pretty straightforward. However; determining what else should be done
the shop is usually much more nebulous. This is sometimes referred to as the “Maintainer’s Dilemma”.

There is typically o clear guidance for determining the maintenance workscope, and it's often bgsed only on policy,
common practice, pr ‘gut instinct’. And therevis'no “Bang-for-the-Buck” analysis behind any of these that takes into
account all of the variables involved. As a result, whatever work is done is usually not the most cost-gffective. When not
enough maintenande is done, areas that ¢ould be addressed are not touched making the engine more likely to fail in the
near future, resulting in the engine being-returned to the shop for yet another repair too soon. Conyersely, if too much
work is done, areap are refurbished that don’t appreciably improve the engine’s overall reliability, rg¢sulting in time and
money being expended for maintehance that really wasn’t needed and increasing the cost of that shop visit. Somewhere
in between these two extremes{ there is an “optimum” workscope.

naintenance that is
ince the purpose of

Determining an opfimum Workscope starts by defining what is meant by the “goodness” of the 1
performed. In other words/ it would be the “effectiveness” portion of a cost-effectiveness evaluation. S
maintenance is to help‘keep a system operational and to correct problems When they occur, effectiveness could be
expressed as how or how quickly the
system could be made operational again (as a measure of system availability). For the purposes of this discussion, let
effectiveness be measured as the life expectancy for an aircraft engine given the maintenance performed, otherwise
referred to as the “Expected Time On-Wing” (ETOW).

pu

Recall that the definition of something being an “optimum” involves balancing the influence of competing variables, such
as finding a minimum or maximum point on a curve, there needs to be another parameter to compare against the basis —
a “y” to compare to the “x”. In this context it would be a term that establishes the basis against which “goodness” can be
measured. The basis for establishing an optimum will vary from one industry to another, one customer to another, and
possibly one maintenance event to another. Typically, it will take the form of the lowest long-term cost per operating hour
(or cycle, calendar day, mile, units produced, etc.), lowest total down-time, highest availability, or something similar.
Whatever the situation, the asset owner, operator, and/or maintainer would have to decide which definition best suits their
particular needs.
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Too Much Maintenance
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the “Cost Per Flying Hour” (CPFH). This would be calculated by dividing the expe
Cy (ETOW) of the engine once the repair was performed.

FTOW and CPFH can be determined for each possible’ maintenance workscopg
elected that would yield the lowest overall CPFH. LetisJook at how ETOW might b

h System Reliability Model

dentify and characterize (mathematically) the dominant failure modes, if it hadn’t al
lysis. First, this would mean collecting failure data and performing Weibull analysi
des of the system as possible. This also means that operating time (or cycle) datd
5 to be established. If this information is not readily available, there are technique
h't be discussed here). Keep in mind that it is often unnecessary to characterize e

bp 20% of the failure modes.that cause 80% of the maintenance events should
the remainder will probably’constitute ‘rare event’ failures for which there will be v
occurrence) and may_ be treated as a “miscellaneous” failure category.

d every piece of equipment-ifr the system — the 80-20 rule is often enough.

an optimum aircraft
cted cost of a repair

, then an optimum
b estimated.

ready been done as
5 on as many of the
for all components
s for approximating
Very possible failure
In other words,
e sufficient in most
ery few data points

llowed by an assessment of other like or similar equipment in order to collect or g
\Veibull analysis.»If the failure distribution data is available from the equipment ma

cific operating conditions present in your particular situation.

must then be devel

Pnerate suspension
ufacturer, that may

ep in mind‘that such a failure distribution would likely be an overall industry avergge, rather than one

stics~for all of the dominant failure modes have been established, an overall system reliability model
bped. At a minimum, the model must include all of the dominant failure modes, algng with a means of

accounting for all remaining maintenance events (such as a ‘miscellaneous’ category), so that the system reliability
function provides as much of an accurate representation of the system’s failure behavior as possible. The model must
also be able to mathematically tie together the operating times of each applicable piece of equipment that the failure
modes apply to. As different repairs are contemplated, those operating times can be adjusted for the components whose
reliability has been restored as part of the repair, as well as accounting for components returned to service time-continued
(i.e., where their reliability is not fundamentally different than when they were removed from service). Once built, this
reliability model will be used to compute the system’s conditional probability of failure once it has been repaired.

This bears repeating — the system model needs to account for the differences in operating times (since each component
was new or their reliability was restored through refurbishment) so that the conditional probability of failure for each
component can be computed individually. If the system reliability model includes failure distributions for components that
are not or cannot be time-tracked, then the conditional probability of failure for components that have accrued time in
service cannot be determined. This capability is critical to being able to compute the system’s overall conditional
probability of failure for every combination of workscope that’s being considered for the system.
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There are many commercial off-the-shelf software tools available that can aid in the construction of a mathematical system
reliability model. One approach would be to use a software package to build a Reliability Block Diagram (RBD) model.
Using the software, it is possible to build an RBD model for nearly any kind of system you might want to represent. The
software can even be used to verify and validate the failure mode interdependencies so that the proper mathematical
relationships can be established. Each failure mode (or possibly a group of failure modes) would be represented by a
single block, where the ‘life used’ for each block would be tied to the operating time of the applicable piece of equipment
that the failure mode applies to.

An RBD model is a valuable tool to (1) clarify the interrelationships (from a reliability standpoint) between components in
the system, (2) ensure the system model reasonably reflects the overall reliability behavior of the real-world system, and

(3) identify which components of the system need to be time tracked so the system’s future reliability can be estimated.
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e individual reliability functions for each failure mode (a.k.a. a “s€ries” reliability mo
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Once the overall system reliability function is defined, it then becomes possible to determine the expected service life after
repair for a specified workscope (denoted by the term E(t)) by integrating this system reliability function using the
conditional reliability for each of the major components installed in the system. By methodically considering all of the
different combinations of which components to re-use, repair, or replace, it is possible to determine the impact to the
overall system reliability after repair for each combination. Invariably, some workscopes will result in a much higher
expected life compared to other workscopes.
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The general formula for determining the expected life of a system E;(t) is given by:

E, (t) = [R,(t)dt
0 (Ea. 3)

where the function Rs(t) is the system reliability function, as described above. In general practice, it's unlikely that the Rs(t)
function will exist in a form that could be solved analytically, but a numerical integration routine to calculate the value of
Es(t) should not be too difficult to construct. The value of E4(t) then represents the estimated amount of time that the

system can be expected to function (on average) given the repairs that comprise a particular anticipated workscope.

9.3

Estimated Cost of Each Workscope
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10. COST OPTIMI4
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e differing life expectancies for each of the different possible workscopes consider
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pfined maintenance policies or due to requirements established by an-applicablg
Fesulting in an additional cost. As the extent of maintenance increases, s@ do the
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".In other words, “Sunshine Costs” are costs incurred to correct conditions disc
a fault with that part becomes visible to, and detected by, the te¢hnician. Replacin
ns that some of the useful life in those discarded parts will. be’wasted; in some
b included in the cost calculations.

cost of the replacement parts and the associated)labor (anticipated or not), t
preciation over the expected time in service, and\‘risk” costs (that address the
5 not performed) that may need to be included inthe cost calculations.

ATION EXAMPLE #1 — REPAIR OF AN AUTOMOBILE ENGINE

tails shown below on how to perform the calculations are not done using
al methods but are used to convey-the basic principles involved.

th about 55,000 miles is rought to a repair shop to have its failed water pump r¢
Lline 4-cylinder overhead cam engine. In order to replace the pump, a significant g
as to be disassembled,> The repair technician then asks if he should replace the
wn failure item and.it would involve only a small amount of additional effort to reach

hetly the kindsef'question that maintenance (or in this case, cost) optimization is ¢
st optimization decision process would work like this:

be adyalid assumption that timing belt failures follow a wear-out pattern (usin
pe.parameter “B” would be somewhat greater than 1). Also, let's assume the typic

a timing belt (com

pd above, there will
not have failed, just
b regulatory agency
hances of incurring
metimes referred-to
bvered only when a
g parts that haven’t
cases, that residual

here are the costs
costs that might be

g example is intended to merely illustrate the concepts of maintenance optimiz@tion. Some of the

the most rigorous

placed. The car is
ortion of the engine
timing belt as well,
the timing belt.

esigned to answer.

g a Weibull failure
bl life expectancy of

arable to the Weibull characteristic life. n) is ~90.000 miles. If the belt were to

fail in service, let's

assume it could cost anywhere from ~$1,000 to $3,000 in collateral damage to the engine (from pistons hitting valves that
are stuck in the open position, etc.). The cost of a new belt is ~$90 (or ~$1 per 1000 miles of service life), and the cost of
making a separate visit to replace only the belt would be ~$350 for labor + the cost of the belt itself.

The impact of replacing the timing belt now would be that it avoids a future shop visit (time & inconvenience), it reduces
the chance of an in-service failure, but it does result in throwing away >"s of the useful life of the belt.

The costs to defer the belt replacement would add-up as follows:

The cost of replacing the water pump = $500

e Risk cost of in-service failure = $1-3k x F(t + dt | t)

If we assume the conditional probability of failure is = 5%, this would equate to = $100 Risk Cost.
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On the next shop visit, the costs would be:
e Separate visit to replace the belt = $350

Cost to replace the belt at next visit = $90

Some sunshine risk cost = (Probability of finding an unexpected problem) x (cost to repair such a problem)

If we assume the chance of finding an unexpected problem is = 5%, and the average cost to correct such a problem in this
area is = $500, this would equate to a sunshine risk cost of = $25

The total expected cost of the option to defer replacement of the timing belt is approximately $600 (the cost of replacing
the water pump plus the cost associated with the risk that the belt could fail sooner while it is still in service). If we assume

the expected life ufitirthe SUbSeEqUeNt Shop VISIT 10 feplace the Delt IS 35,000 miles, this equates 1o Ja long-term cost of
$17.14 / 1000 mile$. Even if it were based on the expected life after the belt was replaced, then-it-Would be $1065 (the

cost of this shop visjt plus the next) divided by 35,000 + 90,000 miles or about $8.52 / 1000 miles’
The costs associatgd with replacing the timing belt now would be:
The cost of repl
Residual value
Cost to replace

Additional labor
Some sunshing]

Acing the water pump = $500

pf old belt = $35

the belt now = $90

to replace belt now = $50

risk cost = (Probability of finding an unexpected problem)-x (cost to repair such a p

roblem)

If we assume the chance of finding an unexpected problem is = 5%, and the average cost to correct sych a problem in this

area is = $500, this would equate to a sunshine risk cost of = $25

Therefore, the total
of 90,000 miles, thi
run.

The decision is ultin

expected cost of the option to replace the timing belt now would be about $700. W
5 yields a long-term operating cost of $7.78 / 1000 miles — which is the lowest co

nately based on a comparison.between the expected cost of a minimal repair divig

ith an expected life
5t option in the long

ed by the expected

life for that workscq
would be expresseq

pe vs. the cost of replacing the timing belt divided by the expected life after replacing the belt. This
as follows:

Ecos(Minimal Repair)
E_c(Minimal Repair)

Ec.«(Belt Replacement)
E_ . (Belt Replacement)

(Eq. 4)

The term that yield he optimum choice

between these 2 op,

5 the lower value (on the left or the right side of the expression above) would be
fions.

11. COST OPTIMIZATION EXAMPLE #2 — REPAIR OF AN AIRCRAFT ENGINE

Now it’s not hard to understand that the process is much more involved for complex systems like an aircraft or aircraft
engine, but the basic elements are the same, it just needs to be more methodical and structured since there are so many
more options to consider. It also benefits from a graphical representation of all the different combinations of possible
workscopes and the corresponding long-term costs.

Recall the Maintainer’s Dilemma which shows shop visit cost vs. workscope. The problem is that this chart doesn’t identify
an optimum workscope, so it can’t answer the maintainer’s question — What other repairs should be done at this time?
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