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Getting extraordinary equipment reliability

Abstract

This paper is primarily on understanding how to get extraordinary equipment reliailieypaper
explains where equipment failures start in organisationslaiifies the need taecognise the effect
andto control the influenceof interacting processezcross thdife cycle. Itexplains the successful
philosophies and practices used in gh reliability organisations and it introducageliability-causing
methodologyto help companieind what to do to becomi@gh-reliability organisatios.
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Extraordinary equipment reliabilitig rare It first requiresa solid understanding of how it is achieved
Plus the willingness to expend effort, time and a little money teupethe necessarprecision
standardsthe business processes and do the requir@ding to achievethe standards Once you
understand what delivers phenomenal péavatilability, you cancreateit in your organisation.

Equipmentis first desigred as image and words Designes turn imagination intaletailedblueprints
specificmaterialselet¢ions and precisewritten instructions Parts are gathered together into working
assemblies and the assemblies collected together into a machine or equipBaseht.part is
constraied to work withinthe physicallimits of its materials and to stay within th@erance of its
position Few designes realisehow such demandsanturnther dreaminto anowne® sightmare.

The designer expect their machine to be used as it was designed to be used. All parts stay within
positionaltoleranceat operating conditions, lubricant is perfectly clean and comfortably meets the duty
specification, the stressesmd strainson partsstay a factor of safety less than the capability of the
selected materials of constructjdoads and forces act through the paths designed fortthéofow.

From the designers perspective there is no reason that the equipment shoulexfzgictedlypecause

it wasdesigned to work properlyYet plant andequipment do faibften When theydo it cancause
amazinglyhugebusinesswvide losseseven death

To appreciate what happens to cause equipment to fail you need to view the activities involved ir
design, manufacture, storage, installation, operation and maintenance as a process. Actually they ar
series of processatisjointed from eaclother. Figure 1 shows summary steps for each of the six
processes that affect equipment reliability.

Not obviousis the hiddercomplexitybehind each processdwithin each step o& process.Figure 2
indicates the hidden complexity ,irfor example,a manufacturing processEach step can involve
numerous activities and actiorequiringmany decisions and choices, each done to varying degrees of
uncertainty Each process impacts the performance of otlpeosiessafter process.lt is this random,
far-reachingprocess stepariability thatintroduces defectahich causeour equipment failures.

All our business and production processage similar complexitie® Figure 2 They providemany
opportunities for small errorsnisunderstandingandinconsistencies Thesefaults and discrepancies
accumulateo produce variations outsiag thee q u i p rdesigrt parametersEquipmentpartsget
stressed and streed beyond design At some point anoverly excessive load, or simply the
accumulated fatgue fr om many | oads (the pr ov eauseoua l S
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unexpectecequipment failures.If you are to have extraordinarily reliable equipmgot will need
extraordinarycertaintyover what happens in the processes that imymaatequipment reliability.
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Figure 1i Process Steps form a Process Chain

There are literally hundreds and hundreds of opportunities for vari@igaur organisation Each
variation can be the start of a future probleho. stop failures you rel tolimit the effect of variation
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Figure 2- Numerous Processes Interact across Every Process Chain
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It is important to appreciate how very hard it is to get high equipment reliability if you do not know
what to do to get it. If you leave reliability tmppenstancand good intentioryou will likely never
achieve it against the incredible odds you face. This can be better understood with some simpl
reliability mathematics.

The Reliability of Processesand Systems
Every business processgsoductionprocessand maintenance processvolvesa series of tasks and
activities. Things are done one after the other in some sort of agreed order. Figure 3 is the simplifie

manufacturing process with each step having its own level of reliabilRy@hich is thecertainty of
producing firstpass productight-first-time.

Raw Preparation Manufacture Quality Assembly Product
Materials Inspection

Ry R Rs R4 Rs

Figure31 EveryStepin aprocesdas its Own Reliability

Equation 1 is the equati ontenfsiaseries ihe item&dan be partd i t
in a machine or tasks in a jaly equipment in a production lineThe equation applies to human
activity as well as it does to designed equipment.

The reliability of the entire serias the multiplication of the reliabilities of the individual items in the
series. Say, for the sake of the example, we assume each step in a goessght 99 times out of

each hundred times it is done. In reliability terms each step is 0.99 redathetime By the
Motorola 6Sigma methodhis represents close to four sigma accuracy and would be an impossibly
good performanceéo replicate consistentlynless youfollowed strict quality controlled conditions.

The vast majorityo€ o mpani es arenét that good.

If there are five steps in theqmess the series reliability is:
Rseries= 0.99 x 0.99 x 0.99 x 0.99 x 0.99 = (9)9= 0.%

This meanghe series outcome is wrofige timesin a hundredimes it is performed The reliability

and certainty of a series falls as the series grows in length.the same example withtan step
processthe series reliability is 0.90 (10 out of each 100 is wrong), for a twenty step process it falls to
0.82 (18 out of each 100 is @ng). Figure 2 reminds us theseryprocess comprisemultiple steps,
eachstephavingcomplex interactionsvith other processeand those processatso interact with still

more processes. It is not too difficult to imagine process chains of forty stepghiin every 100f

each step is 0.99 reliabjeand fifty steps@1right in every 10Gor steps 0.99 reliabjen length by the

time ajob is completedr a part is made

If we apply the same approach ttte typical three sigma organisatierin businesswhere there are
seven errors in ever hundred opportunitifes. R = 0.93) the reliability of business processes
plummets. For a five stggrocess in a-83igma company the reliability is:

Rseries= 0.8 X 0.8 X 0.8 x 0.98x 0.9 = (0.98)° = 0.70
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Now only seventy out of every hundred pagght-first-time, the other thirty are scrap or rework.
quickly gets worse as the number of st@pseriesincreases.If the same calculation was done for a
10-step process, the series reliability would be 0.48, and over half ofitbtemesvould be wrong.

It is very hard to have high reliability, which is why there areveoy few four and five sigma
companies and smany two and three sigma companigsortunately the problem has an obvious
solution. If you want higlseriesreliability with high certaintyof the process outcome being right
first-time, y ou mu s tofeachprecessstepe O RO

Control Process Step Variation

The challengéo getting rightfirst-time processutcoms is therealisationthatyou mustfirst geteach
seriesstepaccurate From what may now be wide variations, you must change the process steps to
produce variationconstrained towithin the desired range, and none othdf. there areexternal
processes impactinte reliability of a step like those represented in FiguretBe accuracy oéach

step inthose processedsomayneed to bgreatlyimproved. Your purposas represented in Figure 4
where the lefhand performance must be turned into the figdrid performance.
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Figure 4i ControlVariationto Acceptable Limits in Every Process Step

The lefthand diagram of Figure 4 is the normal distribution of random behaviour found in most
business procességough other shapes aemcountered) It is a curve representing variability in
outcome. Thewide standarddevation allows many occurrences outside of requirememta. example

where this curve applies would be the dimensionsmahufactured partehere both undersize and
oversize are bad outcomes. Another example is over torque or under torque on a bolt, where eith
could lead to failure. Such curves help us to understand the extent of tbarrisdl byour activities

and processes

The right-hand diagram still reflects the random nature of processes but controls are imposed to drivi
outcomes to within the acceptable rany@u need tdknow which outcomes caugeur problemsand

which cause your successesmdensureyou only do those occuences that lead toigh reliability and
prevent those that cause increased chance of failure.

Behaviours ofHigh Reliability Operations

The United States of America nuclear aircraft carrier féeet nuclear submarine fleet are renowned
world-wide ashigh reliability organisationfHRO). Starting withvision and leadershjpt took a lot of
consistent, persistent effoand some tragic failureto get there

The nuclear submarine USS Thresher sank with 129 lives on 10 April, 1963. Thouglcowared
from its two and half kilometre deep resting placéhe naval investigationreview board used
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photographiand retrievecvidence along with laboratoryess to identifyfailed brazed pipe joirgas
the most likely cause of the incident. The ltsggereda complete review of naval nuclear vessel
design and operating procedure$houghthe fleetd £quipmentwas built and maintained to high
guality standardsandits personnehad specialist témical training the quality controlrequirements
became more demandin@esigns weresimplified to remove conipxity and behave in known ways.
Quality control in manufacture wasiproved. Operating practicebecamemore stringentto remove
the chanceof variation Each crew membdrad to reaclexpert status in their disciplirend on their
equipmentf they were to remain ghoardship.

The organisational structu@n USA nuclearfleet vesselss unusual. The creware the experts in
running the ship and kaping it safe;the officers are thereto support the crew in their efforsnd
address issues that r!'dtthakesehe bperatingccrew maesimpertarft ® the |
shipbdés survival t han tisaton with managers a the battevbrking éor i n v
theproducers at the top.

Central to the success of high reliability organisatiortbesrealisation that everything can go wrong
The only sure protection is to know exactly what is happening with thpragqaot throughout the plant

all the time. The equipmentmust besetup perfecty at the startand then monited to ensur¢hat it
behaes exactly as it shouldvh e n i t i's in use. What you don
instead you get help froitihose that do knowntil you aretrained andexpert enough to do the task
Human error is acknowledged and addressed with team work where peopleamdiieeach other
constantly and documented cheateunterchecksand doublechecksare a way of life.

High reliability organisations totally control every process and every step in those processes
proactively Nothing is unimportant because consequential kimockneans the smallessk can be

the star of the biggest catastrophelt requires a dedicetn to diligence beyond what people in
commercial industry arexpected angaid to do. High reliability cannot be brought with mon@yit

lives in the hearts and minds of people who want to be the best at what they do and are respected
their peers and managers for that expeliessause it is so valuable to the success of the orgamnisati

The USA nuclear fleéts e q uid dpsigred fosimplicity, high reliability and maintainabilityThe
business systems in use demand proof of compliance to best pratisogews are educatetd be a
technicalknowledge repositorgn their plat Its people are traingd actskilfully in a highly reliable
manner The organisation is structured to put knowledgeable experts immediately at the situation of
risk anddangerand bring the power of teamwork into plajhose ar&keyreasonsvhyitis a HRO.

Limitations of Our Materials of Construction

We live in a probabilistic universehere its physics producesvdrgence anguddenchange in the
way matter behavewhenit reacheritical points. Unless the physics of a situation is controlled we
getsudden changdakehaviourin our materials of constructionThe failure of equipmemarts and the
resulting poor reliabilityand safety is a direct result ofthe physicaland chemicaboundariesthe
material of constructiors allowedto passhrough Poor reliabilityand poor safetys to be expected
in organisationsvhere its peopleo not know the limitof their machineryand do not understand
what ishappening tathemevery nanosecond

Peope create high reliabilityvhen they knowhe physics of their equipment aegpertlydo their jobs
to keep the equipmedtgarts well within the capability ofthe materialsof construction The
experience of HROs is thatj@ipment failurestarts withpoor business y s t maodgss control The

! Charles R. Jones, Nuclear Safety Consultant, American Nuclear Society, Nuclear Safety Culture Panel DisessstationJune 2, 2003
2 Ball, Phillip, cCritical Mass- how one thing leads tanothe@ Arrow Books, 2004
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necessary systems and controls that produce high reliability are not present and follquipdneBt
failures thenresultfrom outof-control variation T h e o r g aquality managenrerdt system fails
first and the the equipmentis failed by the system To fix the managemergystemfailure it is
necessary togback and understand how business processeSBfailinderstanchg how each process
step can fajlyouthencanbuild-in thecorrectrisk controk needed for high reliabilitfrom each step

You cause your owrequipmentreliability through the quality management systems yse and
enforce alongwith the specialist technical knowledgeur people know angiou help themapply.

A

Raisindg the OR

Improving reliability is not done accidently; there is no luck involved having a world-class
operation withoutstanding equipment performance, low cost productamd a healthy and safe
workplace You start the journey to worldlass performance bytrodudng its causesinto you
business processe$hen you teach your people how to do them exactly riyflour company will get

high equipmentreliability whenits peopledo those things that raisehe 6 R6&6 of every
businesgprocessacrosshe life-cycle of its equipment You mustdestroythe archenemy of reliability

T the chance of unwanted variatibin every step and activity in your business

High reliability means removinthe risk of error in everprocess step aneveryworkplaceactivity.

You need to simplifynethods Use equipmergothatit behavein known ways. Train operators and
maintainers to understand their processes and the equipment they use so that they are experts in th
Establish continual learning requiremeatsering theproperoperation of the plant and equipment for
everyonel from manager to cleaneiDevelop faultfree, 3T prooftesed operating and maintenance
procedures. Teach the procedures until your people are masters at doinglnickrde continual
checks and doublehecls. Get people to check one anothepply the power of teamingp.

Reliability Growth Cause AnalysifRGCA)

Improved reliability has a cause. Just like a failure has a cause, isdltere be a cause for improved
reliability. You can wait for a failure and then learn from the experience and change your processes t
prevent it. That is good, btit is not proactive behaviour. Such an approach buries you 4figireng

and causes unnecessary loss and wasteapidRreliability improvement applies proactive
methodologiesaidenify potential problems and stop thestarting. This is what is done HROs

FROM
Raw » Preparation H Manufacture » Qualit_y H Assembly H Product
Materials Inspection
Ry R» Rs R, Rs
TO
_ T
TR R R R RS

Figure51 Raise theRoby Causing HigheReliability in EveryProcessStep and Equipment Part

Figure 5highlightswhat must be doneYou intentionallyr a i s e oftelheey process step, activity
and part. You move reliability from its current boxed performance andorceit higher. One by one
you find the riskscontaired ineachstep, activity and padndact toreduce the chance ohappening
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by orders of magnitudeOncechance offailure is redu@d in each stepthe likelihood of getting the
requiredprocesutcomenatually rises

The process maps of your business processes, the workflow diagrams of your operating procedur
and the bills of materials for your equipment are the foundatimuments for improving equipment
reliability. They are used respectively to control variation in the business processes, to control huma
error and to address limitations of the materials of construction.

To get high reliability, the experience of ti#ROs tells uswe must put into the business those
processes and activities that cause high reliability. oif want tobe proactive about reliability you
need to findevery possible failure and problem that can arise throughout the businester to
decide how bad it jsand whetherit needs to bententionaly prevented. First draw a process flow
diagram for each process and for each task in the process, and for each activity inFguask 6
shows how tdracea manufacturing processepdown to its very fundmental tasks and actionslow
you have the detail to see where your problems start.

Production
- ad T=<a
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Speed Clamping
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Figure6i Dig into Your Processes and Activities

Reliability Growth Cause Analysis basedon using crossfunctional expertteans brainstorning to
find the causesf reliability in business processes equipmentparts You ask vihat you cando to
intentionallyto removetherisk in asituation or to an equipment pathat can caussituationalfailure,
which by preventingtherebyincreass situationalreliability. Box by box, or part number by part
number wherequipment bills of materials aresed, you assume ailure and identify the various
failure modes that can cause the failuWith the teamyou complete the detailéstedin Table 1 for
each failure mode Togetheithe teanthenidentifiesthe risk reduction strategi¢design, operational
maintenancand skillg to useto deliver reliability growth

The spreadsheet highlights the total busiveisie costs, the DAFT Costs (Defect And Failure True
Costs), of failure in a process step, task activity or equipment part. This provides a financial
justification to later implement worthwhile changes. Thalysis asks people to list the causes of both
stress/overload and fatigue/degradation in each step, activity or part. It is not failure that is identified
rather it is the situations that cause the failure. Risk is lowered as far as practicable.
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The poposed changes are compared begm@after on a risk matrix to ensure they will lead to
noticeablerisk reduction. A planis developedo introduce them, including the necessary training
people neetb become expert at performingoe tasks that causdiability.

Failure Description:

Failure Mode 1:

1 Frequency ofailure Mode

Time to Repair:

Causes of Stress/Overload

Causes of Fatigue/Degradation

Current Risk Matrix Rating:

Controls to Preveritlode

=a (=A== =2 |=a =2

Est. failures prevented after risk controls in use (/yr):
1 New Risk Matrix Rating:

Table 1i Proactive Reliability Growth Cause Analysisting

As you performReliability Growth Cause Analysigou complete the details of Table 1 for every
process stepsinga spreadsheet such as that shown in Figure

Figure7 - Reliability Growth Cause AnalysiSpreadsheet

With knowledge of what makes a stegetivity or partfail, the team selects the skills, practices and
procedures that prevent stress and fatigubat step activity or part These are the actions that need
to be taken intothe r g ani s a tdologresasd practidedhand trained into its people; just like
they do in a HRO



