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ABSTRACT
Theȱ satisfactionȱ ofȱ stakeholdersȱ dependsȱ uponȱ theȱ fulfilmentȱ ofȱ theirȱ
requirements.ȱ Twoȱ importantȱ stakeholderȱ requirementsȱ relatedȱ toȱ technicalȱ
systemsȱareȱdependabilityȱandȱsafety.ȱHowever,ȱsystemȱoperationȱwillȱgraduallyȱ
impairȱ itsȱ performanceȱ leadingȱ toȱ potentiallyȱ hazardousȱ statesȱ ofȱ theȱ system.ȱ
Maintenanceȱ isȱ allȱ activitiesȱ aimedȱ atȱ retainingȱ aȱ systemȱ in,ȱ orȱ restoringȱ itȱ to,ȱ aȱ
stateȱ whereȱ itȱ canȱ fulfilȱ theȱ stakeholders’ȱ requirements.ȱ However,ȱ althoughȱ
maintenanceȱisȱperformedȱinȱorderȱtoȱensureȱdependabilityȱandȱsafety,ȱincorrectlyȱ
performedȱ maintenanceȱ mayȱ contributeȱ toȱ accidentsȱ withȱ extensiveȱ losses.ȱ
Traditionally,ȱ humanȱ failuresȱ haveȱ oftenȱ beenȱ appointedȱ asȱ oneȱ majorȱ causeȱ ofȱ
theseȱmaintenanceȬrelatedȱaccidents.ȱHowever,ȱhumanȱfailuresȱareȱnotȱcompletelyȱ
satisfactoryȱ asȱ anȱ explanationȱ forȱ incidentsȱ andȱ accidentsȱ sinceȱ thereȱ mostȱ oftenȱ
areȱotherȱcontributoryȱcausesȱtoȱtheseȱfailures.ȱ
ȱ
Theȱ purposeȱ ofȱ thisȱ thesisȱ isȱ toȱ exploreȱ andȱ describeȱ hazardsȱ contributoryȱ toȱ
maintenanceȬrelatedȱincidentsȱandȱaccidents,ȱinȱorderȱtoȱsupportȱcontinuousȱriskȱ
reduction.ȱToȱfulfilȱtheȱstatedȱpurpose,ȱtwoȱcaseȱstudies,ȱsupportedȱbyȱaȱliteratureȱ
study,ȱ haveȱ beenȱ performed.ȱ Oneȱ caseȱ studyȱ focusedȱ onȱ documentedȱ
maintenanceȬrelatedȱ incidentsȱ andȱ accidentsȱ withinȱ theȱ Swedishȱ railway.ȱ Theȱ
secondȱ caseȱ studyȱ focusedȱ onȱ perceivedȱ hazardsȱ inȱ relationȱ toȱ maintenanceȱ
executionȱwithinȱtheȱSwedishȱpaperȱindustry.ȱȱ
ȱ
Theȱ railwayȱ caseȱ studyȱ indicatesȱ thatȱ improperȱ infrastructureȱ maintenanceȱ isȱ aȱ
majorȱ causeȱ ofȱ collisionsȱ andȱ derailmentsȱ withinȱ theȱ Swedishȱ railway.ȱ
Furthermore,ȱ theȱ studyȱ indicatesȱ thatȱ theȱ threeȱ majorȱ maintenanceȬrelatedȱ
hazardsȱ withinȱ theȱ Swedishȱ railwayȱ systemȱ are:ȱ communicationȱ errors,ȱ
informationȱretrievalȱerrorsȱandȱomittedȱoperations.ȱTheȱstudyȱalsoȱproposesȱthatȱ
itȱisȱnotȱgoodȱenoughȱtoȱacceptȱhumanȱfailures,ȱi.e.ȱhumanȱerrorȱorȱruleȱviolation,ȱ
asȱaȱrootȱcauseȱofȱmaintenanceȬrelatedȱincidentsȱandȱaccidents.ȱȱ
ȱ
Bothȱ caseȱ studiesȱ showȱ thatȱ aȱ majorȱ maintenanceȬrelatedȱ hazardȱ isȱ insufficientȱ
communicationȱ betweenȱ differentȱ activitiesȱ associatedȱ withȱ maintenanceȱ
execution.ȱAnotherȱcommonȱfindingȱfromȱtheȱstudiesȱisȱthatȱincidentsȱmanifestedȱ
duringȱmaintenanceȱexecutionȱmightȱbeȱcausedȱbyȱhazardsȱinȱotherȱmaintenanceȬ
relatedȱ activitiesȱ withinȱ theȱ maintenanceȱ process.ȱ Inȱ addition,ȱ bothȱ caseȱ studiesȱ
showȱ thatȱ aȱ proposedȱ processȱ modelȱ ofȱ maintenanceȱ isȱ aȱ valuableȱ supportȱ inȱ
hazardȱidentification.ȱ
ȱ
Keywords:ȱ Maintenance,ȱ Incident,ȱ Accident,ȱ Hazardȱ Identification,ȱ Railway,ȱ
PaperȱIndustryȱȱ
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SUMMARY IN SWEDISH
Tillfredsställelsenȱhosȱtekniskaȱsystemetsȱintressenterȱberorȱpåȱhurȱvälȱderasȱkravȱ
uppfylls.ȱTvåȱviktigaȱintressentkravȱrelateradeȱtillȱtekniskaȱsystemȱärȱdriftsäkerhetȱ
ochȱ säkerhet.ȱ Driftenȱ avȱ systemetȱ kommerȱ emellertidȱ attȱ gradvisȱ försämraȱ dessȱ
prestanda,ȱvilketȱlederȱtillȱriskfylldaȱsystemtillstånd.ȱUnderhållȱärȱallaȱaktiviteterȱ
avseddaȱ attȱ bibehållaȱ systemetȱ i,ȱ ellerȱ återställaȱ detȱ till,ȱ ettȱ tillståndȱ därȱ detȱ kanȱ
uppfyllaȱ intressentkraven.ȱ Trotsȱ attȱ underhållȱ syftarȱ tillȱ attȱ säkerställaȱ
driftsäkerhetenȱ ochȱ säkerheten,ȱ kanȱ felaktigtȱ utförtȱ underhållȱ bidraȱ tillȱ olyckorȱ
medȱstoraȱförluster.ȱTraditionelltȱsettȱharȱmänskligtȱfelhandlandeȱansettsȱsomȱenȱ
betydandeȱ orsakȱ tillȱ dessaȱ underhållsrelateradeȱ olyckor.ȱ Trotsȱ detȱ ärȱ mänskligtȱ
felhandlandeȱinteȱenȱtillfredsställandeȱförklaringȱtillȱincidenterȱochȱolyckor,ȱdåȱdetȱ
oftastȱfinnsȱbidragandeȱorsakerȱtillȱdessaȱfelaktigaȱhandlingar.ȱ
ȱ
Syftetȱmedȱdennaȱavhandlingȱärȱattȱundersökaȱochȱbeskrivaȱriskkällorȱsomȱbidrarȱ
tillȱ underhållsrelateradeȱ incidenterȱ ochȱ olyckorȱ förȱ attȱ stödjaȱ ständigȱ
riskreduktion.ȱ Förȱ attȱ uppnåȱ detȱ angivnaȱ syftetȱ harȱ tvåȱ fallstudierȱ genomförts,ȱ
underbyggdaȱ avȱ enȱ litteraturstudie.ȱ Enȱ fallstudieȱ fokuseradeȱ påȱ dokumenteradeȱ
underhållsrelateradeȱ incidenterȱ ochȱ olyckorȱ vidȱ denȱ svenskaȱ järnvägen.ȱ Denȱ
andraȱ fallstudienȱ fokuseradeȱ påȱ upplevdaȱ riskkällorȱ iȱ relationȱ tillȱ
underhållsutförandeȱinomȱsvenskȱpappersindustri.ȱ
ȱ
Järnvägsfallstudienȱpåvisarȱattȱbristfälligtȱinfrastrukturunderhållȱärȱenȱbetydandeȱ
orsakȱ tillȱ kollisionerȱ ochȱ urspårningarȱ inomȱ svenskȱ järnväg.ȱ Vidareȱ påvisarȱ
studienȱtreȱbetydandeȱunderhållsrelateradeȱriskkällorȱinomȱsvenskȱjärnväg,ȱvilkaȱ
är:ȱ kommunikationsbrister,ȱ bristerȱ vidȱ mottagandeȱ avȱ informationȱ samtȱ
utelämnadeȱ arbetsmoment.ȱ Studienȱ framställerȱ vidareȱ attȱ detȱ inteȱ ärȱ godtagbartȱ
attȱaccepteraȱmänskligtȱfelhandlandeȱochȱregelbrottȱsomȱenȱgrundläggandeȱorsakȱ
tillȱunderhållsrelateradeȱincidenterȱochȱolyckor.ȱ
ȱ
Bådaȱ fallstudiernaȱ visarȱ attȱ enȱ betydandeȱ underhållsrelateradȱ riskkällaȱ ärȱ
otillräckligȱ kommunikationȱ mellanȱ olikaȱ aktiviteterȱ associeradeȱ tillȱ
underhållsutförandet.ȱ Enȱ annanȱ gemensamȱ slutsatsȱ frånȱ studiernaȱ ärȱ attȱ
incidenterȱsomȱsynliggörsȱvidȱunderhållsutförandetȱkanȱhaȱorsakatsȱavȱriskkällorȱ
vidȱ andraȱ underhållsrelaterandeȱ aktiviteterȱ iȱ underhållsprocessen.ȱ Bådaȱ
fallstudiernaȱ visarȱ dessutomȱ attȱ enȱ föreslagenȱ processmodellȱ avȱ underhållȱ ärȱ ettȱ
värdefulltȱstödȱvidȱidentifieringȱavȱriskkällor.ȱ
ȱ
Nyckelord:ȱ underhåll,ȱ incident,ȱ olycka,ȱ riskälleidentifiering,ȱ järnväg,ȱ
pappersindustri
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1 INTRODUCTION
Aȱbriefȱintroductionȱisȱgivenȱinȱthisȱchapterȱinȱorderȱtoȱintroduceȱtheȱreaderȱtoȱtheȱproblemȱ
area.ȱFurthermore,ȱpurpose,ȱresearchȱquestionsȱandȱdelimitations,ȱasȱwellȱasȱtheȱstructureȱ
ofȱtheȱthesis,ȱareȱpresented.ȱ

1.1 Background and Problem Discussion
Globalȱcompetitionȱamongȱcompaniesȱhasȱleadȱtoȱhigherȱdemandsȱonȱproductionȱ
systems1ȱ(Miyakeȱ&ȱEnkawa,ȱ1999).ȱEndȱcustomerȱsatisfactionȱisȱdependentȱonȱtheȱ
productionȱ systems’ȱ capabilityȱ toȱ deliverȱ goodsȱ andȱ servicesȱ thatȱ meetȱ certainȱ
qualityȱrequirements.ȱToȱdoȱsoȱtheȱsystemsȱmustȱbeȱfitȱforȱuseȱandȱtherebyȱfulfilȱ
importantȱ qualityȱ parameters.ȱ Twoȱ suchȱ importantȱ qualityȱ parametersȱ areȱ
dependability2ȱ andȱ safety.ȱ However,ȱ operationȱ ofȱ theȱ systemsȱ willȱ graduallyȱ
impairȱ theirȱ performance,ȱ dependabilityȱ andȱ safety.ȱ Wear,ȱ dirt,ȱ corrosionȱ andȱ
overloadingȱ areȱ someȱ contributoryȱ causesȱ ofȱ theȱ degradation3ȱ ofȱ theȱ systemsȱ
(Clifton,ȱ 1974).ȱ Therefore,ȱ managementȱ mustȱ determineȱ andȱ implementȱ properȱ
maintenanceȱ strategiesȱ toȱ ensureȱ theȱ functioningȱ ofȱ theȱ systemsȱ (Coetzee,ȱ 1998).ȱ
Maintenanceȱ isȱ hereȱ definedȱ asȱ theȱ combinationȱ ofȱ technicalȱ andȱ administrativeȱ
actionsȱsuchȱasȱsupervisionȱactionsȱintendedȱtoȱretainȱanȱitemȱin,ȱorȱrestoreȱitȱto,ȱaȱ
stateȱ inȱ whichȱ itȱ canȱ performȱ aȱ requiredȱ functionȱ (IEV191Ȭ07Ȭ01,ȱ 2002).ȱ Twoȱ
examplesȱ ofȱ maintenanceȱ methodologiesȱ usedȱ inȱ differentȱ industriesȱ are:ȱ
Reliabilityȱ Centredȱ Maintenance,ȱ RCM,ȱ (Nowlandȱ &ȱ Heap,ȱ 1978)ȱ andȱ Totalȱ
Productiveȱ Maintenance,ȱ TPM,ȱ (Nakajima,ȱ 1988).ȱ Asȱ wellȱ asȱ ensuringȱ theȱ
functioningȱofȱaȱsystem,ȱmaintenanceȱisȱalsoȱimportantȱforȱtheȱsystem’sȱimpactȱonȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ Aȱ systemȱ mayȱ beȱ seenȱ asȱ aȱ compositeȱ entity,ȱ atȱ anyȱ levelȱ ofȱ complexity,ȱ whichȱ consistsȱ ofȱ personnel,ȱ
procedures,ȱmaterials,ȱtools,ȱequipment,ȱfacilities,ȱandȱsoftwareȱ(IECȱ60300Ȭ3Ȭ9).ȱ
ȱ
2ȱ Dependabilityȱ isȱ hereȱ definedȱ asȱ aȱ collectiveȱ termȱ usedȱ toȱ describeȱ theȱ availabilityȱ performanceȱ andȱ itsȱ
influencingȱ factors:ȱ Reliabilityȱ performance,ȱ Maintainabilityȱ performanceȱ andȱ Maintenanceȱ supportȱ
performanceȱ(IEVȱ191Ȭ02Ȭ03).ȱReliabilityȱisȱtheȱprobabilityȱthatȱanȱitemȱcanȱperformȱaȱrequiredȱfunctionȱunderȱ
givenȱconditionsȱforȱaȱgivenȱtimeȱintervalȱ(IEVȱ191Ȭ12Ȭ01).ȱMaintainabilityȱperformanceȱisȱtheȱprobabilityȱthatȱ
aȱ givenȱ activeȱ maintenanceȱ action,ȱ forȱ anȱ itemȱ underȱ givenȱ conditionsȱ ofȱ useȱ canȱ beȱ carriedȱ outȱ withinȱ aȱ
statedȱ timeȱ interval,ȱ whenȱ theȱ maintenanceȱ isȱ performedȱ underȱ statedȱ conditionsȱ andȱ usingȱ statedȱ
proceduresȱandȱresourcesȱ(IEVȱ191Ȭ13Ȭ01).ȱMaintenanceȱsupportȱperformanceȱisȱtheȱabilityȱforȱaȱmaintenanceȱ
organisation,ȱunderȱgivenȱconditions,ȱtoȱprovideȱuponȱdemands,ȱtheȱresourcesȱrequiredȱtoȱmaintainȱanȱitem,ȱ
underȱgivenȱmaintenanceȱpolicyȱ(IEVȱ191Ȭ02Ȭ08).ȱ
ȱ
3ȱDegradationȱisȱhereȱdefinedȱasȱanȱirreversibleȱprocessȱinȱoneȱorȱmoreȱcharacteristicȱofȱanȱitemȱdueȱtoȱtime,ȱ
useȱorȱexternalȱcauseȱ(SSȬENȱ13306).ȱDegradationȱmayȱleadȱtoȱaȱFailureȱorȱFault.ȱAȱfailureȱisȱtheȱterminationȱ
ofȱtheȱabilityȱofȱanȱitemȱtoȱperformȱaȱrequiredȱfunctionȱ(IEVȱ191Ȭ05Ȭ01).ȱAȱfaultȱisȱdefinedȱasȱtheȱstateȱofȱanȱ
itemȱ thatȱ isȱ characterisedȱ byȱ theȱ inabilityȱ toȱ performȱ aȱ requiredȱ function,ȱ excludingȱ theȱ inabilityȱ duringȱ
preventiveȱmaintenanceȱorȱotherȱplannedȱactions,ȱorȱdueȱtoȱlackȱofȱexternalȱresourcesȱ(IEVȱ191Ȭ05Ȭ01).ȱ
ȱ
1
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safetyȱ andȱ forȱ preventionȱ ofȱ incidentȱ andȱ accidents4ȱ (Uth,ȱ 1999).ȱ However,ȱ
althoughȱ maintenanceȱ isȱ performedȱ inȱ orderȱ toȱ ensureȱ safety,ȱ maintenanceȱ isȱ
sometimesȱ performedȱ incorrectly.ȱ Thisȱ incorrectlyȱ performedȱ maintenanceȱ mayȱ
reduceȱtheȱsafetyȱofȱtheȱsystemsȱandȱtherebyȱcontributeȱtoȱextensiveȱlosses5ȱ(Kletz,ȱ
1994).ȱ Thereȱ areȱ aȱ numberȱ ofȱ accidents,ȱ whereȱ improperȱ maintenanceȱ wasȱ oneȱ
majorȱ contributoryȱ causeȱ towardsȱ disaster.ȱ Examplesȱ ofȱ theseȱ fromȱ theȱ processȱ
industriesȱ areȱ theȱ leakȱ fromȱ aȱ chemicalȱ plantȱ atȱ Bhopal,ȱ Indiaȱ inȱ 1984;ȱ theȱ Piperȱ
Alphaȱ oilȱ platformȱ fire,ȱ Northȱ Seaȱ inȱ 1988;ȱ theȱ disasterȱ atȱ Philipsȱ petrochemicalȱ
plantȱ inȱ Texas,ȱ USAȱ inȱ 1989;ȱ theȱ explosionȱ andȱ firesȱ atȱ theȱ Texacoȱ refineryȱ atȱ
Milfordȱ Haven,ȱ UKȱ inȱ 1994;ȱ andȱ theȱ chemicalȱ releaseȱ andȱ fireȱ atȱ theȱ Associatedȱ
OctelȱCompanyȱLimitedȱinȱCheshire,ȱUKȱinȱ1994.ȱ
ȱ
Besidesȱ safetyȱ aspects,ȱ improperȱ maintenanceȱ mayȱ alsoȱ causeȱ theȱ systemȱ toȱ
deteriorateȱ andȱ therebyȱ createȱ qualityȱ deficiencies,ȱ suchȱ asȱ delaysȱ andȱ nonȬ
conformingȱ productsȱ causingȱ economicalȱ lossesȱ (Ollilaȱ &ȱ Malmipuro,ȱ 1999).ȱ
However,ȱevenȱthoughȱmaintenanceȱerrorsȱhaveȱleadȱtoȱhugeȱfinancialȱlossesȱeachȱ
yearȱand,ȱworse,ȱresultedȱinȱdeathȱandȱinjuryȱthroughoutȱtheȱworld,ȱtheyȱreceiveȱ
littleȱattentionȱ(Reasonȱ&ȱHobbs,ȱ2003).ȱȱ
ȱ
Thereȱ areȱ generallyȱ twoȱ differentȱ kindsȱ ofȱ maintenanceȱ errors:ȱ erroneouslyȱ
performedȱ maintenanceȱ andȱ lackȱ ofȱ necessaryȱ maintenanceȱ (Reasonȱ &ȱ Hobbs,ȱ
2003).ȱErroneouslyȱperformedȱmaintenanceȱisȱrelatedȱtoȱtheȱriskȱthatȱmaintenanceȱ
personnelȱ willȱ introduceȱ theȱ ingredientsȱ forȱ aȱ failureȱ thatȱ wouldȱ notȱ haveȱ
otherwiseȱ occurred.ȱ Lackȱ ofȱ necessaryȱ maintenanceȱ isȱ relatedȱ toȱ theȱ riskȱ thatȱ
someoneȱ willȱ notȱ detectȱ aȱ failureȱ orȱ notȱ performȱ orȱ failȱ toȱ completeȱ aȱ necessaryȱ
maintenanceȱtask.ȱȱ
ȱ
Toȱ learnȱ fromȱ theȱ pastȱ itȱ isȱ necessaryȱ toȱ investigateȱ incidentsȱ andȱ accidentsȱ
(Wagenaarȱ &ȱ vanȱ derȱ Schrier,ȱ 1997;ȱ Jonesȱ etȱ al.,ȱ 1999;ȱ Reinachȱ &ȱ Viale,ȱ 2006).ȱ
However,ȱitȱisȱnotȱeasyȱtoȱproperlyȱinvestigateȱincidentsȱorȱaccidents.ȱOneȱwayȱofȱ
doingȱthisȱisȱtoȱuseȱanȱaccidentȱmodel,ȱsinceȱitȱoutlinesȱtheȱfoundationȱforȱincidentȱ
andȱ accidentȱ investigationsȱ (Leveson,ȱ 2004;ȱ Sklet,ȱ 2004).ȱ Hence,ȱ evenȱ thoughȱ theȱ
riskȱ ofȱ maintenanceȱ errorȱ canȱ neverȱ beȱ eliminatedȱ entirely,ȱ itȱ canȱ beȱ managedȱ
moreȱ effectivelyȱ (Reasonȱ &ȱ Hobbs,ȱ 2003).ȱ Bothȱ maintenanceȱ personnelȱ andȱ
managersȱneedȱtoȱunderstandȱwhyȱmaintenanceȱerrorsȱoccur,ȱandȱhowȱtheȱriskȱofȱ
errorȱcanȱbeȱmanagedȱ(Reasonȱ&ȱHobbs,ȱ2003).ȱȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱAnȱaccidentȱisȱhereȱdefinedȱasȱanȱundesiredȱeventȱthatȱcausesȱdamageȱorȱinjuryȱ(HarmsȬRingdahl,ȱ2001).ȱItȱ
isȱusuallyȱtheȱresultȱofȱaȱcontactȱwithȱaȱsourceȱofȱenergyȱaboveȱtheȱthresholdȱlimitȱofȱtheȱstructureȱorȱbodyȱ
(Birdȱ&ȱGermain,ȱ1996).ȱ
ȱ
5ȱ Theȱ termȱ lossȱ isȱ hereȱ definedȱ asȱ anȱ undesiredȱ eventȱ thatȱ affectsȱ peopleȱ orȱ propertyȱ creatingȱ physicalȱ orȱ
economicȱharmȱ(Birdȱ&ȱGermain,ȱ1996).ȱ
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Oneȱ wayȱ toȱ achieveȱ thisȱ isȱ toȱ learnȱ fromȱ pastȱ incidentsȱ andȱ accidentsȱ throughȱ
theirȱ investigationsȱ (Sklet,ȱ 2004).ȱ Accidentȱ investigationsȱ areȱ relatedȱ toȱ differentȱ
layersȱofȱcontributoryȱcauses.ȱTheȱouterȱlayersȱdealȱwithȱtheȱimmediateȱtechnicalȱ
causesȱwhileȱtheȱinnerȱlayersȱareȱrelatedȱtoȱwaysȱofȱavoidingȱtheȱhazardsȱandȱwithȱ
theȱ underlyingȱ causes,ȱ suchȱ asȱ weaknessesȱ inȱ theȱ managementȱ systemȱ (Kletz,ȱ
2001).ȱ However,ȱ oftenȱ onlyȱ theȱ outerȱ layersȱ areȱ consideredȱ inȱ theȱ investigationsȱ
andȱ theȱ possibilitiesȱ toȱ learnȱ fromȱ theȱ accidentsȱ andȱ preventȱ themȱ happeningȱ
againȱisȱdiminishedȱ(Kletz,ȱ2001).ȱȱ
ȱ
Sinceȱ theȱ midȬ1980sȱ accidentsȱ haveȱ comeȱ toȱ beȱ seenȱ asȱ theȱ consequencesȱ ofȱ
complexȱinteractionsȱratherȱthanȱsimpleȱthreadsȱofȱcausesȱandȱeffectsȱ(Hollnagel,ȱ
2004).ȱHowever,ȱprogressȱinȱaccidentȱmodelsȱhasȱnotȱbeenȱmatchedȱbyȱadvancesȱ
inȱmethodologies.ȱHenceȱtheȱunderstandingȱofȱaccidentsȱisȱstillȱapproximateȱandȱ
incompleteȱ(Hollnagel,ȱ2004;ȱLeveson,ȱ2004).ȱTheȱunsatisfactoryȱunderstandingȱofȱ
accidents,ȱ togetherȱ withȱ theȱ factȱ thatȱ theyȱ inevitablyȱ willȱ occurȱ inȱ theȱ futureȱ
meansȱthatȱthereȱisȱanȱunfulfilledȱneedȱforȱbetterȱunderstandingȱofȱtheȱnatureȱofȱ
accidentsȱ (Hollnagel,ȱ 2004).ȱ Thereȱ areȱ evenȱ thoseȱ thatȱ claimȱ thatȱ today’sȱ
technologicalȱsystemsȱhaveȱbecomeȱsoȱcomplexȱthatȱaccidentsȱmustȱbeȱseenȱasȱtheȱ
normȱratherȱthanȱtheȱexceptionȱ(Perrow,ȱ1984).ȱ
ȱ
Toȱ sumȱ up,ȱ althoughȱ theȱ aimȱ ofȱ maintenanceȱ isȱ toȱ ensureȱ theȱ productivityȱ andȱ
efficiencyȱofȱtechnicalȱsystems,ȱimproperȱmaintenance,ȱinȱtheȱsenseȱofȱincorrectlyȱ
performedȱ maintenanceȱ orȱ lackȱ ofȱ suitableȱ maintenanceȱ activities,ȱ contributesȱ toȱ
deteriorationȱand,ȱevenȱmoreȱseriously,ȱcauseȱincidentsȱandȱaccidents.ȱThereforeȱitȱ
isȱ importantȱ toȱ identifyȱ hazardsȱ fromȱ occurredȱ incidentsȱ andȱ accidentsȱ toȱ learnȱ
andȱ avoidȱ theseȱ hazardsȱ inȱ theȱ future.ȱ Forȱ thatȱ matter,ȱ inȱ turn,ȱ documentationȱ
fromȱ occurredȱ eventsȱ shouldȱ beȱ doneȱ inȱ aȱ systematicȱ wayȱ andȱ thenȱ beȱ anȱ
importantȱ partȱ ofȱ theȱ managementȱ systemȱ –ȱ andȱ last,ȱ butȱ notȱ least,ȱ usedȱ forȱ
improvements.ȱȱ
ȱ
Theseȱ mattersȱ areȱ evenȱ moreȱ importantȱ today,ȱ whenȱ manyȱ organisationsȱ
outsourceȱ orȱ contractȱ outȱ theȱ maintenanceȱ ofȱ equipmentȱ andȱ subȬsystemsȱ
(Campbell,ȱ 1995).ȱ Outsourcingȱ aimsȱ atȱ strengtheningȱ theȱ organisationȱ byȱ
concentratingȱitsȱresourcesȱandȱinvestmentsȱonȱitsȱcoreȱcompetenceȱandȱactivities,ȱ
andȱ byȱ outsourcingȱ thoseȱ activities,ȱ whichȱ areȱ notȱ ofȱ strategicȱ importanceȱ andȱ
whereȱtheȱresourcesȱneededȱareȱnotȱavailableȱwithinȱtheȱorganisation.ȱTheȱuseȱofȱ
specializedȱ contractorsȱ mayȱ enhanceȱ theȱ qualityȱ ofȱ theȱ maintenanceȱ jobsȱ andȱ atȱ
theȱsameȱtimeȱlowerȱtheȱmaintenanceȱcost.ȱ
ȱ
However,ȱthereȱareȱseveralȱrisksȱrelatedȱtoȱoutsourcingȱthatȱareȱofȱspecialȱinterestȱ
whenȱ planningȱ andȱ performingȱ maintenance.ȱ Inȱ Campbellȱ (1995)ȱ theȱ followingȱ
listȱisȱpresented:ȱ
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x
x

Lossȱofȱcontrolȱoverȱaȱsupplierȱ
LossȱofȱcrossȬfunctionalȱcommunicationȱ
Lossȱofȱcriticalȱskillsȱorȱdevelopingȱtheȱwrongȱskillsȱ

ȱ
Theȱ useȱ ofȱ maintenanceȱ contractorsȱ increasesȱ theȱ needȱ forȱ betterȱ control,ȱ whichȱ
requiresȱ theȱ establishmentȱ ofȱ suitableȱ managementȱ controlȱ systemsȱ (vanȱ derȱ
MeerȬKooistraȱ &ȱ Vosselman,ȱ 2000).ȱ Administratorȱ controlȱ mayȱ beȱ affectedȱ byȱ
contractedȱ maintenance,ȱ especiallyȱ ifȱ properȱ informationȱ aboutȱ systemȱ changesȱ
andȱrepairȱisȱnotȱcommunicatedȱ(Kletz,ȱ2001).ȱȱ
ȱ
Inȱ theȱ Unitedȱ Kingdom,ȱ forȱ instance,ȱ severalȱ accidentsȱ haveȱ occurredȱ onȱ theȱ
BritishȱRailȱdueȱtoȱinadequateȱcontrolȱofȱtheȱmaintenanceȱcontractors.ȱSomeȱquiteȱ
recentȱexamplesȱareȱtheȱderailmentȱandȱcollisionȱatȱLadbrokeȱGroveȱinȱ1999ȱandȱ
theȱderailmentȱnearȱHatfieldȱinȱ2000ȱ(HealthȱandȱSafetyȱExecutive,ȱ2001;ȱ2002).ȱȱ
ȱ
Theȱ developmentȱ onȱ theȱ Swedishȱ railwaysȱ followedȱ theȱ oneȱ inȱ theȱ Unitedȱ
Kingdom.ȱ Inȱ orderȱ toȱ transformȱ theȱ Swedishȱ railȱ trafficȱ intoȱ aȱ safe,ȱ competitiveȱ
alternativeȱ forȱ transportationȱ ofȱ peopleȱ andȱ goodsȱ theȱ Swedishȱ Nationalȱ Railȱ
Administrationȱ(Swedish:ȱBanverket)ȱwasȱrestructuredȱinȱ1988ȱ(Esplingȱ&ȱKumar,ȱ
2002).ȱ Theȱ Swedishȱ Nationalȱ Railȱ Administrationȱ wasȱ thenȱ dividedȱ intoȱ oneȱ
organisationȱ responsibleȱ forȱ infrastructureȱ managementȱ andȱ aȱ stateȱ ownedȱ trainȱ
operator,ȱ SJȱ (Swedish:ȱ Statensȱ Järnvägar).ȱ Swedishȱ trainȱ operationsȱ wereȱ
deregulatedȱandȱtherebyȱopenȱforȱcompetitionȱonȱaȱfreeȱmarketȱ(Banverket,ȱ2006).ȱ
Theȱinfrastructureȱmanagementȱ becameȱresponsibleȱforȱdesignȱandȱconstruction,ȱ
asȱ wellȱ asȱ trackȱ maintenanceȱ (Esplingȱ &ȱ Kumar,ȱ 2002).ȱ However,ȱ trackȱ
maintenanceȱ wasȱ stillȱ onlyȱ performedȱ inȬhouse.ȱ Thisȱ situationȱ changedȱ inȱ 2001,ȱ
whenȱ theȱ Swedishȱ Nationalȱ Railȱ Administrationȱ decidedȱ toȱ openȱ upȱ theirȱ railȱ
maintenanceȱ toȱ theȱ freeȱ market.ȱ Maintenanceȱ contractorsȱ wereȱ invitedȱ toȱ
participateȱinȱtheȱbiddingȱforȱmaintenanceȱcontractsȱforȱsomeȱsectionsȱofȱtheȱtrackȱ
inȱ2002ȱ(Banverket,ȱ2006).ȱ
ȱ
Theȱ Swedishȱ Nationalȱ Railȱ Administrationȱ choosesȱ toȱ useȱ maintenanceȱ
contractors,ȱ despiteȱ theȱ initialȱ problemsȱ thatȱ mayȱ occur,ȱ see,ȱ forȱ instance,ȱ
problemsȱ atȱ Britishȱ Railȱ (Healthȱ andȱ Safetyȱ Executive,ȱ 2001;ȱ 2002).ȱ Theȱ mainȱ
reasonȱ isȱ toȱ reduceȱ theȱ costȱ ofȱ trackȱ maintenanceȱ (Banverket,ȱ 2006).ȱ However,ȱ
economicalȱbenefitsȱmustȱnotȱaffectȱtheȱsafetyȱofȱtheȱrailȱsystem.ȱSafetyȱisȱstillȱtheȱ
mostȱprioritizedȱgoalȱforȱtheȱSwedishȱNationalȱRailȱAdministration.ȱDespiteȱthis,ȱ
incidentȱandȱaccidentsȱstillȱoccurȱonȱtheȱSwedishȱrailȱnetwork.ȱȱ
ȱ
Whenȱchangingȱmaintenanceȱstrategies,ȱi.e.ȱswitchingȱfromȱinȬhouseȱmaintenanceȱ
toȱoutsourcing,ȱitȱisȱimportantȱtoȱidentifyȱtheȱcontributoryȱcausesȱofȱpastȱincidentsȱ
andȱ accidentsȱ associatedȱ withȱ maintenanceȱ whenȱ decidingȱ uponȱ newȱ riskȱ
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reductionȱactivitiesȱinȱorderȱtoȱbeȱtrulyȱproactive.ȱSuchȱanalysisȱofȱpastȱincidentsȱ
andȱaccidentsȱidentifiesȱareasȱthatȱneedȱspecialȱattentionȱsoȱthatȱcountermeasuresȱ
canȱbeȱimplementedȱforȱcontinuousȱimprovementsȱthroughȱhazardȱreduction.ȱȱ
ȱȱ
Accordingly,ȱimprovingȱtheȱmaintenanceȱbyȱcontinuousȱhazardȱreductionȱwouldȱ
inȱturnȱensureȱsafety.ȱThereȱareȱalsoȱeconomicalȱbenefitsȱinȱreducingȱtheȱnumberȱ
ofȱ incidentsȱ andȱ accidents.ȱ Thereforeȱ itȱ isȱ mostȱ importantȱ toȱ identifyȱ andȱ
understandȱtheȱhazardsȱlinkedȱtoȱmaintenance,ȱinȱorderȱtoȱcreateȱpossibilitiesȱforȱ
continuousȱriskȱreductionȱthroughȱcontinuousȱimprovement.ȱ

1.2 Purpose of the Thesis
Theȱ purposeȱ ofȱ thisȱ thesisȱ isȱ toȱ exploreȱ andȱ describeȱ hazardsȱ contributoryȱ toȱ
maintenanceȬrelatedȱincidentsȱandȱaccidents,ȱinȱorderȱtoȱsupportȱcontinuousȱriskȱ
reduction.ȱ

1.3 Research Questions
Theȱpurposeȱofȱtheȱstudyȱthesisȱhasȱbeenȱfocusingȱonȱtheȱfollowingȱtwoȱresearchȱ
questions:ȱ
ȱȱ
1. Howȱcanȱmethodologiesȱandȱtoolsȱbeȱusedȱforȱidentificationȱofȱ
maintenanceȬrelatedȱhazardsȱcontributingȱtoȱincidentsȱandȱaccidents?ȱ
ȱ
2. WhatȱkindȱofȱhazardsȱcontributeȱtoȱmaintenanceȬrelatedȱincidentsȱandȱ
accidents?ȱ

1.4 Delimitations
Thereȱareȱtwoȱmainȱdelimitationsȱmadeȱinȱthisȱthesis.ȱFirstly,ȱtheȱthesisȱfocusesȱonȱ
maintenanceȱ ofȱ criticalȱ technicalȱ systems.ȱ Theȱ reasonȱ forȱ studyingȱ technicalȱ
systemsȱ isȱ toȱ improveȱ theȱ maintenanceȱ executionȱ throughȱ continuousȱ riskȱ
reduction,ȱinȱorderȱtoȱavoidȱcasualtiesȱandȱeconomicalȱlossesȱdueȱtoȱunidentifiedȱ
hazards.ȱ Thisȱ isȱ believedȱ toȱ beȱ importantȱ sinceȱ theȱ complexityȱ andȱ criticalityȱ ofȱ
technicalȱ systemsȱ hasȱ increasedȱ dramatically,ȱ atȱ theȱ sameȱ timeȱ asȱ improperȱ
maintenanceȱhasȱreceivedȱtooȱlittleȱattention.ȱ
ȱ
Secondly,ȱ thisȱ thesisȱ hasȱ aȱ specialȱ focusȱ onȱ railways.ȱ Oneȱ reasonȱ toȱ focusȱ onȱ
railwaysȱisȱdueȱtoȱtheȱfactȱthatȱtheyȱmakeȱuseȱofȱcriticalȱsystemsȱwhereȱimproperȱ
maintenanceȱmayȱcauseȱderailmentsȱandȱcollisions,ȱwhichȱhaveȱsevereȱimpactȱonȱ
theȱ travellersȱ andȱ alsoȱ mayȱ resultȱ inȱ injuries,ȱ fatalitiesȱ andȱ extensiveȱ economicalȱ
losses.ȱAnotherȱreasonȱisȱthatȱevenȱthoughȱtheȱrailwayȱindustryȱisȱaȱmatureȱone,ȱitȱ
isȱfacedȱwithȱnewȱchallenges,ȱsuchȱasȱaȱdynamicȱbusinessȱenvironmentȱandȱnewȱ
technologies.ȱ Aȱ furtherȱ reasonȱ isȱ aȱ pronouncedȱ determinationȱ fromȱ theȱ Swedishȱ
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Nationalȱ Railȱ Administrationȱ toȱ identifyȱ hazardsȱ relatedȱ toȱ improperȱ
maintenance,ȱwhichȱfacilitatedȱtheȱpossibilityȱtoȱstudyȱrelevantȱinformation.ȱ

1.5 Structure of the Thesis
Theȱ structureȱ ofȱ theȱ thesisȱ isȱ presentedȱ inȱ Figureȱ 1.1.ȱ Theȱ thesisȱ consistsȱ ofȱ fiveȱ
chaptersȱandȱfiveȱappendedȱpapers.ȱ
ȱ
Theȱ firstȱ chapterȱ (Introduction)ȱ startsȱ withȱ aȱ descriptionȱ ofȱ theȱ backgroundȱ andȱ
researchȱ problem.ȱ Thereafter,ȱ theȱ purpose,ȱ researchȱ questions,ȱ delimitationsȱ andȱ
thesisȱstructureȱareȱoutlined.ȱ
ȱ
ȱ
Chapter 1
Chapter 2
Chapter 3
ȱ
Introduction
Theoretical Frame of Reference
Methodology
ȱ
ȱ
Paper I
Paper III
ȱ
A process view of
Maintenance-related
ȱ
maintenance and its
losses at the
Chapter 4
ȱ
stakeholders
Swedish rail
Summary of Appended Papers
ȱ
ȱ
ȱ
Chapter 5
ȱ
Paper II
Paper IV
Conclusions
and Discussion
ȱ
A process approach
Loss causation
ȱ
to maintenanceanalysis of
related hazard
accidents linked to
ȱ
maintenance on the
identification
ȱ
Appended Papers
Swedish state
ȱ
railways
ȱ
ȱ
Paper V
Human failures in
ȱ
maintenance
ȱ
execution within a
ȱ
railway context
ȱ
ȱ
ȱ
Figureȱ1.1.ȱTheȱstructureȱofȱthisȱthesis,ȱincludingȱfiveȱchaptersȱandȱfiveȱappendedȱpapers.ȱȱ
ȱ
Inȱtheȱsecondȱchapterȱ(TheoreticalȱFrameȱofȱReference)ȱtheȱtheoreticalȱframeworkȱ
willȱ beȱ presented,ȱ includingȱ aspectsȱ ofȱ Maintenance,ȱ Qualityȱ andȱ Riskȱ
Management.ȱ Differentȱ accidentȱ causationȱ modelsȱ andȱ aspectsȱ ofȱ accidentȱ
investigationsȱareȱalsoȱpresented.ȱ
ȱ
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Theȱ thirdȱ chapterȱ (Researchȱ Methodology)ȱ includesȱ theȱ chosenȱ researchȱ designȱ
andȱ differentȱ aspectsȱ ofȱ dataȱ collectionȱ andȱ dataȱ analysisȱ willȱ beȱ presented.ȱ
Validityȱandȱreliabilityȱissuesȱofȱtheȱdifferentȱstudiesȱwillȱalsoȱbeȱdiscussed.ȱ
ȱ
Inȱtheȱfourthȱchapterȱ (SummaryȱofȱAppendedȱPapers)ȱtheȱfiveȱappendedȱpapersȱ
areȱsummarizedȱandȱtheȱmainȱresultsȱpresented.ȱTheȱrelationsȱbetweenȱtheȱpapersȱ
andȱtheȱresearchȱquestionsȱareȱillustratedȱinȱFigureȱ1.2.ȱȱ
ȱ
ȱ
Paperȱ
RQȱ1ȱ
RQȱ2ȱ
Iȱ
+ȱ+ȱ
ȱ
IIȱ
+ȱ+ȱ
+ȱ
IIIȱ
+ȱ
+ȱ+ȱ
IVȱ
+ȱ
+ȱ+ȱ
Vȱ
+ȱ+ȱ
+ȱ+ȱȱ
ȱ
Figureȱ1.2.ȱTheȱrelationsȱbetweenȱtheȱfiveȱappendedȱpapersȱandȱtheȱresearchȱtwoȱquestions.ȱ
Hereȱ“++”ȱmeansȱaȱstrongȱcorrelationȱandȱ“+”ȱaȱweakerȱcorrelation.ȱ
ȱ
Inȱtheȱfifthȱandȱlastȱchapterȱ(ConclusionsȱandȱDiscussion)ȱtheȱgeneralȱconclusionsȱ
drawnȱfromȱtheȱdifferentȱpapersȱwillȱbeȱpresentedȱinȱrelationȱtoȱtheȱtwoȱresearchȱ
questionsȱ andȱ aȱ discussionȱ willȱ beȱ heldȱ toȱ commentȱ someȱ aspectsȱ ofȱ theȱ results.ȱ
Finally,ȱsuggestionsȱforȱfurtherȱresearchȱworkȱwillȱbeȱoutlined.ȱ
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2 THEORETICAL FRAME OF REFERENCE
Thisȱchapterȱconsistsȱofȱtheȱtheoreticalȱframeȱofȱreference.ȱAreasȱimportantȱforȱthisȱthesisȱ
areȱdescribed.ȱ

2.1 Maintenance Management
Withȱ increasingȱ awarenessȱ ofȱ theȱ factȱ thatȱ maintenanceȱ notȱ onlyȱ ensuresȱ highȱ
levelȱ ofȱ safetyȱ atȱ workȱ places,ȱ highȱ reliabilityȱ andȱ availabilityȱ ofȱ plantsȱ butȱ alsoȱ
createsȱvalueȱinȱtheȱbusinessȱprocess,ȱmaintenanceȱhasȱbecomeȱaȱfocusȱofȱstrategicȱ
thinkingȱ ofȱ manyȱ companiesȱ allȱ overȱ theȱ worldȱ (Kumarȱ &ȱ Ellingsen,ȱ 2000;ȱ
Liyanageȱ&ȱKumar,ȱ2003).ȱȱ
ȱ
Withȱthisȱchangeȱinȱmindȱsetȱofȱmanagers,ȱmaintenanceȱdisciplineȱhasȱdevelopedȱ
intoȱ aȱ complexȱ investmentȱ activity,ȱ ratherȱ thanȱ beingȱ aȱ costȱ producingȱ activity,ȱ
dueȱtoȱtheȱ insightȱthatȱefficientȱmaintenanceȱincreasesȱtheȱprofitȱofȱtheȱcompanyȱ
(Groote,ȱ1994).ȱMaintenanceȱisȱmultidisciplinaryȱinȱnatureȱandȱthereforeȱeffectiveȱ
managementȱofȱmaintenanceȱprocessȱnecessitatesȱapplicationȱofȱknowledgeȱfromȱ
differentȱ disciplinesȱ cuttingȱ acrossȱ variousȱ fieldsȱ ofȱ scienceȱ (Kumar,ȱ 2002).ȱ
Maintenanceȱ mayȱbeȱdefinedȱ asȱtheȱ combinationȱ ofȱ technicalȱ andȱ administrativeȱ
actions,ȱsuchȱasȱsupervisionȱactions,ȱintendedȱtoȱretainȱanȱitemȱinȱorȱrestoreȱitȱtoȱaȱ
stateȱinȱwhichȱitȱcanȱperformȱaȱrequiredȱfunctionȱ(IEVȱ191Ȭ07Ȭ01,ȱ2002).ȱȱ
ȱ
MaintenanceȱManagementȱmayȱbeȱdescribedȱasȱtheȱactivitiesȱofȱtheȱmanagementȱ
thatȱ determineȱ Maintenanceȱ Objectives6,ȱ Maintenanceȱ Strategies7,ȱ Maintenanceȱ
Policy8ȱ andȱ responsibilitiesȱ (SSȬENȱ 13306).ȱ Thereafterȱ Maintenanceȱ Plans9ȱ andȱ
control,ȱincludingȱsupervision,ȱmustȱbeȱimplementedȱinȱtheȱorganisation.ȱFinally,ȱ
theȱadoptedȱmethodologiesȱinȱtheȱorganisation,ȱincludingȱeconomicȱaspects,ȱmustȱ
beȱevaluatedȱ(SSȬENȱ13306).ȱȱ
ȱ
Theȱ Maintenanceȱ Strategyȱ mayȱ beȱ dividedȱ intoȱ Preventiveȱ Maintenanceȱ andȱ
Correctiveȱ Maintenance,ȱ seeȱ Figureȱ 2.1ȱ forȱ anȱ illustrationȱ ofȱ theȱ differentȱ
Maintenanceȱ Strategiesȱ (SSȬENȱ 13306).ȱ Insteadȱ ofȱ preventingȱ andȱ correctingȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ Maintenanceȱ Objectivesȱ areȱ hereȱ definedȱ asȱ targetsȱ assigned,ȱ andȱ acceptedȱ forȱ theȱ maintenanceȱ activitiesȱ
whichȱmayȱincludeȱavailability,ȱcostȱreduction,ȱproductȱquality,ȱenvironmentȱpreservation,ȱandȱsafetyȱ(SSȬENȱ
13306).ȱ
ȱ
7ȱMaintenanceȱStrategyȱisȱhereȱdefinedȱasȱaȱmanagementȱmethod,ȱusedȱinȱorderȱtoȱachieveȱtheȱMaintenanceȱ
Objectivesȱ(SSȬENȱ13306).ȱNoteȱthatȱtheȱwordȱmethodologyȱisȱpreferredȱinȱthisȱthesisȱinsteadȱofȱmethod.ȱ
ȱ
8ȱ Theȱ maintenanceȱ policyȱ isȱ aȱ descriptionȱ ofȱ theȱ interrelationshipȱ betweenȱ theȱ maintenanceȱ echelons,ȱ theȱ
indentureȱlevelsȱandȱtheȱlevelȱofȱmaintenanceȱtoȱbeȱappliedȱforȱtheȱmaintenanceȱofȱanȱitemȱ(IEVȱ191Ȭ07Ȭ03).ȱ
ȱ
9ȱ Maintenanceȱ Planȱ isȱ hereȱ definedȱ asȱ aȱ structuredȱ setȱ ofȱ tasksȱ thatȱ includesȱ theȱ activities,ȱ procedures,ȱ
resourcesȱandȱtheȱtimeȱscaleȱrequiredȱtoȱcarryȱoutȱmaintenanceȱ(SSȬENȱ13306).ȱ
6

ȱ

9

failuresȱorȱfaults,ȱtheȱdesignȱofȱtheȱproductȱorȱsystemȱcanȱbeȱchangedȱinȱorderȱtoȱ
eliminateȱ theȱ needȱ forȱ maintenanceȱ duringȱ theȱ lifeȱ cycleȱ (Kelly,ȱ 1999).ȱ Theȱ
decisionȱregardingȱtheȱchoiceȱofȱmaintenanceȱstrategyȱshouldȱbeȱtakenȱalreadyȱatȱ
designȱphaseȱofȱtheȱtechnicalȱsystemȱ(Markesetȱ&ȱKumar,ȱ2003;ȱKumar,ȱ2002).ȱȱ
ȱ
Maintenance
ȱ
ȱ
ȱ
Preventive
Corrective
ȱ
Maintenance
Maintenance
ȱ
ȱ
Condition Based
Predeterminded
ȱ
Maintenance
Maintenance
ȱ
ȱ
Scheduled,
Scheduled
Deferred
Immediate
Continuous or
ȱ
On Request
ȱ
ȱ
Figureȱ 2.1.ȱ Anȱ illustrationȱ ofȱ differentȱ Maintenanceȱ Strategies.ȱ Theȱ topȱ structureȱ isȱ
brokenȱdownȱintoȱtheȱpreventionȱofȱfailuresȱorȱtheȱcorrectionȱofȱfaultsȱthatȱareȱrecognised.ȱ
(Source:ȱSSȬENȱ13306)ȱ
ȱ
Preventiveȱ Maintenanceȱ mayȱ beȱ seenȱ asȱ theȱ maintenanceȱ carriedȱ outȱ atȱ
predeterminedȱ intervalsȱ orȱ accordingȱ toȱ prescribedȱ criteria,ȱ intendedȱ toȱ reduceȱ
theȱ probabilityȱ ofȱ failure10ȱ orȱ theȱ degradationȱ ofȱ theȱ functioningȱ ofȱ anȱ itemȱ (IEVȱ
191Ȭ07Ȭ07,ȱ 2002).ȱ Thisȱ meansȱ thatȱ maintenanceȱ isȱ performedȱ beforeȱ aȱ failureȱ isȱ
developed.ȱ Preventiveȱ Maintenanceȱcanȱ beȱdoneȱatȱ predeterminedȱ intervals,ȱ e.g.ȱ
afterȱaȱcertainȱtimeȱorȱwhenȱtheȱstateȱofȱanȱitemȱhasȱreachedȱpredeterminedȱlimits.ȱ
Correctiveȱ Maintenanceȱ isȱ theȱ maintenanceȱ carriedȱ outȱ afterȱ fault11ȱ recognition,ȱ
intendedȱ toȱ bringȱ backȱ anȱ itemȱ intoȱ aȱ stateȱ inȱ whichȱ itȱ canȱ performȱ aȱ requiredȱ
functionȱ (IEVȱ 191Ȭ07Ȭ07,ȱ 2002).ȱ Thisȱ meansȱ thatȱ maintenanceȱ isȱ performedȱ afterȱ
theȱfaultȱofȱanȱitemȱhasȱbeenȱdetected,ȱinȱorderȱtoȱrestoreȱtheȱitem.ȱ
ȱ
Theȱ complexityȱ ofȱ maintenanceȱ hasȱ madeȱ itȱ necessaryȱ forȱ bothȱ maintenanceȱ
personnelȱ andȱ managementȱ toȱ haveȱ aȱ maintenanceȱ modelȱ asȱ aȱ fundamentalȱ
referenceȱ pointȱ inȱ allȱ decisionȬmakingȱ regardingȱ maintenanceȱ aspectsȱ (Kumar,ȱ
2002).ȱ Therefore,ȱ anȱ attemptȱ wasȱ madeȱ byȱ Coetzeeȱ (1998)ȱ toȱ illustrateȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱFailureȱisȱhereȱdefinedȱasȱtheȱterminationȱofȱtheȱabilityȱofȱanȱitemȱtoȱperformȱaȱrequiredȱfunctionȱ(SSȬENȱ
13306).ȱ
ȱ
11ȱAȱfaultȱisȱdefinedȱasȱtheȱstateȱofȱanȱitemȱthatȱisȱcharacterisedȱbyȱtheȱinabilityȱtoȱperformȱaȱrequiredȱfunction,ȱ
excludingȱ theȱ inabilityȱ duringȱ preventiveȱ maintenanceȱ orȱ otherȱ plannedȱ actions,ȱ orȱ dueȱ toȱ lackȱ ofȱ externalȱ
resourcesȱ(IEVȱ191Ȭ05Ȭ01).ȱ
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Maintenanceȱ Management,ȱ seeȱ Figureȱ 2.2.ȱ Maintenanceȱ Managementȱ mustȱ meetȱ
differentȱ maintenanceȱ demands,ȱ whichȱ ariseȱ fromȱ theȱ systemȱ designȱ andȱ areȱ
definedȱ inȱ theȱ maintenanceȱ planȱ development.ȱ Maintenanceȱ Managementȱ mustȱ
alsoȱ controlȱ theȱ differentȱ externalȱ resourcesȱ supportingȱ theȱ maintenanceȱ work,ȱ
suchȱasȱmaintenanceȱconsultantsȱandȱdifferentȱoriginalȱequipmentȱmanufacturersȱ
(OEM).ȱItȱisȱalsoȱimportantȱtoȱcontrolȱtheȱinternalȱresources,ȱsuchȱasȱmaintenanceȱ
operatorsȱandȱtheȱcapacityȱofȱtheȱsystem.ȱControlȱofȱspareȱpartsȱandȱrotablesȱ(e.g.ȱ
itemsȱthatȱareȱremovedȱfromȱtheȱsystemȱandȱthenȱreplaced)ȱareȱanotherȱimportantȱ
aspectȱofȱMaintenanceȱManagement.ȱTheȱresultsȱofȱMaintenanceȱManagementȱareȱ
evaluatedȱ andȱ feedbackȱ shouldȱ beȱ givenȱ toȱ theȱ maintenanceȱ demandsȱ andȱ theȱ
designȱ phaseȱ ofȱ newȱ similarȱ systemsȱ asȱ aȱ partȱ ofȱ theȱ continuousȱ qualityȱ
improvementȱworkȱ(Coetzee,ȱ1998).ȱ
ȱ
Design
Manufacture

External
Capacity

OEM Support

Maintenance plan
developement
Operator’s Maintenance
Maintenance
Demand

Maintenance
Management

Internal Capacity
Spare Parts Control

Management
Feedback

Rotable’s Control
Evaluation
of Results

Feedback

ȱ
ȱ
Figureȱ2.2.ȱAnȱillustrationȱofȱMaintenanceȱManagement,ȱwhichȱisȱsupportedȱbyȱdifferentȱ
externalȱ andȱ internalȱ resources.ȱ Thisȱ illustrationȱ emphasisesȱ thatȱ theȱ maintenanceȱ
demandsȱ ofȱ theȱ technicalȱ system,ȱ whichȱ originateȱ fromȱ theȱ systemȱ design,ȱ mustȱ beȱ metȱ
withȱcertainȱinternalȱandȱexternalȱresources.ȱ(Source:ȱCoetzee,ȱ1998)ȱ
ȱ
However,ȱ Cotzee’sȱ (1998)ȱ approachȱ toȱ Maintenanceȱ Management,ȱ illustratedȱ inȱ
Figureȱ 2.2,ȱ doesȱ notȱ describeȱ theȱ activitiesȱ conductedȱ insideȱ theȱ maintenanceȱ
organisationȱ onȱ aȱ sufficientlyȱ detailedȱ level.ȱ Therefore,ȱ itȱ isȱ necessaryȱ toȱ findȱ aȱ
wayȱ ofȱ illustratingȱ theseȱ activities.ȱ Theȱ Europeanȱ Federationȱ ofȱ Nationalȱ
MaintenanceȱSocieties,ȱEFNMS,ȱhasȱmadeȱanȱattemptȱtoȱillustrateȱtheseȱactivitiesȱ
andȱthereforeȱdevelopedȱtwoȱmaintenanceȱprocesses12,ȱforȱcorrectiveȱmaintenance,ȱ
andȱpreventiveȱmaintenanceȱrespectively,ȱseeȱFigureȱ2.3ȱandȱ2.4ȱforȱanȱillustration.ȱȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱAȱprocessȱmayȱbeȱdefinedȱasȱaȱnetworkȱofȱactivitiesȱthat,ȱbyȱtheȱ useȱofȱ resources,ȱrepeatedlyȱconvertsȱanȱ
inputȱtoȱanȱoutputȱforȱstakeholdersȱ(Isaksson,ȱ2004).ȱ
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2.1.1 Preventive Maintenance Process
Oneȱ Preventiveȱ Maintenanceȱ Process,ȱ developedȱ byȱ EFNMSȱ (2000)ȱ isȱ illustratedȱ
inȱ Figureȱ 2.3.ȱ Theȱ Preventiveȱ Maintenanceȱ Processȱ consistsȱ hereȱ ofȱ fourȱ processȱ
activities,ȱsupportedȱbyȱdocuments,ȱdataȱandȱresources.ȱTheȱprocessȱstartsȱwithȱaȱ
failureȱ statisticsȱ reportȱ andȱ theȱ configurationȱ ofȱ Preventiveȱ Maintenanceȱ starts.ȱ
Theȱ configurationȱ ofȱ Preventiveȱ Maintenanceȱ isȱ supportedȱ byȱ aȱ maintenanceȱ
policyȱ forȱ theȱ equipment,ȱ andȱ assetȱ data,ȱ suchȱ asȱ drawings,ȱ technicalȱ
specificationsȱ andȱ locationȱ ofȱ theȱ equipment.ȱ Theȱ secondȱ processȱ activityȱ isȱ
preventiveȱ maintenanceȱ planning,ȱ whichȱ isȱ supportedȱ byȱ maintenanceȱ
measurementȱ ofȱ previouslyȱ conductedȱ maintenanceȱ work.ȱ Theȱ outputȱ ofȱ theȱ
secondȱ processȱ activityȱ isȱ aȱ workȱ orderȱ usedȱ forȱ theȱ preventiveȱ maintenanceȱ
performance.ȱTheȱthirdȱactivityȱisȱtheȱpreventiveȱmaintenanceȱperformance.ȱThisȱ
activityȱ isȱ supportedȱ byȱ maintenanceȱ manuals,ȱ staffȱ orȱ contractorsȱ andȱ spareȱ
parts.ȱTheȱoutputȱisȱaȱfunctioningȱsystem,ȱplusȱconsumedȱmaterials,ȱsuchȱasȱwornȬ
outȱ parts,ȱ whichȱ mustȱ beȱ disposedȱ of.ȱ Feedbackȱ isȱ givenȱ whenȱ theȱ preventiveȱ
maintenanceȱ workȱ hasȱ beenȱ done.ȱ Theȱ finalȱ processȱ activityȱ isȱ controlȱ ofȱ theȱ
function.ȱInȱthisȱactivityȱfeedbackȱisȱgivenȱregardingȱtheȱdifferentȱactivitiesȱinȱtheȱ
Preventiveȱ Maintenanceȱ Processȱ andȱ theȱ accountȱ registerȱ isȱ updated.ȱ (EFNMS,ȱ
2000)ȱ
ȱ
Feedback

Maintenance
Policy

Failure
Statistic
Report

Maintenance
Measurement

1. Configuration
of Preventive
Maintenance

Asset
Data

2. Preventive
Maintenance
Planning
Spares

Schedule of Work
Order
3. Preventive
Maintenance
Performance

Consumed
Material
Maintenance
Manuals

Functioning
System
4. Control of
Function

Staff or
Contractor

Invoice
Account
Register

ȱ
ȱ
Figureȱ 2.3.ȱ Aȱ Preventiveȱ Maintenanceȱ Processȱ illustratingȱ theȱ workflow,ȱ consistingȱ ofȱ
fourȱdifferentȱactivities,ȱandȱtheȱsupportedȱresources.ȱ(Source:ȱEFNMS,ȱ2000)ȱ
ȱ
2.1.2 Corrective Maintenance Process
OneȱCorrectiveȱMaintenanceȱProcess,ȱdevelopedȱbyȱEFNMSȱ(2000)ȱisȱillustratedȱinȱ
Figureȱ 2.4.ȱ Theȱ Correctiveȱ Maintenanceȱ Processȱ consistsȱ hereȱ ofȱ fourȱ processȱ

ȱ
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activities,ȱ supportedȱ byȱ documents,ȱ data,ȱ andȱ resources.ȱ Theȱ Correctiveȱ
MaintenanceȱProcessȱstartsȱwithȱaȱfailureȱreportȱatȱtheȱfirstȱprocessȱactivity,ȱfailureȱ
registration.ȱ Theȱ failureȱ registrationȱ isȱ supportedȱ byȱ aȱ serviceȱ policyȱ forȱ theȱ
equipmentȱandȱassetȱdata,ȱsuchȱasȱdrawings,ȱtechnicalȱspecificationsȱandȱlocationȱ
ofȱtheȱequipment.ȱTheȱsecondȱprocessȱactivityȱisȱcorrectiveȱmaintenanceȱplanning,ȱ
whichȱisȱsupportedȱbyȱtheȱmaintenanceȱpolicy.ȱTheȱoutputȱofȱtheȱsecondȱprocessȱ
activityȱisȱaȱworkȱorder,ȱusedȱforȱtheȱperformanceȱofȱtheȱCorrectiveȱMaintenance.ȱ
Theȱ thirdȱ activityȱ isȱ theȱ repairȱ performance.ȱ Thisȱ activityȱ isȱ supportedȱ byȱ
maintenanceȱ manuals,ȱ staffȱ orȱ contractorsȱ andȱ spareȱ parts.ȱ Theȱ outputȱ isȱ aȱ
functioningȱ system,ȱ butȱ consumedȱ materials,ȱ suchȱ asȱ wornȱ outȱ parts,ȱ mustȱ beȱ
disposedȱ of.ȱ Feedbackȱ isȱ givenȱ whenȱ theȱ correctiveȱ maintenanceȱ workȱ hasȱ beenȱ
done.ȱTheȱlastȱprocessȱactivityȱisȱcontrolȱofȱtheȱfunction.ȱInȱthisȱactivityȱfeedbackȱisȱ
givenȱ backȱ toȱ differentȱ activitiesȱ ofȱ theȱ Correctiveȱ Maintenanceȱ Processȱ andȱ theȱ
accountȱregisterȱisȱupdated.ȱ(EFNMS,ȱ2000)ȱ
ȱ
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Figureȱ 2.4.ȱ Aȱ Correctiveȱ Maintenanceȱ Process,ȱ illustratingȱ theȱ workflow,ȱ consistingȱ ofȱ
fourȱdifferentȱactivities,ȱandȱtheȱsupportedȱresources.ȱ(Source:ȱEFNMS,ȱ2000)ȱ
ȱ

2.2 Quality and Continuous Improvements
Crosbyȱ(1979)ȱdefinesȱproductȱqualityȱasȱ“conformanceȱtoȱrequirements”,ȱDemingȱ
(1986)ȱsaysȱthatȱ“qualityȱshouldȱ beȱaimedȱatȱtheȱneedsȱofȱtheȱcustomers,ȱpresentȱ
andȱfuture”,ȱandȱTaguchiȱ&ȱWuȱ(1979)ȱstateȱthatȱ“theȱlackȱofȱqualityȱisȱtheȱlossesȱaȱ
productȱ impactsȱ toȱ societyȱ fromȱ theȱ timeȱ theȱ productȱ isȱ shipped”,ȱ andȱ provideȱ
therebyȱaȱdefinition,ȱwhichȱisȱcloselyȱrelatedȱtoȱtoday’sȱconceptȱofȱtheȱ”sustainableȱ
society”.ȱ Accordingȱ toȱ theȱ internationalȱ standardȱ ISOȱ 9000:2000ȱ “qualityȱ isȱ theȱ
degreeȱ toȱ whichȱ aȱ setȱ ofȱ inherentȱ characteristicsȱ fulfilsȱ theȱ requirementsȱ i.e.ȱ theȱ
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needsȱ andȱ expectationsȱ thatȱ areȱ stated,ȱ generallyȱ impliedȱ orȱ obligatory”.ȱ Inȱ
summaryȱ thisȱ meansȱ thatȱ today’sȱ viewȱ ofȱ qualityȱ isȱ closelyȱ relatedȱ toȱ customerȱ
satisfaction,ȱaȱviewȱthatȱisȱalsoȱexpressedȱinȱtheȱdefinitionȱbyȱBergmanȱ&ȱKlefsjöȱ
(2003)ȱ whenȱ theyȱ claimȱ thatȱ “theȱ qualityȱ ofȱ aȱ productȱ isȱ itsȱ abilityȱ toȱ satisfy,ȱ orȱ
preferablyȱexceed,ȱtheȱneedsȱandȱexpectationsȱofȱtheȱcustomers”.ȱ
ȱ
Theȱ conceptȱ ofȱ productȱ qualityȱ hasȱ manyȱ dimensions.ȱ Forȱ goods,ȱ someȱ ofȱ themȱ
areȱ(Bergmanȱ&ȱKlefsjö,ȱ2003):ȱ
ȱ
x Reliability,ȱ whichȱ isȱ aȱ measureȱ ofȱ howȱ oftenȱ problemsȱ occurȱ andȱ howȱ
seriousȱtheseȱare.ȱ
ȱ
x Maintainability,ȱ whichȱ summarizesȱ howȱ easyȱ orȱ difficultȱ itȱ isȱ toȱ detect,ȱ
locateȱandȱtakeȱcareȱofȱproblems.ȱ
ȱ
x Environmentalȱimpact,ȱwhichȱisȱaȱmeasureȱofȱhowȱtheȱproductȱaffectsȱtheȱ
environment,ȱ e.g.ȱ inȱ theȱ formȱ ofȱ emissionsȱ orȱ recyclability,ȱ andȱ howȱ
environmentalȱaspectsȱareȱtreatedȱinȱtheȱproduction.ȱ
ȱ
x Safety,ȱ meaningȱ thatȱ theȱ articleȱ doesȱ notȱ causeȱ damageȱ toȱ peopleȱ orȱ
property,ȱor,ȱinȱsomeȱcases,ȱprovidesȱadequateȱprotectionȱagainstȱdamage.ȱ
ȱ
Qualityȱ activitiesȱ andȱ continuousȱ improvementsȱ areȱ todayȱ oftenȱ coveredȱ inȱ theȱ
conceptȱ ofȱ Totalȱ Qualityȱ Managementȱ (TQM).ȱ Thisȱ conceptȱ mayȱ beȱ describedȱ inȱ
severalȱ ways,ȱ butȱ duringȱ theȱ lastȱ fewȱ yearsȱ aȱ coupleȱ ofȱ papersȱ haveȱ beenȱ
presentedȱinȱwhichȱaȱperspectiveȱofȱmanagementȱsystemȱhasȱbeenȱusedȱtoȱdefineȱ
TQM.ȱOneȱofȱtheseȱpapersȱisȱHellstenȱ&ȱKlefsjöȱ(2000),ȱwhoȱdefineȱTotalȱQualityȱ
Managementȱ asȱ “aȱ continuouslyȱ evolvingȱ managementȱ systemȱ consistingȱ ofȱ
values,ȱ methodologiesȱ andȱ tools,ȱ theȱ aimȱ ofȱ whichȱ isȱ toȱ createȱ externalȱ andȱ
internalȱcustomerȱsatisfactionȱwithȱaȱreducedȱamountȱofȱresources”.ȱȱ
ȱ
Theȱ values,ȱ whichȱ shouldȱ beȱ theȱ basisȱ forȱ theȱ qualityȱ culture,ȱ are,ȱ accordingȱ toȱ
Bergmanȱ&ȱKlefsjöȱ(2003):ȱ
ȱ
x Focusȱonȱcustomersȱ
ȱ
ȱ
ȱ
x Focusȱonȱprocessesȱȱ
ȱ
ȱ
ȱ
x Baseȱdecisionsȱonȱfactsȱȱ
ȱ
ȱ
x Letȱeverybodyȱbeȱcommittedȱ
x Improveȱcontinuouslyȱ
x Committedȱleadershipȱ
ȱ
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Inȱ today’sȱ societyȱ weȱ areȱ becomingȱ increasinglyȱ dependentȱ onȱ technologicalȱ
systems.ȱ Theȱ consequencesȱ ofȱ interruptionȱ orȱ accidentsȱ causedȱ byȱ theseȱ systemsȱ
areȱ oftenȱ serious,ȱ sometimesȱ disastrous.ȱ Consequently,ȱ reliabilityȱ andȱ safetyȱ areȱ
extremelyȱ importantȱ qualityȱ dimensionsȱ andȱ reliabilityȱ engineering,ȱ comprisingȱ
methodologiesȱandȱtoolsȱforȱincreasedȱreliabilityȱandȱsafetyȱisȱaȱvitalȱpartȱofȱTotalȱ
Qualityȱ Management.ȱ Accordingȱ toȱ Bergmanȱ &ȱ Klefsjöȱ (2003),ȱ theȱ mainȱ aimȱ ofȱ
reliabilityȱengineeringȱisȱto:ȱ
ȱȱ
x Findȱcausesȱofȱfailuresȱandȱtryȱtoȱeliminateȱthese,ȱi.e.ȱincreasingȱtheȱfailureȱ
resistanceȱofȱtheȱproduct.ȱ
ȱ
x Findȱ theȱ consequencesȱ ofȱ failuresȱ and,ȱ ifȱ possible,ȱ reduceȱ andȱ eliminateȱ
theirȱ effects,ȱ i.e.ȱ increasingȱ theȱ toleranceȱ ofȱ theȱ productȱ toȱ failure.ȱ Thisȱ isȱ
sometimesȱcalledȱincreasedȱfaultȱtolerance.ȱ
ȱ
Inȱ reliabilityȱ engineeringȱ andȱ reliabilityȱ managementȱ theȱ importanceȱ ofȱ
progressive,ȱ systematicȱ improvementȱ workȱ cannotȱ beȱ overemphasized.ȱ Hereȱ theȱ
decisionsȱhaveȱtoȱ beȱ basedȱ onȱ facts.ȱ Theȱ causesȱ ofȱ failure,ȱ orȱ theȱ possibleȱ eventsȱ
thatȱ mightȱ causeȱ failure,ȱ haveȱ toȱ beȱ systematicallyȱ analysedȱ andȱ itȱ is,ȱ asȱ inȱ mostȱ
otherȱ improvementȱ work,ȱ importantȱ toȱ lookȱ systematicallyȱ atȱ theȱ relevantȱ
processesȱandȱimproveȱtheirȱabilityȱtoȱproduceȱandȱmaintainȱaȱsystem’sȱreliabilityȱ
andȱsafetyȱinȱanȱefficientȱway.ȱTheȱmoreȱcomplexȱtheȱproductsȱareȱthatȱweȱstudy,ȱ
theȱmoreȱimportantȱitȱisȱtoȱestablishȱaȱsystemȱviewȱtakingȱtheȱinteractionȱbetweenȱ
theȱ elementsȱ intoȱ considerationȱ inȱ orderȱ toȱ ensureȱ thatȱ theȱ systemȱ isȱ somethingȱ
moreȱthanȱtheȱsumȱofȱtheȱindividualȱelements.ȱ(Bergmanȱ&ȱKlefsjö,ȱ2003)ȱ
2.2.1 The Improvement Cycle
Theȱ Improvementȱ Cycleȱ isȱ oftenȱ usedȱ inȱ orderȱ toȱ establishȱ aȱ mentalȱ modelȱ ofȱ
continuousȱ improvementȱ work.ȱ Theȱ differentȱ phasesȱ ofȱ theȱ Improvementȱ Cycleȱ
areȱillustratedȱinȱFigureȱ2.5.ȱ
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Figureȱ 2.5.ȱ Theȱ Improvementȱ Cycleȱ illustratesȱ differentȱ phasesȱ inȱ theȱ continuousȱ
improvementȱwork.ȱTheȱfirstȱstepȱstartsȱwithȱanȱidentifiedȱproblemȱandȱaȱsuggestionȱforȱ
improvementȱ isȱ plannedȱ (plan).ȱ Inȱ theȱ secondȱ phaseȱ (do)ȱ theȱ changeȱ forȱ improvementȱ isȱ
applied.ȱ Then,ȱ theȱ resultȱ ofȱ theȱ changeȱ isȱ studiedȱ (study).ȱ Finally,ȱ ifȱ theȱ changeȱ wasȱ
successful,ȱ theȱ resultsȱ areȱ adoptedȱ andȱ newȱ routinesȱ andȱ methodologiesȱ areȱ established.ȱ
(Source:ȱDeming,ȱ1994)ȱ
ȱ
Plan:ȱTheȱfirstȱstepȱstartsȱwithȱanȱideaȱofȱimprovementȱofȱaȱproductȱorȱaȱprocess.ȱItȱ
leadsȱtoȱaȱplanȱforȱtheȱtest,ȱcomparisonȱorȱexperiment.ȱItȱisȱveryȱimportantȱtoȱplanȱ
theȱimprovementȱcarefully;ȱtooȱquickȱstartȱmayȱbeȱineffectiveȱ(Deming,ȱ1994).ȱTheȱ
decisionsȱtakenȱmustȱbeȱbasedȱonȱfactsȱ(Bergmanȱ&ȱKlefsjö,ȱ2003).ȱȱ
ȱ
Do:ȱ Carryȱ outȱ theȱ changeȱ orȱ testȱ (Deming,ȱ 1994).ȱ Itȱ isȱ atȱ thisȱ pointȱ importantȱ toȱ
makeȱ everybodyȱ involvedȱ fullyȱ awareȱ ofȱ theȱ problemȱ andȱ theȱ agreedȱ
improvementȱstepsȱ(Bergmanȱ&ȱKlefsjö,ȱ2003).ȱ
ȱ
Study:ȱWhenȱappropriateȱstepsȱhaveȱbeenȱtakenȱtoȱsolveȱtheȱproblemȱduringȱtheȱ
DoȬphase,ȱweȱneedȱtoȱstudyȱsuitablyȱchosenȱparametersȱandȱcarefullyȱanalyseȱtheȱ
dataȱ (Bergmanȱ &ȱ Klefsjö,ȱ 2003).ȱ Thisȱ meansȱ thatȱ weȱ studyȱ theȱ resultsȱ (Deming,ȱ
1994).ȱ
ȱ
Act:ȱ Adoptȱ theȱ changeȱ orȱ abandonȱ itȱ andȱ runȱ throughȱ theȱ cycleȱ againȱ withȱ
differentȱconditionsȱ(Deming,ȱ1994).ȱIfȱweȱgotȱanȱimprovementȱweȱhaveȱtoȱadoptȱ
theȱchangeȱandȱestablishȱnewȱroutinesȱandȱmethodologies.ȱIfȱtheȱactionsȱtakenȱdidȱ
notȱgiveȱtheȱexpectedȱresultsȱweȱneedȱtoȱabandonȱtheȱchangeȱandȱrunȱthroughȱtheȱ
cycleȱonceȱagain.ȱHowever,ȱitȱisȱimportantȱalsoȱtoȱlearnȱfromȱtheȱwayȱweȱperformȱ
improvementsȱ inȱ orderȱ toȱ improveȱ ourȱ improvementȱ workȱ (Bergmanȱ &ȱ Klefsjö,ȱ
2003).ȱ
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2.3 Risk Management
Itȱ isȱ necessaryȱ forȱ theȱ managementȱ toȱ understandȱ theȱ levelȱ ofȱ risksȱ theȱ
organisationȱ isȱ facing,ȱ andȱ howȱ theseȱ risksȱ changeȱ asȱ aȱ resultȱ ofȱ theȱ operatingȱ
conditionsȱ(Huntȱ&ȱWierman,ȱ1990).ȱUndesirableȱeventsȱmayȱoccurȱasȱaȱresultȱofȱ
componentȱandȱsubsystemȱfailuresȱandȱmightȱleadȱtoȱlossȱofȱlife,ȱpersonalȱinjury,ȱ
damageȱtoȱtheȱenvironmentȱorȱlossȱofȱeconomicȱvaluesȱ(Aven,ȱ1992).ȱ
ȱ
RiskȱManagementȱaimsȱatȱpredictingȱwhereȱhazardousȱevents13ȱmayȱhappenȱandȱ
therebyȱ makingȱ itȱ possibleȱ toȱ preventȱ theȱ accidentsȱ thatȱ haveȱ notȱ yetȱ occurredȱ
(McKinnon,ȱ2000).ȱShortcomingsȱwhenȱanalysing,ȱevaluatingȱandȱcontrollingȱrisksȱ
areȱtheȱkeyȱeventsȱthatȱproduceȱlossesȱinȱtheȱorganisationȱ(Birdȱ&ȱLoftus,ȱ1976).ȱ
ȱ
TheȱaimȱofȱRiskȱManagementȱisȱtoȱconsiderȱtheȱimpactȱofȱcertainȱriskyȱeventsȱonȱ
theȱ performanceȱ ofȱ theȱ organisation.ȱ Alternativeȱ methodologies14ȱ forȱ controllingȱ
theseȱ risksȱ andȱ theirȱ impactȱ onȱ theȱ organisationȱ mustȱ beȱ devised.ȱ Theseȱ
methodologiesȱ mustȱ beȱ relatedȱ toȱ theȱ generalȱ decisionȱ frameworkȱ usedȱ inȱ theȱ
organisation.ȱ(Ridleyȱ&ȱChanning,ȱ1999)ȱȱ
ȱ
Riskȱ Managementȱ may,ȱ moreȱ exactly,ȱ beȱ definedȱ asȱ aȱ systematicȱ applicationȱ ofȱ
managementȱ policies,ȱ proceduresȱ andȱ practicesȱ toȱ theȱ tasksȱ ofȱ analysing,ȱ
evaluatingȱ andȱ controllingȱ risks15ȱ (IEC60300Ȭ3Ȭ9,ȱ 1995).ȱ Therefore,ȱ Riskȱ
ManagementȱisȱoftenȱstructuredȱinȱtheȱthreeȱpartsȱRiskȱAnalysis,ȱRiskȱEvaluation,ȱ
andȱRiskȱControl,ȱseeȱFigureȱ2.6.ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱHazardousȱeventȱisȱhereȱdefinedȱasȱanȱeventȱwhichȱmayȱcauseȱharm.ȱHarmȱisȱdefinedȱasȱaȱphysicalȱinjuryȱ
orȱdamageȱtoȱhealth,ȱproperty,ȱorȱtheȱenvironment.ȱ(SSȬENȱ13306)ȱ
ȱ
14ȱ Ridleyȱ &ȱ Channingȱ (1999)ȱ useȱ theȱ termȱ strategyȱ whenȱ describingȱ Riskȱ Management.ȱ Theȱ presentȱ writerȱ
prefersȱtoȱuseȱtheȱtermȱmethodology,ȱwhichȱisȱdefinedȱasȱaȱwayȱtoȱworkȱwithinȱanȱorganisationȱtoȱreachȱtheȱ
values,ȱandȱconsistsȱofȱaȱnumberȱofȱactivitiesȱperformedȱinȱaȱcertainȱwayȱ(Hellstenȱ&ȱKlefsjö,ȱ2000).ȱ
ȱ
15ȱAȱriskȱisȱhereȱdefinedȱasȱaȱcombinationȱofȱtheȱfrequency,ȱorȱprobability,ȱofȱoccurrenceȱandȱtheȱconsequenceȱ
ofȱaȱspecifiedȱhazardousȱeventȱ(IEC60300Ȭ3Ȭ9,ȱ1995).ȱ
13

ȱ
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Figureȱ 2.6.ȱ Riskȱ Managementȱ consistsȱ ofȱ Riskȱ Analysis,ȱ Riskȱ Evaluationȱ andȱ Riskȱ
Control.ȱ Riskȱ Analysisȱ aimsȱ atȱ identifyingȱ hazards,ȱ andȱ atȱ estimatingȱ theȱ riskȱ toȱ
individuals,ȱpopulations,ȱproperty,ȱorȱenvironment.ȱRiskȱEvaluationȱincludesȱjudgementsȱ
ofȱ theȱ tolerabilityȱ ofȱ theȱ riskȱ onȱ theȱ basisȱ ofȱ theȱ Riskȱ Analysis.ȱ Riskȱ Controlȱ aimsȱ atȱ
managingȱ andȱ reducingȱ theȱ risk,ȱ andȱ atȱ implementingȱ controlȱ activitiesȱ inȱ theȱ
organisation.ȱ(Source:ȱIEC60300Ȭ3Ȭ9,ȱ1995)ȱȱ
ȱ
RiskȱManagementȱrequiresȱanȱintegratedȱapproach,ȱincludingȱbothȱorganisationalȱ
andȱ technicalȱ aspects.ȱ Thisȱ is,ȱ forȱ example,ȱ supportedȱ byȱ theȱ Presidentialȱ
Commissionȱ thatȱ investigatedȱ theȱ lossȱ ofȱ theȱ spaceȱ shuttleȱ Challengerȱ inȱ 1986ȱ
(Baronȱ &ȱ PatéȬCornell,ȱ 1999).ȱ Theȱ Commissionȱ concludedȱ thatȱ organisationalȱ
factorsȱ wereȱ atȱ theȱ rootȱ ofȱ theȱ technicalȱ failureȱ thatȱ ledȱ toȱ theȱ disaster.ȱ Someȱ
organisationalȱ factorsȱ couldȱ beȱ tracedȱ toȱ weakȱ communication,ȱ misguidedȱ
incentivesȱ andȱ resourceȱ constraints,ȱ whichȱ inȱ turnȱ couldȱ beȱ linkedȱ toȱ theȱ rules,ȱ
structures,ȱandȱcultureȱofȱtheȱorganisationȱ(PatéȬCornellȱ&ȱFischbeck,ȱ1993).ȱ
Riskȱ Assessment,ȱ asȱ aȱ partȱ ofȱ Riskȱ Management,ȱ mayȱ beȱ definedȱ asȱ anȱ overallȱ
processȱ consistingȱ ofȱ Riskȱ Analysisȱ andȱ Riskȱ Controlȱ (IEC60300Ȭ3Ȭ9,ȱ 1995).ȱ
However,ȱasȱinȱmanyȱotherȱcases,ȱtheȱinterpretationȱofȱtheȱconceptȱdiffersȱamongȱ
authors.ȱ Forȱ someȱ authors,ȱ Riskȱ Assessmentȱ meansȱ theȱ entireȱ processȱ fromȱ
identifyingȱ hazardsȱ andȱ risks,ȱ estimatingȱ theȱ risksȱ andȱ eliminatingȱ orȱ reducingȱ
them.ȱ See,ȱ forȱ example,ȱ Schlechterȱ (1995)ȱ andȱ Kumarȱ &ȱ Svanbergȱ (1999),ȱ whoȱ
describeȱsuchȱriskȱassessmentȱprocesses.ȱ
ȱ
Amongȱ theȱ benefitsȱ ofȱ Riskȱ Assessmentȱ areȱ thatȱ itȱ indicatesȱ whereȱ theȱ greatestȱ
gainsȱ mayȱ beȱ obtainedȱ withȱ theȱ leastȱ amountȱ ofȱ resources,ȱ andȱ whichȱ activitiesȱ
shouldȱbeȱgivenȱpriorityȱ(McKinnon,ȱ2000).ȱ
ȱ
2.3.1 Risk Analysis
Riskȱ Analysisȱ isȱ aȱ methodologyȱ withȱ theȱ aimȱ ofȱ systematicallyȱ measuringȱ theȱ
degreeȱofȱdangerȱinȱanȱoperationȱ(McKinnon,ȱ2000).ȱRiskȱAnalysisȱmayȱbeȱdefinedȱ
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asȱaȱsystematicȱuseȱofȱinformationȱtoȱidentifyȱhazards16ȱandȱtoȱestimateȱtheȱriskȱofȱ
individualsȱorȱpopulations,ȱpropertyȱorȱtheȱenvironmentȱ(IEC60300Ȭ3Ȭ9,ȱ1995).ȱȱ
ȱ
TheȱpurposeȱofȱRiskȱAnalysisȱisȱtoȱreduceȱtheȱuncertaintyȱofȱaȱpotentialȱaccidentȱ
situationȱ andȱ toȱ provideȱ aȱ frameworkȱ forȱ systematicallyȱ investigatingȱ allȱ
eventualitiesȱthatȱmayȱoccurȱ(IEC60300Ȭ3Ȭ9,ȱ1995).ȱRiskȱAnalysisȱisȱaȱmethodologyȱ
thatȱlooksȱnotȱonlyȱatȱwhatȱhappenedȱinȱtheȱpast,ȱbutȱalsoȱatȱwhatȱcouldȱhappenȱ
inȱtheȱfutureȱ(McKinnon,ȱ2000).ȱ
ȱ
Simplyȱ stated,ȱ Riskȱ Assessmentȱ isȱ aȱ methodologyȱ forȱ identifyingȱ possibleȱ
accidentsȱ thatȱ haveȱ notȱ yetȱ occurredȱ (McKinnon,ȱ 2000).ȱ Thisȱ methodologyȱ isȱ
usefulȱforȱidentifyingȱdifferentȱrisksȱandȱapproachesȱtoȱtheirȱsolution,ȱbutȱalsoȱforȱ
providingȱ objectiveȱ information,ȱ usefulȱ forȱ factȬbasedȱ decisionsȱ (IEC60300Ȭ3Ȭ9,ȱ
1995).ȱ
ȱ
x SomeȱofȱtheȱbenefitsȱofȱRiskȱAnalysisȱareȱ(IEC60330Ȭ3Ȭ9,ȱ1995):ȱ
ȱ
x Systematicȱidentificationȱofȱpotentialȱhazardsȱisȱestablished.ȱ
ȱ
x Systematicȱidentificationȱofȱpotentialȱfailureȱmodesȱisȱestablished.ȱ
ȱ
x Quantitativeȱriskȱstatementsȱorȱrankingȱareȱobtained.ȱ
ȱ
x Importantȱcontributorsȱtoȱrisksȱandȱweakȱlinksȱinȱtheȱsystemȱareȱidentified.ȱ
ȱ
x Betterȱunderstandingȱofȱtheȱsystemȱandȱitsȱinstallationȱisȱobtained.ȱ
ȱ
x Aȱbasisȱforȱpreventiveȱmaintenanceȱandȱinspectionȱisȱobtained.ȱ
ȱ
Inȱ summary,ȱ Riskȱ Analysisȱ aimsȱ atȱ answeringȱ threeȱ fundamentalȱ questions,ȱ seeȱ
Figureȱ 2.7.ȱ Inȱ orderȱ toȱ answerȱ theseȱ questions,ȱ Hazardȱ Identification,ȱ Frequencyȱ
AnalysisȱandȱConsequenceȱAnalysisȱareȱusedȱasȱsupport.ȱ
ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱAȱhazardȱisȱhereȱdefinedȱasȱaȱsourceȱofȱpotentialȱharmȱorȱaȱsituationȱwithȱaȱpotentialȱforȱharmȱ(IEC60300Ȭ3Ȭ
9,ȱ1995).ȱ
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Figureȱ2.7.ȱAȱRiskȱAnalysisȱaimsȱatȱansweringȱthreeȱfundamentalȱquestions.ȱToȱanswerȱ
theseȱquestionsȱdifferentȱtoolsȱareȱusedȱasȱaȱsupport.ȱ(Source:ȱIEC60300Ȭ3Ȭ9,ȱ1995)ȱ
ȱ
HazardȱIdentification17ȱofȱallȱpossibleȱhazardsȱisȱtheȱfirstȱstepȱofȱtheȱRiskȱAnalysis.ȱ
CorrectȱHazardȱIdentificationȱensuresȱeffectiveȱandȱbeneficialȱRiskȱManagement.ȱ
But,ȱifȱriskȱmanagersȱdoȱnotȱsucceedȱinȱidentifyingȱallȱpossibleȱrisksȱthatȱchallengeȱ
theȱ organisation,ȱ thenȱ theseȱ nonȬidentifiedȱ risksȱ willȱ becomeȱ nonȬmanageableȱ
(Tchankova,ȱ2002).ȱ
ȱ
Thereȱ areȱ numerousȱ waysȱ ofȱ performingȱ hazardȱ identification,ȱ suchȱ asȱ Hazardȱ
andȱ Operabilityȱ Studiesȱ (HAZOP)ȱ (HarmsȬRingdahl,ȱ 2001);ȱ Failureȱ Modeȱ andȱ
Effectȱ Analysisȱ (FMEA)ȱ (Stamatis,ȱ 1994)ȱ andȱ otherȱ toolsȱ suchȱ asȱ incidentȱ andȱ
accidentȱinvestigationsȱ(Ferry,ȱ1988).ȱȱ
ȱ
Studyingȱpastȱaccidentȱreportsȱisȱaȱwayȱofȱpredictingȱfutureȱhazards.ȱByȱstudyingȱ
pastȱ lossȬproducingȱ events,ȱ aȱ patternȱ canȱ beȱ derivedȱ thatȱ wouldȱ indicateȱ certainȱ
recurringȱ andȱ inherentȱ hazardsȱ inȱ theȱ organisationȱ (Jonesȱ etȱ al.,ȱ 1999).ȱ Incidentsȱ
areȱ alsoȱ vitalȱ forȱ Hazardȱ Identificationȱ (Jonesȱ etȱ al.,ȱ 1999).ȱ Incidents,ȱ orȱ events,ȱ
whichȱ underȱ slightlyȱ differentȱ circumstancesȱ couldȱ haveȱ resultedȱ inȱ losses,ȱ areȱ
goodȱ indicatorsȱ ofȱ theȱ presenceȱ ofȱ hazardsȱ challengingȱ theȱ organisationȱ
(McKinnon,ȱ2000).ȱ
ȱ
FrequencyȱAnalysisȱisȱusedȱforȱtheȱestimationȱofȱtheȱlikelihoodȱofȱeachȱundesiredȱ
event,ȱwhichȱisȱidentifiedȱinȱtheȱhazardȱidentificationȱstepȱ(McKinnon,ȱ2000).ȱHereȱ
forȱexampleȱhistoricalȱrecordsȱandȱFailureȱModeȱandȱEffectsȱAnalysesȱareȱusefulȱ
(Stamatis,ȱ1994).ȱ
ȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ Hazardȱ Identificationȱ isȱ aȱ processȱ ofȱ recognizingȱ thatȱ aȱ hazardȱ existsȱ andȱ definingȱ itsȱ characteristicsȱ
(IEC60300Ȭ3Ȭ9,ȱ1995).ȱ
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Consequenceȱ Analysisȱ isȱ usedȱ forȱ theȱ estimationȱ ofȱ theȱ impact,ȱ ifȱ anȱ undesiredȱ
eventȱ shouldȱ occurȱ (IEC60300Ȭ3Ȭ9,ȱ 1995).ȱ Here,ȱ forȱ instance,ȱ FaultȬTreeȱ Analysisȱ
(FTA),ȱareȱusefulȱ(HarmsȬRingdahl,ȱ2001).ȱ
ȱ
Neitherȱ Frequencyȱ Analysisȱ norȱ Consequenceȱ Analysisȱ isȱ usedȱ inȱ thisȱ thesis.ȱ
Thereforeȱtheseȱconceptsȱwillȱnotȱbeȱfurtherȱdiscussed.ȱ
2.3.2 Risk Evaluation
TheȱsecondȱstepȱinȱtheȱRiskȱAssessmentȱisȱRiskȱEvaluation18.ȱTheȱmainȱobjectiveȱofȱ
RiskȱEvaluationȱisȱtoȱensureȱthatȱtheȱcostȱofȱriskȱreductionȱjustifiesȱtheȱdegreeȱofȱ
riskȱreduction.ȱTheȱmainȱaimȱofȱRiskȱEvaluationȱisȱtoȱenableȱtheȱmanagementȱtoȱ
makeȱdecisionsȱonȱriskȱreductionȱprioritiesȱinȱtheȱbusiness.ȱ(McKinnon,ȱ2000)ȱ
ȱ
However,ȱ Riskȱ Evaluationȱ isȱ notȱ usedȱ inȱ thisȱ thesis,ȱ andȱ thereforeȱ itȱ willȱ notȱ beȱ
furtherȱdiscussed.ȱȱ
2.3.3 Risk Control
Theȱ finalȱ stepȱ inȱ theȱ Riskȱ Managementȱ isȱ Riskȱ Control19.ȱ Theȱ objectiveȱ ofȱ Riskȱ
Controlȱ isȱ toȱ minimize,ȱ orȱ whenȱ possible,ȱ transferȱ theȱ risksȱ thatȱ haveȱ beenȱ
assessedȱ(McKinnon,ȱ2000).ȱTheȱgoalȱofȱRiskȱControlȱisȱtoȱreduceȱtheȱseverityȱandȱ
frequencyȱ ofȱ theȱ likelihoodȱ ofȱ undesiredȱ eventsȱ occurringȱ toȱ aȱ levelȱ Asȱ Lowȱ Asȱ
ReasonablyȱPracticableȱ(ALARP)ȱ(Melchers,ȱ2001).ȱȱ
ȱ
Thereȱareȱbasicallyȱfourȱwaysȱofȱcontrollingȱtheȱrisksȱ(McKinnon,ȱ2000):ȱ
ȱ
x Terminateȱ theȱ risk.ȱ Thisȱ isȱ theȱ idealȱ wayȱ toȱ terminateȱ theȱ riskȱ entirelyȱ byȱ
stoppingȱaȱhazardousȱprocedureȱorȱprocesses.ȱ
ȱ
x Tolerateȱtheȱrisk.ȱIfȱtheȱriskȱisȱtolerated,ȱtheȱbenefitsȱderivingȱfromȱtheȱriskȱ
outweighȱ theȱ consequencesȱ ofȱ theȱ risk.ȱ Theȱ potentialȱ impactȱ ofȱ theȱ riskȱ isȱ
alsoȱlowerȱthanȱtheȱcostȱofȱeliminatingȱit.ȱ
ȱ
x Transferȱ theȱ risk.ȱ Theȱ riskȱ isȱ transferredȱ somewhereȱ else,ȱ byȱ ensuringȱ theȱ
risk,ȱ orȱ placingȱ itȱ somewhereȱ outsideȱ theȱ business.ȱ Theȱ riskȱ isȱ notȱ
eliminated,ȱ butȱ justȱ transferredȱ toȱ someoneȱ elseȱ outsideȱ theȱ company’sȱ
ownȱorganisation.ȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱRiskȱEvaluationȱisȱhereȱdefinedȱasȱaȱprocessȱinȱwhichȱjudgementsȱareȱmadeȱonȱtheȱtolerabilityȱofȱtheȱriskȱonȱ
theȱ basisȱ ofȱ Riskȱ Analysis,ȱ andȱ takingȱ intoȱ accountȱ aspectsȱ suchȱ asȱ socioȬeconomicȱ andȱ environmentalȱ
consequencesȱ(IEC60300Ȭ3Ȭ9,ȱ1995).ȱ
ȱ
19ȱ Riskȱ Controlȱ isȱ hereȱ definedȱ asȱ aȱ processȱ ofȱ decisionȬmakingȱ forȱ managingȱ and/orȱ reducingȱ risk,ȱ itsȱ
implementation,ȱenforcement,ȱandȱreȬevaluationȱfromȱtimeȱtoȱtime,ȱusingȱtheȱresultsȱofȱriskȱassessmentȱasȱoneȱ
inputȱ(IEC60300Ȭ3Ȭ9,ȱ1995).ȱ
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ȱ
x

Treatȱ theȱ risk.ȱ Treatingȱ theȱ riskȱ involvesȱ settingȱ upȱ aȱ controlȱ forȱ reducingȱ
theȱriskȱandȱtherebyȱreducingȱtheȱprobabilityȱofȱanȱundesiredȱevent.ȱ

ȱ
RiskȱControlȱisȱnotȱappliedȱinȱthisȱthesis.ȱThereforeȱitȱwillȱnotȱbeȱfurtherȱdiscussedȱ
here.ȱ

2.4 Accident Causation Models
Thereȱ areȱ differentȱ modelsȱ thatȱ describeȱ accidentȱ causationȱ sequencesȱ (Ridleyȱ &ȱ
Channing,ȱ 1999).ȱ Accordingȱ toȱ Groenewegȱ (1998),ȱ theȱ simplestȱ representationȱ ofȱ
anȱ accidentȱ isȱ theȱ resultȱ ofȱ aȱ singleȱ unsafe20ȱ orȱ substandardȱ act21,ȱ seeȱ Figureȱ 2.8.ȱ
Theȱsubstandardȱactȱisȱalsoȱreferredȱtoȱasȱanȱunsafeȱact.ȱHowever,ȱitȱisȱnotȱalwaysȱ
clearȱthatȱtheȱactȱreallyȱisȱunsafeȱ(Groeneweg,ȱ1998).ȱȱ
ȱ
Whetherȱanȱactȱisȱsubstandardȱorȱnotȱisȱrelatedȱtoȱtheȱstandardsȱandȱguidelinesȱofȱ
theȱorganisation.ȱTherefore,ȱtheȱtermȱsubstandardȱactȱisȱusedȱinȱthisȱthesis.ȱ
ȱ
Substandard act

Accident

ȱ
ȱ
Figureȱ2.8.ȱAȱsimpleȱmodelȱthatȱdescribesȱanȱaccidentȱcausationȱscheme,ȱstartingȱwithȱoneȱ
singleȱsubstandardȱact,ȱwhichȱresultsȱinȱanȱaccident.ȱ(Source:ȱGroeneweg,ȱ1998)ȱ
2.4.1 Reason’s Accident Causation Model
Reasonȱ (1990)ȱ illustratesȱ accidentȱ causationȱ withȱ substandardȱ actsȱ andȱ safetyȱ
barriers22;ȱseeȱFigureȱ2.9.ȱȱ
ȱ
Accidentȱpreventionȱmayȱbeȱaccomplishedȱbyȱaddingȱsomeȱsafetyȱbarriers.ȱOnlyȱ
whenȱallȱsafetyȱbarriersȱhaveȱbeenȱbrokenȱisȱaccidentȱcausationȱaȱfact.ȱIfȱoneȱsafetyȱ
barrierȱ hasȱ beenȱ ableȱ toȱ preventȱ theȱ accidentȱ fromȱ occurring,ȱ anȱ incidentȱ isȱ
caused.ȱ However,ȱ asȱ definedȱ earlier,ȱ anȱ incidentȱ mayȱ alsoȱ causeȱ losses.ȱ Theȱ
differenceȱisȱthatȱanȱaccidentȱcausesȱinjuriesȱtoȱaȱperson.ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ Theȱ termȱ unsafeȱ actȱ isȱ hereȱ definedȱ asȱ anȱ actȱ thatȱ initiatesȱ theȱ accidentȱ causationȱ scheme.ȱ Noteȱ thatȱ anȱ
unsafeȱactȱisȱonlyȱ“unsafe”ȱinȱaȱcertainȱcontext.ȱ(Groeneweg,ȱ1998)ȱ
ȱ
21ȱ Substandardȱ actȱ isȱ hereȱ definedȱ asȱ anȱ actȱ thatȱ deviatesȱ fromȱ theȱ establishedȱ standard,ȱ regulationsȱ orȱ
guidelinesȱofȱtheȱorganisation.ȱ(Groeneweg,ȱ1998)ȱ
ȱ
22ȱ Aȱ safetyȱ barrierȱ hereȱ definedȱ asȱ defensiveȱ barrierȱ thatȱ preventsȱ theȱ accidentȱ toȱ occur.ȱ Someȱ examplesȱ ofȱ
safetyȱbarriersȱareȱ“childȬproof”ȱlids,ȱairȬbagsȱandȱsafetyȱbelts.ȱ(Groeneweg,ȱ1998)ȱ
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Figureȱ 2.9.ȱ Reason’sȱ accidentȱ causationȱ model.ȱ Theȱ accidentȱ causationȱ startsȱ withȱ aȱ
substandardȱ act,ȱ butȱ safetyȱ barriersȱ canȱ preventȱ anȱ accidentȱ fromȱ occurring.ȱ (Source:ȱ
Groeneweg,ȱ1998)ȱ
2.4.2 Heinrich’s Loss Causation Model
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Inȱ 1931,ȱ Heinrichȱ formulatedȱ aȱ foundation,ȱ basedȱ onȱ tenȱ axioms,ȱ whichȱ isȱ theȱ
originȱofȱmanyȱsequentialȱaccidentȱcausationȱmodelsȱ(Groeneweg,ȱ1998).ȱHeinrichȱ
developedȱ theȱ firstȱ approachȱ toȱ lossȱ causationȱ models,ȱ seeȱ Figureȱ 2.10.ȱ Heinrichȱ
distinguishedȱfiveȱstepsȱoneȱafterȱtheȱother,ȱinȱwhichȱtheȱthirdȱstepȱstandsȱforȱtheȱ
single,ȱ criticalȱ unsafeȱ act,ȱ insteadȱ ofȱ aȱ possibleȱ combinationȱ ofȱ unsafeȱ actsȱ andȱ
specificȱ situationsȱ (Groeneweg,ȱ 1998).ȱ Petersenȱ (1988)ȱ statesȱ thatȱ Heinrich’sȱ
approachȱisȱquiteȱclearȱandȱpracticalȱasȱanȱapproachȱtoȱlossȱcontrol.ȱSimplyȱstated:ȱ
ifȱyouȱareȱtoȱpreventȱlossesȱfromȱoccurring,ȱremoveȱtheȱunsafeȱacts.ȱ
ȱ

ȱ
ȱ
Figureȱ 2.10.ȱ Heinrich’sȱ fiveȬstepȱ dominoȱ model,ȱ firstȱ presentedȱ inȱ 1931.ȱ Theȱ personȱ isȱ
burdenedȱ byȱ theȱ socialȱ environment;ȱ anȱ unsafeȱ actȱ initiatesȱ theȱ dominoȱ effectȱ causingȱ
accidents.ȱ(Source:ȱHeinrichȱetȱal.,ȱ1980)ȱ
ȱ

ȱ
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However,ȱ Petersenȱ (1988)ȱ alsoȱ statesȱ thatȱ theȱ interpretationȱ ofȱ Heinrich’sȱ theoryȱ
hasȱ beenȱ tooȱ narrow.ȱ Forȱ instance,ȱ whenȱ aȱ singleȱ actȱ orȱ aȱ singleȱ conditionȱ thatȱ
causedȱ theȱ accidentȱ isȱ identified,ȱ itȱ isȱ possibleȱ thatȱ manyȱ otherȱ causesȱ areȱ leftȱ
unmentioned.ȱWhenȱtheȱunsafeȱactȱorȱconditionȱthatȱisȱidentifiedȱatȱtheȱinspectionȱ
isȱ removed,ȱ itȱ isȱ possibleȱ thatȱ theȱ rootȱ cause23ȱ ofȱ theȱ potentialȱ accidentȱ isȱ notȱ
found.ȱ
ȱ
Today,ȱweȱknowȱthatȱthereȱmayȱbeȱmanyȱcontributoryȱfactors,ȱorȱcauses,ȱbehindȱ
everyȱ accidentȱ (Petersen,ȱ 1988).ȱ Thereȱ areȱ otherȱ theoriesȱ thatȱ considerȱ multipleȱ
causes,ȱfactorsȱcombinedȱtogetherȱinȱrandomȱfashionȱcausingȱaccidents,ȱbutȱtheseȱ
areȱtooȱcomplicatedȱtoȱuseȱforȱtheȱfulfilmentȱofȱtheȱpurposeȱofȱthisȱthesis.ȱSee,ȱforȱ
instance,ȱ Ferryȱ (1988)ȱ forȱ aȱ descriptionȱ ofȱ multipleȱ accidentȱ causationsȱ andȱ
descriptionsȱthereof.ȱ
2.4.3 Bird and Loftus Loss Causation Model
AnotherȱsequentialȱLossȱCausationȱModel,ȱLCM,ȱwasȱdevelopedȱbyȱBirdȱ&ȱLoftusȱ
(1976).ȱThisȱmodelȱisȱanȱupdatedȱversionȱofȱHeinrich’sȱearlyȱdominoȱmodel.ȱTheȱ
LCMȱ model,ȱ seeȱ Figureȱ 2.11,ȱ wasȱ updatedȱ toȱ reflectȱ theȱ directȱ managementȱ
relationshipȱ involvedȱ inȱ theȱ causesȱ andȱ effectsȱ ofȱ allȱ incidentsȱ thatȱ couldȱ
downgradeȱ aȱ businessȱ operationȱ (Birdȱ &ȱ Germain,ȱ 1976).ȱ Birdȱ andȱ Germainȱ
addedȱ aȱ factorȱ ofȱ influenceȱ toȱ theȱ dominoȱ chainȱ byȱ puttingȱ lackȱ ofȱ controlȱ byȱ
managementȱ atȱ theȱ beginningȱ ofȱ eachȱ accidentȱ causationȱ schemeȱ inȱ theirȱ Lossȱ
Causationȱ Modelȱ (Groeneweg,ȱ 1998).ȱ Sinceȱ fundamentallyȱ uncontrollableȱ factorsȱ
wereȱ notȱ considered,ȱ thisȱ modelȱ suggestsȱ thatȱ allȱ accidentsȱ areȱ avoidableȱ ifȱ theȱ
managementȱexertsȱenoughȱcontrol.ȱȱ
ȱ
Lackȱ ofȱ controlȱ isȱ manifestedȱ inȱ immediateȱ causes,ȱ whichȱ areȱ merelyȱ theȱ
symptomsȱofȱtheȱproblem.ȱTheseȱimmediateȱcausesȱresultȱinȱincidentsȱatȱcontact,ȱ
withȱtheȱpossibilityȱofȱlossȱofȱpeopleȱorȱpropertyȱ(Groeneweg,ȱ1998).ȱTheȱdifferentȱ
stepsȱinȱtheȱmodelȱareȱbrieflyȱpresentedȱbelow.ȱ
ȱ
ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
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ȱRootȱcauseȱisȱhereȱdefinedȱasȱtheȱunderlyingȱcauseȱtoȱtheȱaccidentȱcausationȱscheme.ȱ
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Figureȱ2.11.ȱTheȱLossȱCausationȱModel,ȱanȱupdatedȱHeinrichȱmodel,ȱreflectingȱtheȱdirectȱ
managementȱrelationshipȱinvolvedȱinȱtheȱcausesȱandȱeffectsȱofȱallȱincidents.ȱ(Source:ȱBirdȱ
&ȱLoftus,ȱ1976)ȱ
ȱ
LackȱofȱControl:ȱByȱcontrol,ȱBirdȱ&ȱLoftusȱ(1976)ȱreferȱtoȱaspectsȱofȱmanagement:ȱ
planningȱandȱcontrolling.ȱSomeȱofȱtheȱcausesȱthatȱmakeȱtheȱfirstȱdominoȱfallȱareȱ
(Birdȱ&ȱLoftus,ȱ1976):ȱ
ȱȱ
x Anȱinadequateȱcontrolȱprogramȱandȱinadequateȱprogramȱknowledge.ȱ
ȱ
x Inadequateȱ controlȱ programȱ standardsȱ andȱ knowledgeȱ ofȱ programȱ
standards.ȱ
ȱ
x Failureȱ toȱ performȱ toȱ standards,ȱ orȱ toȱ manageȱ employeeȱ complianceȱ toȱ
standard.ȱ
ȱ
Basicȱ Causes:ȱ Lackȱ ofȱ managementȱ controlȱ leadsȱ toȱ certainȱ basicȱ causes24ȱ ofȱ
incidentsȱ thatȱ downgradeȱ theȱ businessȱ operation.ȱ Thereȱ areȱ otherȱ namesȱ forȱ theȱ
basicȱcauses,ȱsuchȱasȱrootȱcauses,ȱindirectȱcauses,ȱunderlyingȱcausesȱorȱrealȱcausesȱ
(Groneweg,ȱ 1998).ȱ Basicȱ causesȱ containȱ bothȱ personalȱ factorsȱ andȱ jobȱ factors.ȱ
Personalȱ factorsȱ include:ȱ lackȱ ofȱ knowledgeȱ orȱ skill,ȱ improperȱ motivationȱ andȱ
physicalȱ orȱ mentalȱ problems.ȱ Jobȱ factorsȱ includeȱ inadequateȱ workȱ standards,ȱ
inadequateȱ designȱ orȱ maintenance,ȱ inadequateȱ purchasingȱ standards,ȱ normalȱ
wearȱandȱtearȱandȱabnormalȱusage.ȱ(Birdȱ&ȱGermain,ȱ1996)ȱȱ
ȱ
Theȱbasicȱcausesȱaimȱatȱexplainingȱwhyȱpeopleȱengageȱinȱsubstandardȱpractices.ȱ
Likewise,ȱ theȱ basicȱ causes,ȱ referredȱ toȱ asȱ jobȱ factors,ȱ explainȱ whyȱ substandardȱ
conditionsȱ areȱ createdȱ orȱ exist.ȱ Basicȱ causesȱ thenȱ areȱ clearlyȱ theȱ originȱ ofȱ
substandardȱ actsȱ andȱ conditions,ȱ andȱ failureȱ toȱ identifyȱ theseȱ originsȱ ofȱ lossȱ inȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱBasicȱcausesȱareȱalsoȱreferredȱtoȱasȱindirectȱcausesȱinȱthisȱthesis.ȱ
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ȱ
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thisȱstepȱinȱtheȱsequenceȱpermitsȱthisȱdominoȱtoȱfall,ȱinitiatingȱtheȱpossibilityȱofȱaȱ
furtherȱchainȱreaction.ȱ(Birdȱ&ȱLoftus,ȱ1976)ȱȱ
ȱ
Immediateȱ Causes:ȱ Theȱ immediateȱ causes25,ȱ orȱ substandardȱ practicesȱ andȱ
substandardȱ conditions,ȱ areȱ associatedȱ withȱ theȱ incidentȱ thatȱ originatesȱ directlyȱ
fromȱ theȱ basicȱ causes.ȱ Theȱ immediateȱ causeȱ isȱ aȱ substandardȱ act,ȱ whichȱ isȱ aȱ
violationȱ ofȱ anȱ acceptedȱ safeȱ procedure.ȱ Thisȱ violationȱ couldȱ permitȱ theȱ
occurrenceȱofȱanȱaccident.ȱȱ
ȱ
Whetherȱ weȱ referȱ toȱ theseȱ deviationsȱ asȱ substandardȱ practices26ȱ orȱ substandardȱ
conditions27,ȱthereȱisȱoneȱimportantȱthingȱcommonȱtoȱall.ȱBasically,ȱtheseȱareȱonlyȱ
aȱsymptomȱofȱtheȱbasicȱcauseȱthatȱpermittedȱtheȱpracticesȱorȱconditionsȱtoȱexist.ȱIf,ȱ
andȱwhen,ȱweȱfailȱtoȱdetermineȱwhatȱtheȱbasicȱcausesȱbehindȱtheȱsymptomsȱreallyȱ
are,ȱ weȱ failȱ toȱ preventȱ thisȱ dominoȱ fromȱ falling,ȱ andȱ theȱ directȱpotentialȱ forȱ lossȱ
stillȱexistsȱbutȱisȱmerelyȱhidden.ȱ(Birdȱ&ȱLoftus,ȱ1996)ȱ
ȱ
Incident:ȱ Theȱ definitionȱ ofȱ incidentȱ is,ȱ accordingȱ toȱ Birdȱ &ȱ Loftusȱ (1976),ȱ anȱ
undesiredȱ eventȱ thatȱ mayȱ resultȱ inȱ losses.ȱ Wheneverȱ substandardȱ practicesȱ andȱ
substandardȱ conditionsȱ areȱ permittedȱ toȱ exist,ȱ theȱ doorȱ isȱ alwaysȱ openȱ forȱ theȱ
occurrenceȱ ofȱ anȱ incident.ȱ Theȱ incidentȱisȱ undesired,ȱ sinceȱ theȱ finalȱ resultsȱ ofȱ itsȱ
occurrenceȱ areȱ difficultȱ toȱ predictȱ andȱ areȱ mostȱ frequentlyȱ aȱ matterȱ ofȱ chance28.ȱ
(Birdȱ&ȱLoftus,ȱ1976)ȱ
ȱ
Loss:ȱOnceȱtheȱentireȱaccidentȱsequenceȱhasȱtakenȱplaceȱandȱthereȱisȱaȱloss,ȱwithȱ
peopleȱorȱpropertyȱinvolved,ȱtheȱresultsȱareȱusuallyȱchanceȱevents.ȱSeeȱMcKinnonȱ
(2000)ȱ forȱ furtherȱ developmentȱ ofȱ chanceȱ events.ȱ Theȱ elementȱ ofȱ chanceȱ isȱ
involvedȱ inȱ qualityȱ andȱ productionȱ lossesȱ asȱ wellȱ asȱ thoseȱ involvedȱ inȱ safety.ȱ
Lossesȱ involvedȱ inȱ allȱ areasȱ mayȱ beȱ consideredȱ asȱ minor,ȱ serious,ȱ majorȱ orȱ
catastrophicȱdependingȱonȱtheȱoutcome.ȱ(Birdȱ&ȱGermain,ȱ1996)ȱ
2.4.4 McKinnon’s Loss Causation Model
McKinnonȱ (2000)ȱ hasȱ furtherȱ developedȱ theȱ Lossȱ Causationȱ Model,ȱ LCM,ȱ
developedȱbyȱBirdȱ&ȱLoftusȱ(1976).ȱTheȱmodelȱisȱcalledȱCause,ȱEffect,ȱandȱControlȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
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ȱImmediateȱcausesȱareȱalsoȱreferredȱtoȱasȱprimaryȱcausesȱinȱthisȱthesis.ȱ

ȱ
ȱTheȱsubstandardȱpracticeȱcouldȱinvolveȱbothȱactsȱofȱpeopleȱandȱconditionsȱrelatedȱtoȱphysicalȱthings.ȱ(Birdȱ
&ȱLoftus,ȱ1976)ȱ
ȱ
27ȱ Aȱ substandardȱ conditionȱ isȱ describedȱ asȱ aȱ conditionȱ thatȱ couldȱ directlyȱ permitȱ theȱ occurrenceȱ ofȱ anȱ
accident.ȱ(Birdȱ&ȱLoftus,ȱ1976)ȱ
ȱ
28ȱ Chanceȱ isȱ hereȱ definedȱ asȱ theȱ result,ȱ orȱ manifestationȱ ofȱ circumstancesȱ thatȱ couldȱ notȱ beȱ predictedȱ orȱ
controlled.ȱ
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ofȱ Accidentalȱ Lossȱ Dominoȱ Sequenceȱ (CECAL),ȱ seeȱ Figureȱ 2.12.ȱ Thisȱ modelȱ
describesȱ theȱ chainȱ ofȱ eventsȱ fromȱ poorȱ controlȱ dueȱ toȱ theȱ failureȱ toȱ theȱ
assessmentȱ ofȱ allȱ risksȱ (McKinnon,ȱ 2000).ȱ Theȱ causationȱ schemeȱ stillȱ followsȱ theȱ
basicȱ andȱ immediateȱ causes,ȱ asȱ presentedȱ byȱ Birdȱ &ȱ Loftusȱ (1976),ȱ butȱ differentȱ
formsȱofȱchance,ȱcalledȱ“LuckȱFactors”,ȱareȱintroduced.ȱDependingȱonȱchance,ȱtheȱ
magnitudeȱ ofȱ theȱ lossesȱ varies.ȱ Theseȱ lossesȱ areȱ manifestedȱ inȱ incidentsȱ andȱ
accidents,ȱwhileȱsomeȱlossesȱstillȱremainȱhidden.ȱ(McKinnon,ȱ2000)ȱ
ȱ
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Figureȱ2.12.ȱTheȱCause,ȱEffect,ȱandȱControlȱofȱAccidentalȱLossȱdominoȱsequence,ȱCECAL.ȱ
Theȱmodelȱshowsȱhowȱtheȱfailureȱtoȱassessȱtheȱriskȱtriggersȱpoorȱcontrolȱandȱleadsȱtoȱlossesȱ
andȱsubsequentȱcosts.ȱChanceȱisȱintroducedȱinȱsomeȱdifferentȱsteps,ȱimpactingȱtheȱoutcomeȱ
andȱintroducingȱtheȱimpactȱofȱrandomisedȱevents.ȱ(Source:ȱMcKinnon,ȱ2000)ȱ
2.4.5 Reason & Hobbs Organisational Accident Model
Reasonȱ&ȱHobbsȱ(2003)ȱdescribeȱaȱmodelȱforȱorganisationalȱaccidents.ȱTheȱmodelȱ
hasȱbeenȱappliedȱbyȱReasonȱ&ȱHobbsȱ(2003)ȱwithinȱmaintenanceȱerrors.ȱHowever,ȱ
theȱ causesȱ ofȱ theseȱ accidentsȱ wereȱ relatedȱ toȱ latentȱ conditionsȱ withinȱ theȱ
organisationȱ asȱ aȱ whole.ȱ Theȱ modelȱ isȱ thereforeȱ presentedȱ asȱ aȱ genericȱ modelȱ
describingȱ organisationalȱ accidents.ȱ Theȱ modelȱ canȱ beȱ usedȱ toȱ guideȱ accidentȱ
investigations.ȱ(Reasonȱ&ȱHobbs,ȱ2003)ȱ

ȱ
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Figureȱ 2.13.ȱ Aȱ modelȱ describingȱ contributoryȱ factorsȱ andȱ stagesȱ involvedȱ inȱ
organisationalȱaccidents.ȱ(Source:ȱReasonȱ&ȱHobbs,ȱ2003)ȱ
ȱ
Theȱmodelȱdescribesȱcausalityȱfromȱleftȱtoȱright.ȱAnȱaccidentȱsequenceȱstartsȱwithȱ
theȱ negativeȱ consequenceȱ ofȱ organisationalȱ processes,ȱ dependingȱ onȱ differentȱ
managementȱ decisions.ȱ Corporateȱ cultureȱ isȱ alsoȱ anȱ influencingȱ factor.ȱ Latentȱ
conditionsȱ areȱ createdȱ andȱ transmittedȱ alongȱ departmentsȱ toȱ theȱ workplaces.ȱ
Theseȱconditions,ȱforȱinstance,ȱtimeȱpressure,ȱhighȱworkloadȱandȱpoorȱequipmentȱ
whichȱ promoteȱ errorsȱ andȱ violations.ȱ Atȱ theȱ individualȱ level,ȱ theseȱ localȱ latentȱ
conditionsȱ combinedȱ withȱ psychologicalȱ (human)ȱ errorsȱ andȱ violations,ȱ createȱ
unsafeȱ acts.ȱ Notȱ allȱ unsafeȱ actsȱ willȱ causeȱ badȱ outcomesȱ dueȱ toȱ differentȱ safetyȱ
barriers.ȱSomeȱunsafeȱactsȱwillȱpenetrateȱallȱbarriersȱandȱcauseȱlosses.ȱȱ
2.4.6 Hollnagel’s Systemic Accident Model
Hollnagelȱ(2004)ȱpresentsȱaȱsystemicȱaccidentȱmodel,ȱseeȱFigureȱ2.14.ȱThisȱmodelȱ
describesȱ theȱ complexȱ linkageȱ betweenȱ differentȱ eventsȱ contributingȱ toȱ anȱ
accident.ȱ Everyȱ eventȱ mayȱ beȱ precededȱ byȱ severalȱ otherȱ eventsȱ asȱ wellȱ asȱ
followedȱ byȱ otherȱ events,ȱ orderedȱ temporallyȱ orȱ inȱ casualȱ relations.ȱ Theȱ modelȱ
proposesȱthatȱfailureȱinȱtheȱeventsȱisȱdueȱtoȱsharpȱendȱandȱbluntȱendȱimpactȱofȱtheȱ
differentȱ events.ȱ Theȱ sharpȱendȱ isȱ factorsȱ presentȱ hereȱ andȱ now,ȱ whileȱ theȱ bluntȱ
endȱ factorsȱ areȱ removedȱ inȱ spaceȱ andȱ time.ȱ Theȱ directionȱ ofȱ reasoningȱ inȱ thisȱ
modelȱ isȱ backwards,ȱ whenȱ tracingȱ theȱ reasonsȱ forȱ developmentȱ ofȱ theȱ accident.ȱ
Thereȱisȱnoȱdirectionȱofȱcausality,ȱsuchȱasȱinȱtheȱsequentialȱmodels,ȱinȱtheȱsystemicȱ
model.ȱ(Hollnagel,ȱ2004)ȱ
ȱ

ȱ
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Figureȱ2.14.ȱAȱsystemicȱaccidentȱmodelȱdescribingȱtheȱcomplexȱlinkageȱbetweenȱ
differentȱeventsȱinȱrelationȱtoȱSharpȱandȱBluntȱends,ȱcontributingȱtoȱanȱaccident.ȱ
(Source:ȱHollnagel,ȱ2004)ȱ
ȱ

2.5 Accident Investigation
Theȱ mainȱ reasonsȱ forȱ performingȱ accidentȱ investigations29ȱ areȱ toȱ findȱ correctȱ
causesȱ andȱ contributingȱ factors,ȱ andȱ toȱ preventȱ theȱ recurrenceȱ ofȱ aȱ similarȱ
accidentȱ (McKinnon,ȱ 2000;ȱ Ferry,ȱ 1988;ȱ Groeneweg,ȱ 1998).ȱ Theseȱ investigationsȱ
aimȱatȱ“explainingȱaȱpartȱofȱtheȱpast”ȱ(Dekker,ȱ2002).ȱOfȱparticularȱinterestȱisȱtheȱ
investigationȱ ofȱ incidents,ȱ sinceȱ theyȱ giveȱ excellentȱ learningȱ opportunitiesȱ toȱ
preventȱ recurrenceȱ andȱ futureȱ accidents.ȱ Theȱ hazards,ȱ orȱ contributoryȱ causesȱ ofȱ
theȱ problem,ȱ shouldȱ beȱ eliminated,ȱ asȱ aȱ partȱ ofȱ theȱ continuousȱ improvementȱ
work,ȱinȱorderȱtoȱstriveȱforȱhigherȱqualityȱofȱtheȱsystemȱ(Bergmanȱ&ȱKlefsjö,ȱ2003).ȱ
ȱ
Accidentȱ investigationȱ is,ȱ accordingȱ toȱ Kletzȱ (1994)ȱ “likeȱ peelingȱ anȱ onion.ȱ
Beneathȱ oneȱ layerȱ ofȱ causesȱ andȱ recommendations,ȱ thereȱ areȱ other,ȱ lessȱ
superficial,ȱ layers.ȱ Theȱ outerȱ layersȱ dealȱ withȱ theȱ immediateȱ technicalȱ causesȱ
whileȱ theȱ innerȱ layersȱ areȱ concernedȱ withȱ waysȱ ofȱ avoidingȱ theȱ hazardsȱ andȱ
findingȱunderlyingȱcauses,ȱsuchȱasȱweaknessesȱinȱtheȱmanagementȱsystem.ȱ”Veryȱ
oftenȱ onlyȱ theȱ outerȱ layer,ȱ theȱ immediateȱ technicalȱ causesȱ orȱ immediateȱ humanȱ
interventionsȱareȱinvestigatedȱ(Kletz,ȱ1994).ȱAlthoughȱitȱisȱpossibleȱtoȱpreventȱtheȱ
mostȱ recentȱ accidentȱ fromȱ happeningȱ againȱ byȱ removingȱ theȱ immediateȱ causes,ȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ Anȱ accidentȱ investigationȱ isȱ theȱ collectionȱ andȱ examinationȱ ofȱ factsȱ relatedȱ toȱ anȱ occurredȱ specificȱ eventȱ
(HarmsȬRingdahl,ȱ2004).ȱ
29

ȱ
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consideringȱtheȱindirectȱcausesȱ(suchȱasȱbluntȱendȱfactors)ȱandȱimmediateȱcausesȱ
(suchȱ asȱ sharpȱ endȱ factors)ȱ togetherȱ mayȱ preventȱ similarȱ accidentsȱ fromȱ
happeningȱagainȱinȱtheȱfutureȱ(Kletz,ȱ1994).ȱȱ
ȱ
Theȱ accidentȱ investigationȱ processȱ mayȱ beȱ describedȱ accordingȱ toȱ theȱ stepsȱ
presentedȱbelowȱ(Kletz,ȱ1994):ȱ
ȱ
x Describeȱ whatȱ happened.ȱ Itȱ isȱ importantȱ toȱ documentȱ andȱ describeȱ theȱ
accidentȱasȱclearlyȱasȱpossible.ȱ
ȱ
x Determineȱrealȱcauses.ȱIfȱrealȱcausesȱareȱnotȱidentified,ȱthereȱisȱlittleȱorȱnoȱ
returnȱofȱtheȱinvestmentȱofȱtheȱtimeȱspentȱlookingȱforȱthem.ȱ
ȱ
x Describeȱ theȱ risks.ȱ Goodȱ investigationsȱ provideȱ theȱ basisȱ forȱ decidingȱ theȱ
likelihoodȱ ofȱ recurrenceȱ andȱ theȱ potentialȱ forȱ majorȱ losses.ȱ Theseȱ twoȱ
factorsȱ areȱ criticalȱ forȱ determiningȱ theȱ timeȱ andȱ moneyȱ toȱ beȱ spentȱ onȱ
correctiveȱactions.ȱ
ȱ
x Developȱ control.ȱ Adequateȱ controlȱ aimedȱ atȱ minimizing,ȱ orȱ eliminatingȱ aȱ
problemȱ canȱ onlyȱ comeȱ fromȱ anȱ investigationȱ thatȱ hasȱ trulyȱ solvedȱ theȱ
problem.ȱIfȱnot,ȱtheȱproblemȱwillȱappearȱagainȱandȱagainȱbutȱwithȱdifferentȱ
symptoms.ȱȱ
ȱ
x Defineȱ trends.ȱ Fewȱ incidentsȱ andȱ accidentsȱ areȱ isolatedȱ events.ȱ However,ȱ
whenȱaȱsignificantȱnumberȱofȱgoodȱreportsȱareȱanalyzed,ȱemergingȱtrendsȱ
canȱbeȱidentified,ȱandȱdealtȱwith.ȱ
ȱ
x Demonstrateȱ concern.ȱ Accidentsȱ giveȱ peopleȱ picturesȱ ofȱ threatsȱ toȱ theirȱ
wellȬbeing.ȱ Sometimesȱ itȱ isȱ reassuringȱ toȱ seeȱ anȱ objectiveȱ investigationȱ inȱ
process.ȱ
2.5.1 Biases in Accident Investigations
Accidentȱinvestigationsȱareȱretrospective,ȱandȱthereforeȱdependantȱonȱourȱabilityȱ
toȱ linkȱ piecesȱ togetherȱ inȱ aȱ sequenceȱ ofȱ events,ȱ startingȱ fromȱ aȱ knownȱ outcomeȱ
(Dekker,ȱ2002).ȱThereȱareȱthereforeȱsomeȱpossibleȱbiasesȱinȱaccidentȱinvestigationsȱ
(Hollnagel,ȱ2004):ȱ
ȱ

ȱ
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“Theȱ explanationsȱ ofȱ accidents,ȱ orȱ theȱ searchȱ forȱ explanations,ȱ areȱ oftenȱ basedȱ onȱ theȱ
assumptionȱ–ȱincorrectȱasȱitȱturnsȱoutȱ–ȱthatȱexplanationsȱcanȱbeȱdeducedȱfromȱtheȱfacts.ȱ
Thusȱaccidentȱexplanationsȱandȱtheȱsearchȱforȱcausesȱareȱveryȱoftenȱjustȱtryingȱtoȱfitȱallȱ
theȱ factsȱ together,ȱ inȱ theȱ beliefȱ thatȱ thereȱ isȱ someȱ kindȱ ofȱ objectiveȱ truthȱ toȱ beȱ found.”ȱ
(Hollnagel,ȱ2004)ȱ
ȱ
x Weȱdoȱnotȱhaveȱallȱtheȱfactsȱ
ȱ
Itȱisȱthereforeȱimportantȱtoȱemphasizeȱthatȱaccidentȱinvestigationsȱshouldȱnotȱbeȱ
concernedȱ withȱ findingȱ scapegoats,ȱ i.e.ȱ someoneȱ toȱ blame,ȱ insteadȱ ofȱ theȱ
contributoryȱcauses.ȱIfȱtheȱfocusȱisȱtoȱblameȱsomeone,ȱthenȱpeopleȱwillȱnotȱreportȱ
allȱ knownȱ factsȱ andȱ weȱ willȱ neverȱ findȱ outȱ whatȱ reallyȱ happenedȱ (Kletz,ȱ 1994).ȱ
Dekkerȱ (2002)ȱ statesȱ thatȱ accidentȱ investigationsȱ tendȱ toȱ focusȱ onȱ individualsȱ
(Sharpȱend)ȱratherȱthanȱonȱtheȱorganisationalȱcontextȱ(Bluntȱend).ȱThatȱisȱdueȱtoȱ
organisations’ȱ resistanceȱ toȱ attributingȱ distalȱ problemsȱ toȱ anȱ accident,ȱ becauseȱ itȱ
challengesȱ theȱ beliefsȱ ofȱ theȱ systemȱ asȱ safeȱandȱ wellȱ designed.ȱ Forȱ thisȱ reasonȱ itȱ
easierȱtoȱattributeȱdirectȱcausesȱtoȱanȱaccident.ȱ
ȱ
TheȱSharpȱendȱmayȱbeȱdescribedȱbyȱindividualsȱthatȱareȱinȱtheȱdirectȱcontactȱwithȱ
hazardousȱevents,ȱi.e.ȱcloseȱtoȱtheȱaccidentȱinitiation.ȱAtȱtheȱBluntȱend,ȱfactorsȱareȱ
removedȱ inȱ spaceȱ andȱ time,ȱ i.e.ȱ distalȱ factorsȱ (Reason,ȱ 1990).ȱ Inȱ summary,ȱ whatȱ
seemsȱtoȱbeȱtheȱrootȱcauseȱatȱtheȱsharpȱend,ȱmayȱonlyȱbeȱoneȱcontributoryȱfactor,ȱ
whereȱtheȱrestȱofȱtheȱexplanationsȱareȱtoȱbeȱfoundȱatȱmoreȱabstractȱorȱdistalȱlevels.ȱ
Therefore,ȱallȱfactsȱmayȱnotȱbeȱidentifiedȱorȱpresentȱatȱtheȱaccidentȱinvestigations.ȱȱ
ȱ
x Allȱdataȱmayȱnotȱbeȱfacts,ȱjustȱunrelatedȱobservationsȱ
ȱȱ
Whenȱtryingȱtoȱunderstandȱanȱaccident,ȱtheȱproblemȱisȱaddressedȱfromȱanȱoutsideȱ
perspective.ȱ Hence,ȱ theȱ investigatorȱ studiesȱ theȱ accidentȱ sequenceȱ inȱ aȱ
retrospectiveȱway.ȱHowever,ȱtheȱaccidentȱpropagationȱisȱdueȱtoȱsystemȱbehaviourȱ
andȱ humanȱ actionsȱ asȱ perceivedȱ fromȱ insideȱ ofȱ theȱ system.ȱ Dekkerȱ (2002)ȱ
describesȱanȱinsideȱandȱoutsideȱviewȱofȱunderstandingȱaccidents,ȱseeȱFigureȱ2.15.ȱ
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ȱ
ȱ
Figureȱ 2.15.ȱ Twoȱ differentȱ perspectivesȱ onȱtheȱ sequentȱ ofȱ eventsȱ involvedȱ inȱ anȱaccidentȱ
development.ȱ Whenȱ anȱ accidentȱ isȱ investigatedȱ (viewȱ fromȱ theȱ outside)ȱ theȱ badȱ outcomeȱ
andȱ itsȱ linkedȱ hazardsȱ areȱ knownȱ (asȱ derivedȱ fromȱ hindsight).ȱ Theȱ situationȱ isȱ differentȱ
whenȱ lookingȱ fromȱ theȱ insideȱ ofȱ theȱ systemȱ (duringȱ accidentȱ propagation),ȱ theȱ outcomeȱ
andȱhazardsȱareȱnotȱknownȱtoȱthoseȱinvolved.ȱItȱisȱthereforeȱimportantȱtoȱstudyȱaccidentsȱ
fromȱtheȱinsideȱperspective,ȱtoȱunderstandȱdifferentȱactionsȱandȱwhyȱtheyȱthenȱmadeȱsenseȱ
toȱthoseȱinvolvedȱinȱtheȱaccidentȱsequence.ȱ(Source:ȱSimilarȱtoȱDekker,ȱ2002)ȱ
ȱ
x Dataȱareȱdependentȱonȱaccidentȱanalysisȱmodelȱ
ȱ
“Factsȱareȱnotȱfound,ȱbutȱsoughtȱafter…”ȱ(Hollnagel,ȱ2004)ȱ
ȱ
Theȱaccidentȱanalysisȱmodelȱguidesȱtheȱinvestigatorȱtoȱfocusȱonȱaspectsȱimportantȱ
forȱ theȱ accidentȱ propagationȱ (Groneweg,ȱ 1998;ȱ Hollnagel,ȱ 2004).ȱ Theȱ searchȱ forȱ
causesȱ mayȱ thereforeȱ beȱ biased.ȱ Someȱ authorsȱ stateȱ thatȱ thereȱ isȱ noȱ singleȱ rootȱ
causeȱtoȱaȱproblem.ȱInstead,ȱwhatȱisȱcitedȱasȱaȱrootȱcauseȱisȱcompletelyȱdependentȱ
onȱ whereȱ theȱ investigationȱ startsȱ andȱ ends.ȱ Theȱ rootȱ causeȱ isȱ thenȱ whereȱ theȱ
investigationȱ stopsȱ (Hollnagel,ȱ 2004;ȱ Dekker,ȱ 2002).ȱ Attributingȱ rootȱ causesȱ mayȱ
beȱdueȱtoȱoversimplification.ȱOversimplificationȱmayȱbeȱdescribedȱasȱpointingȱoutȱ
aȱ fewȱ hotȬspotsȱ onȱ aȱ complexȱ causalȱ pathwayȱ tryingȱ toȱ explainȱ itsȱ shapeȱ andȱ
behaviourȱ(Dekker,ȱ2002).ȱThisȱisȱaȱproblemȱwhenȱusingȱsequentialȱmodels,ȱsuchȱ
asȱ Theȱ Lossȱ Causationȱ Modelȱ (LCM).ȱ Hence,ȱ theȱ modelȱ representsȱ thinkingȱ inȱ
clearȱandȱwellȱdefinedȱcauseȬeffectȱlinksȱ(Hollnagel,ȱ2004).ȱInȱreality,ȱaccidentsȱareȱ
theȱeffectȱofȱcomplexȱorganisationalȱandȱsystemȱinteractions.ȱItȱisȱthereforeȱbetterȱ
toȱsearchȱforȱlikelyȱexplanationsȱasȱtoȱwhyȱaccidentsȱoccur,ȱratherȱtoȱlookȱforȱtheȱ
rootȱ causesȱ (Hollnagel,ȱ 2004).ȱ Forȱ thisȱ reason,ȱ itȱ isȱ importantȱ howȱ theȱ accidentȱ
modelsȱareȱusedȱinȱpractice.ȱ

ȱ

32

2.6 Human Failures
Humanȱfailuresȱareȱinȱthisȱthesisȱdefinedȱasȱconsistingȱofȱbothȱhumanȱerrors30ȱandȱ
ruleȱviolations31.ȱTheȱdifferenceȱisȱtheȱintentȱofȱtheȱactions.ȱ
2.6.1 Human Error
Reasonȱ(1990)ȱdescribesȱthreeȱelementsȱofȱtheȱdefinitionȱofȱhumanȱerror:ȱ
ȱ
x Aȱplanȱorȱintentionȱthatȱincorporatesȱtheȱgoalȱandȱmeansȱtoȱachieveȱitȱ
x Aȱsequenceȱofȱactionsȱthatȱareȱinitiatedȱbyȱtheȱplanȱ
x Theȱextentȱofȱwhichȱtheseȱactionsȱareȱsuccessfulȱinȱachievingȱtheirȱpurposeȱȱ
ȱ
Aȱdistinctionȱcanȱthereforeȱbeȱmadeȱbetweenȱerrorsȱhavingȱtheirȱoriginȱinȱproblemȱ
solvingȱ(what?)ȱandȱtheȱdevelopmentȱofȱaȱplanȱtoȱsolveȱaȱcertainȱproblemȱ(how?),ȱ
storageȱ ofȱ theȱ planȱ toȱ beȱ usedȱ (remember),ȱ andȱ theȱ executionȱ ofȱ theȱ planȱ (do).ȱ
(Reason,ȱ1990)ȱ
ȱ
Reasonȱ (1997)ȱ makesȱ aȱ distinctionȱ betweenȱ differentȱ threeȱ differentȱ levelsȱ ofȱ
humanȱperformance:ȱ
ȱȱ
x SkillȱBasedȱ(SB)ȱlevelȱ
x KnowledgeȱBasedȱ(KB)ȱlevelȱ
x RuleȱBasedȱ(RB)ȱlevelȱ
ȱ
AtȱtheȱSkillȱbasedȱlevelȱslipsȱandȱlapsesȱmayȱoccurȱdueȱtoȱfailuresȱinȱtheȱexecutionȱ
ofȱanȱactionȱorȱfailuresȱinȱtheȱstorageȱofȱaȱplanȱforȱtheȱexecutionȱofȱanȱaction.ȱOnȱ
theȱKnowledgeȱbasedȱlevelȱmistakesȱmayȱoccurȱwhenȱtheȱplanȱbehindȱanȱactionȱisȱ
incorrect.ȱOnȱtheȱRuleȱBasedȱlevelȱmistakesȱmayȱbeȱdueȱtoȱincorrectȱrulesȱtoȱsolveȱ
aȱproblem.ȱ
2.6.2 Rule Violations
Violations32ȱ toȱ aȱ ruleȱ mayȱ beȱ eitherȱ deliberateȱ orȱ notȱ deliberate,ȱ withoutȱ
awareness,ȱsuchȱasȱdrivingȱtooȱfastȱbutȱbeingȱunawareȱofȱthatȱ(Reason,ȱ1997).ȱȱ
ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱHumanȱerrorȱisȱhereȱdefinedȱas:ȱ“…ȱoccasionsȱinȱwhichȱaȱplannedȱsequenceȱofȱmentalȱorȱphysicalȱactivitiesȱ
failsȱtoȱachieveȱitsȱintendedȱoutcome,ȱandȱwhenȱtheseȱfailuresȱcannotȱbeȱattributedȱtoȱtheȱinterventionȱofȱsomeȱ
chanceȱagency”ȱ(Reason,ȱ1990).ȱ
ȱ
31ȱRuleȱviolationȱisȱhereȱdefinedȱas:ȱ“deviationsȱfromȱsafeȱandȱestablishedȱprocedures,ȱstandardsȱorȱrulesȱtoȱ
controlȱaȱsystem”ȱ(Reason,ȱ1997).ȱ
ȱ
32ȱInȱthisȱthesis,ȱruleȱviolationsȱareȱseenȱasȱdeliberateȱactions.ȱHowever,ȱtheseȱactionsȱareȱnotȱintendedȱtoȱdoȱ
harm.ȱ
30
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Ruleȱviolationsȱmayȱbeȱdividedȱintoȱ(Reason,ȱ1990):ȱ
ȱ
x Routineȱviolationsȱ
x Optimizingȱviolationsȱ
x Necessaryȱorȱsituationalȱviolationsȱȱ
ȱ
Routineȱ violationsȱ involveȱ cornerȬcuttingȱ orȱ takingȱ shortȱ cuts,ȱ i.e.ȱ choosingȱ theȱ
pathȱ ofȱ leastȱ effortȱ betweenȱ tasks.ȱ Suchȱ shortȱ cutsȱ mayȱ beȱ habitual,ȱ especiallyȱ
whenȱ workȱ isȱ performedȱ inȱ environmentsȱ thatȱ sanctionsȱ suchȱ behaviourȱ orȱ
guidedȱ byȱ rigidȱ proceduresȱ (Reason,ȱ 1990).ȱ Suchȱ proceduresȱ mayȱ beȱ seenȱ asȱ
promotingȱunnecessarilyȱlongȱpathwaysȱforȱsolvingȱtheȱtasks.ȱȱ
ȱ
Optimizingȱ violationsȱ areȱ motivatedȱ byȱ moreȱ orȱ lessȱ rationalȱ motives,ȱ suchȱ asȱ
thrill.ȱSuchȱmotivesȱareȱguidedȱbyȱnonȬfunctionalȱaspectsȱ(Reason,ȱ1990).ȱDrivingȱ
aȱcarȱtooȱfast,ȱsuchȱasȱoverspendingȱwithoutȱaȱfunctionalȱmotive,ȱmayȱbeȱsuchȱaȱ
violation.ȱ
ȱ
Necessaryȱ orȱ situationalȱ violationsȱ mayȱ beȱ dueȱ toȱ organizationalȱ failuresȱ inȱ
providingȱ sufficientȱ resourcesȱ suchȱ asȱ optimalȱ tools,ȱ equipmentȱ andȱ timeȱ
necessaryȱtoȱgetȱtheȱjobȱdone.ȱSuchȱviolationsȱmayȱalsoȱbeȱconductedȱwhenȱtheyȱ
makeȱtheȱworkȱeasierȱtoȱperform.ȱ(Reason,ȱ1990)ȱ
ȱ
2.6.3 An approach for Human Failure Identification
Anȱ approachȱ forȱ Humanȱ failureȱ identificationȱ isȱ presentedȱ inȱ Tableȱ 2.1.ȱ (HSE,ȱ
2006).ȱ
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Tableȱ 2.1.ȱ Aȱ classificationȱ ofȱ humanȱ failuresȱ similarȱ toȱ Hazardȱ andȱ Operabilityȱȱ
studiesȱ(HAZOP)ȱguidewords.ȱ(Source:ȱHSE,ȱ2006)ȱ
ȱ
Action Errors

A1 Operation too long/short
A2 Operation mistimed
A3 Operation in wrong direction
A4 Operation too little/much
A Operation too fast/slow
A6 Misalign
A7 Right operation on wrong object
A8 Wrong operation on right object
A9 Operation omitted
A10 Operation incomplete
A11 Operation too early/late

Checking Errors

C1 Check omitted
C2 Check incomplete
C3 Right check on wrong object
C4 Wrong check on right object
C5 Check too early/late

Information Retrieval
Errors

R1 Information not obtained
R2 Wrong information obtained
R3 Information retrieval incomplete
R4 Information incorrectly interpreted

Information
Communication Errors

I1 Information not communicated
I2 Wrong information communicated
I3 Information communication incomplete
I4 Information communication unclear

Selection Errors

S1 Selection omitted
S2 Wrong selection made

Planning Errors

P1 Plan omitted
P2 Plan incorrect

Violations

V1 Deliberate actions

ȱ

ȱ
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3 RESEARCH METHODOLOGY
Thereȱ areȱ manyȱ differentȱ waysȱ ofȱ performingȱ scientificȱ research.ȱ Inȱ thisȱ chapterȱ aȱ briefȱ
introductionȱtoȱresearchȱmethodologyȱisȱpresentedȱandȱtheȱchosenȱresearchȱmethodologyȱisȱ
discussed.ȱȱ

3.1 Introduction
Inȱgeneralȱtheȱreasonȱforȱdoingȱresearchȱisȱtoȱfindȱoutȱwhyȱthingsȱhappenȱasȱtheyȱ
doȱ(Carey,ȱ1994).ȱToȱcarryȱoutȱresearchȱaȱsuitableȱresearchȱmethodologyȱmustȱbeȱ
chosen.ȱDenzinȱ&ȱLinconȱ(1994)ȱstateȱthatȱtheȱtermȱresearchȱmethodologyȱfocusesȱ
onȱ “bestȱ meansȱ forȱ gainingȱ knowledgeȱ aboutȱ theȱ world”.ȱ Theȱ termȱ researchȱ
methodologyȱ refersȱ toȱ theȱ wayȱ inȱ whichȱ theȱ problemȱ isȱ approachedȱ inȱ orderȱ toȱ
findȱanȱanswerȱtoȱitȱ(Taylorȱ&ȱBogdan,ȱ1984).ȱȱ

3.2 Research Purpose
Thereȱ areȱ basicallyȱ threeȱ differentȱ waysȱ ofȱ classifyingȱ aȱ researchȱ study:ȱ
exploratory,ȱ descriptiveȱ andȱ explanatory.ȱ Theȱ exploratoryȱ studyȱ aimsȱ atȱ
generatingȱ basicȱ knowledgeȱ andȱ demonstratingȱ theȱ characterȱ ofȱ aȱ problemȱ byȱ
collectingȱinformationȱthroughȱexploration.ȱExploratoryȱstudiesȱareȱconductedȱinȱ
orderȱ toȱ createȱ anȱ understandingȱ ofȱ differentȱ conditionsȱ andȱ events.ȱ Anȱ
explorativeȱ studyȱ mayȱ beȱ usedȱ forȱ unstructuredȱ researchȱ problems,ȱ whichȱ areȱ
difficultȱtoȱdelimit.ȱ(Yin,ȱ2003)ȱ
ȱ
Aȱ descriptiveȱ studyȱ isȱ appropriateȱ whenȱ theȱ researchȱ problemȱ isȱ structuredȱ forȱ
identifyingȱ relationsȱ betweenȱ certainȱ causes.ȱ Theȱ aimȱ ofȱ aȱ descriptiveȱ
investigationȱisȱtoȱperformȱempiricalȱgeneralizations.ȱ(Marshallȱ&ȱRossman,ȱ1999)ȱ
ȱ
Theȱ explanatoryȱ researchȱ approachȱ aimsȱ atȱ establishingȱ causalȱ connectionsȱ
betweenȱdifferentȱphenomenaȱ(Dane,ȱ1990).ȱTheȱexplanatoryȱstudyȱmayȱthereforeȱ
beȱusedȱforȱanalyzingȱcausesȱandȱrelationships,ȱwhichȱtogetherȱexplainsȱaȱcertainȱ
phenomenonȱ(Erikssonȱ&ȱWiedersheimȬPaul,ȱ1997).ȱȱ
3.2.1 Purpose of this thesis
Theȱ purposeȱ ofȱ thisȱ thesisȱ isȱ toȱ “exploreȱ andȱ describeȱ hazardsȱ contributoryȱ toȱ
maintenanceȬrelatedȱincidentsȱandȱaccidents,ȱinȱorderȱtoȱsupportȱcontinuousȱriskȱ
reduction.”ȱ Toȱ fulfilȱ thisȱ purposeȱ anȱ exploratoryȱ andȱ descriptiveȱ approachȱ hasȱ
beenȱchosen.ȱAȱmotiveȱforȱapproachingȱtheȱresearchȱasȱexploratoryȱisȱtoȱgenerateȱ
knowledgeȱ andȱ understandingȱ aboutȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidents.ȱTheȱknowledgeȱgainedȱfromȱtheȱexplorativeȱapproachȱisȱintendedȱtoȱbeȱ
usedȱ forȱ continuousȱ improvementȱ ofȱ theȱ maintenanceȱ activitiesȱ throughȱ hazardȱ
reduction.ȱ Theȱ reasonȱ forȱ alsoȱ choosingȱ aȱ descriptiveȱ approachȱ isȱ theȱ needȱ toȱ
describeȱhowȱmaintenanceȬrelatedȱincidentsȱandȱaccidentsȱcanȱbeȱillustratedȱandȱ
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analysedȱ inȱ orderȱ toȱ structureȱ theȱ searchȱ forȱ aȱ networkȱ ofȱ contributoryȱ hazards,ȱ
whichȱ mayȱ resultȱ inȱ improperȱ maintenance.ȱ Improperȱ maintenanceȱ isȱ inȱ turnȱ
manifestedȱ inȱ differentȱ incidentsȱ andȱ accidents.ȱ Theȱ reasonȱ forȱ excludingȱ theȱ
explanatoryȱ researchȱ approachȱ isȱ theȱ complexityȱ involvedȱ inȱ establishingȱ causalȱ
relationsȱ betweenȱ hazardsȱ andȱ theirȱ connectedȱ incidentsȱ andȱ accidentsȱ throughȱ
retrospectiveȱ studies.ȱ Hence,ȱ theȱ contributoryȱ hazardsȱ mayȱ beȱ identified,ȱ butȱ
causalȱ connectionsȱ areȱ difficultȱ toȱ establishȱ throughȱ thisȱ approachȱ (Hollnagel,ȱ
2004).ȱ

3.3 Research Approach
AccordingȱtoȱAlvessonȱ&ȱSköldbergȱ(1994),ȱtheȱresearchȱapproachȱmayȱbeȱbasedȱ
onȱdeduction,ȱinductionȱorȱabduction,ȱseeȱTableȱ3.1.ȱAnotherȱtypeȱofȱclassificationȱ
isȱ whereȱ theȱ approachȱ isȱ dividedȱ intoȱ qualitativeȱ orȱ quantitativeȱ approachȱ
(Erikssonȱ&ȱWidersheimȬPaul,ȱ1997).ȱ
ȱ
Tableȱ 3.1.ȱ Illustrationȱ ofȱ theȱ differentȱ researchȱ approaches:ȱ Deduction,ȱ Inductionȱ andȱ
Abductionȱ(Source:ȱAlvessonȱ&ȱSköldberg,ȱ1994).ȱToȱtheȱrightȱtheȱapproachȱchosenȱinȱthisȱ
thesisȱisȱillustrated.ȱ
ȱ
Deduction

Induction

Abduction

Approach used
in this thesis

Theoretical
Empirical

ȱ
3.3.1 Deduction, Induction or Abduction
Theȱ deductiveȱ approachȱ strivesȱ toȱ generateȱ hypotheses,ȱ whichȱ areȱ testableȱ
statements,ȱ basedȱ onȱ existingȱ theory.ȱ Theȱ resultsȱ areȱ derivedȱ byȱ logicalȱ
conclusions.ȱ(Erikssonȱ&ȱWidersheimȬPaul,ȱ1997)ȱ
ȱ
Theȱ inductiveȱ approachȱ isȱ basedȱ onȱ empiricalȱ dataȱ andȱ conclusionsȱ areȱ drawnȱ
fromȱtheȱexperienceȱgainedȱfromȱtheȱstudyȱ(Patelȱ&ȱDavidson,ȱ1994).ȱ
ȱ
Abductionȱmayȱbeȱconsideredȱasȱaȱcombinationȱofȱdeductionȱandȱinduction.ȱTheȱ
researcherȱcanȱstartȱwithȱaȱdeductiveȱapproachȱandȱmakeȱanȱempiricalȱcollectionȱ
basedȱonȱaȱtheoreticalȱframework,ȱandȱthenȱcontinueȱwithȱtheȱinductiveȱapproachȱ
toȱdevelopȱtheoriesȱbasedȱonȱtheȱpreviouslyȱcollectedȱempiricalȱdata.ȱDuringȱtheȱ
researchȱ processȱ anȱ understandingȱ ofȱ theȱ phenomenonȱ isȱ developedȱ andȱ theȱ
theoryȱ isȱ adjustedȱ withȱ respectȱ toȱ theȱ newȱ empiricalȱ findings.ȱ (Alvessonȱ &ȱ
Sköldberg,ȱ1994)ȱ
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3.3.2 Qualitative or Quantitative
Researchȱ mayȱ alsoȱ beȱ dividedȱ intoȱ aȱ qualitativeȱ orȱ aȱ quantitativeȱ approach.ȱ
Quantitativeȱinformationȱisȱconveyedȱbyȱnumbersȱandȱqualitativeȱ informationȱisȱ
generallyȱ conveyedȱ byȱ wordsȱ (Erikssonȱ &ȱ WidersheimȬPaul,ȱ 1997).ȱ Theȱ
quantitativeȱ approachȱ emphasisesȱ theȱ measurementȱ andȱ analysisȱ ofȱ causalȱ
relationshipsȱ betweenȱ differentȱ variablesȱ (Denzinȱ &ȱ Lincoln,ȱ 1994).ȱ Theȱ
qualitativeȱ approachȱ aimsȱ atȱ givingȱ anȱ explanationȱ ofȱ causalȱ relationshipsȱ
betweenȱdifferentȱeventsȱandȱconsequencesȱ(Milesȱ&ȱHuberman,ȱ1994).ȱ
3.3.3 Applied Research Approach
Theȱresearchȱprocessȱinȱthisȱthesisȱstartedȱwithȱaȱdeductiveȱapproach,ȱinitiatedȱbyȱ
aȱ literatureȱ studyȱ aimedȱ atȱ identifyingȱ theȱ needȱ forȱ furtherȱ investigationȱ ofȱ
maintenanceȬrelatedȱ incidentsȱ andȱ accidents.ȱ Thereafter,ȱ identifiedȱ dataȱ analysisȱ
modelsȱwereȱadapted,ȱwhichȱcanȱbeȱusedȱforȱtheȱanalysisȱofȱmaintenanceȬrelatedȱ
incidentsȱ andȱ accidents.ȱ Hence,ȱ theseȱ modelsȱ areȱ basedȱ onȱ identifiedȱ theoreticalȱ
foundations.ȱ Theȱ analysisȱ modelsȱ wereȱ thenȱ applied,ȱ inȱ anȱ inductiveȱ approach,ȱ
whenȱanalysingȱempiricalȱdata,ȱi.e.ȱarchivalȱrecords,ȱfromȱtheȱdatabaseȱcontainingȱ
incidentsȱ andȱ accidentsȱ onȱ theȱ Swedishȱ railwaysȱ (seeȱ Sectionȱ 3.5.2.1)ȱ andȱ
empiricalȱdataȱfromȱtheȱpaperȱmillȱcaseȱstudy.ȱConclusionsȱcouldȱbeȱdrawnȱdueȱtoȱ
experienceȱgainedȱfromȱthoseȱempiricalȱstudies,ȱwhichȱguidedȱtheȱsearchȱforȱnewȱ
theoreticalȱfoundations.ȱTheȱinductiveȱapproachȱwasȱthenȱusedȱonceȱmoreȱforȱtheȱ
studyȱ ofȱ incidentȱ andȱ accidentȱ investigations,ȱ i.e.ȱ documentationȱ (seeȱ Sectionȱ
3.5.2.3)ȱandȱinȱtheȱpaperȱmillȱcaseȱstudyȱ(seeȱSectionȱ3.5.3).ȱConclusionsȱcouldȱbeȱ
drawnȱ withȱ supportȱ ofȱ theȱ dataȱ collectedȱ fromȱ theseȱ studiesȱ andȱ comparisonsȱ
couldȱbeȱmadeȱwithȱtheory.ȱTheȱappliedȱresearchȱapproachȱisȱthereforeȱsimilarȱtoȱ
theȱabductiveȱapproach,ȱseeȱTableȱ3.1.ȱ
ȱ
Theȱresearchȱapproachȱinȱthisȱthesisȱisȱmainlyȱqualitative,ȱbutȱalsoȱsupportedȱbyȱaȱ
quantitativeȱ approach.ȱ Theȱ qualitativeȱ approachȱ aimsȱ atȱ exploringȱ maintenanceȬ
relatedȱhazardsȱatȱmaintenanceȱexecution.ȱFurthermore,ȱtheȱapproachȱalsoȱaimsȱatȱ
describingȱ differentȱ deviationsȱ inȱ theȱ maintenanceȱ process,ȱ manifestedȱ inȱ
differentȱincidentsȱandȱaccidents.ȱAȱquantitativeȱapproachȱisȱchosenȱtoȱexploreȱtheȱ
magnitudeȱ ofȱ theȱ lossesȱ andȱ hazardsȱ relatedȱ toȱ accidentsȱ onȱ theȱ railways.ȱ
However,ȱ theȱ quantitativeȱ approachȱ isȱ notȱ chosenȱ toȱ drawȱ anyȱ statisticalȱ
generalisationsȱ ofȱ theȱ differentȱ incidentsȱ andȱ accidents,ȱ butȱ toȱ illustrateȱ someȱ ofȱ
theȱ connectedȱ losses,ȱ inȱ termsȱ ofȱ fatalitiesȱ andȱ injuries.ȱ Inȱ Tableȱ 3.2ȱ theȱ chosenȱ
researchȱ strategiesȱ areȱ presentedȱ inȱ relationȱ toȱ theȱ differentȱ researchȱ questionsȱ
andȱtheȱpapersȱinȱwhichȱtheȱstudiesȱareȱpresented.ȱ
ȱ
ȱ

ȱ

39

Tableȱ 3.2.ȱ Illustrationȱ ofȱ theȱ strategiesȱ usedȱ forȱ theȱ researchȱquestions.ȱ Furthermore,ȱ theȱ
numberȱ ofȱ eachȱ differentȱ studyȱ andȱ theȱ paperȱ inȱ whichȱ theȱ studyȱ isȱ presentedȱ areȱ alsoȱ
outlined.ȱ
ȱ
Research
Question

1

2

Type of
Research
Question

How

What

Research
Strategy

Literature
Study

Case Studies

Paper

I, II, III, IV, V

II, III, IV, V

ȱ
Theȱinitialȱliteratureȱstudyȱresultedȱinȱfourȱbasicȱresearchȱpropositions:ȱȱ
ȱ
x Maintenanceȱcontributesȱtoȱincidentsȱandȱaccidents.ȱ
x HumanȱerrorȱisȱnotȱtheȱrootȱcauseȱtoȱmaintenanceȬrelatedȱaccidents.ȱ
x Maintenanceȱisȱaȱgenericȱapproachȱindependentȱofȱindustrialȱapplication.ȱ
x Itȱ isȱ possibleȱ toȱ learnȱ fromȱ incidentsȱ andȱ accidentsȱ toȱ reduceȱ futureȱ
occurrences.ȱ

3.4 Research Strategy
Theȱ choiceȱ ofȱ researchȱ strategyȱ dependsȱ onȱ whatȱ kindȱ ofȱ informationȱ theȱ
researcherȱ isȱ lookingȱ forȱ dueȱ toȱ theȱ purposeȱ ofȱ theȱ studyȱ andȱ theȱ researchȱ
questionsȱ (Merriam,ȱ 1998;ȱ Yin,ȱ 2003).ȱ Eachȱ researchȱ strategyȱ hasȱ strengthsȱ andȱ
weaknessesȱ dependingȱ onȱ threeȱ conditions:ȱ theȱ typeȱ ofȱ researchȱ question,ȱ theȱ
extentȱofȱcontrolȱtheȱresearcherȱhasȱofȱbehaviouralȱeventsȱandȱtheȱdegreeȱofȱfocusȱ
onȱcontemporaryȱevents,ȱasȱopposedȱtoȱhistoricalȱeventsȱ(Yin,ȱ2003).ȱTheȱselectionȱ
ofȱanȱappropriateȱresearchȱstrategyȱisȱillustratedȱinȱTableȱ3.3.ȱ
ȱ
Tableȱ3.3.ȱTheȱselectionȱofȱappropriateȱresearchȱstrategiesȱforȱdifferentȱresearchȱsituationsȱ
(Source:ȱYin,ȱ2003).ȱ
ȱ
Strategy
Experiment
Survey
Archival analysis
History
Case Study

Form of research
question

Requires control of
behavioral events?

How, why
Who, what, where,
how many, how much
Who, what, where,
how many, how much
How, why
How, why

Yes

Focuses on
contemporary
events?
Yes

No

Yes

No

Yes/No

No
No

No
Yes

ȱ
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3.4.1 Applied Research strategy
Theȱstatedȱpurposeȱofȱtheȱresearchȱpresentedȱinȱthisȱthesisȱisȱtoȱconcentrateȱonȱtheȱ
followingȱtwoȱresearchȱquestions:ȱ
ȱȱ
1. Howȱcanȱmethodologiesȱandȱtoolsȱbeȱusedȱforȱidentificationȱofȱ
maintenanceȬrelatedȱhazardsȱcontributingȱtoȱincidentsȱandȱaccidents?ȱ
ȱ
2. WhatȱkindȱofȱhazardsȱcontributeȱtoȱmaintenanceȬrelatedȱincidentsȱandȱ
accidents?ȱ
ȱ
Theȱtwoȱresearchȱquestionsȱfocusȱmainlyȱonȱ“how”ȱandȱ“what”.ȱAccordingȱtoȱYinȱ
(2003)ȱ severalȱ researchȱ strategiesȱ areȱ appropriateȱ forȱ “how”ȱ andȱ “what”ȱ relatedȱ
researchȱ questions,ȱ seeȱ Tableȱ 3.3.ȱ Theseȱ researchȱ strategiesȱ are:ȱ experiment,ȱ
survey,ȱ archivalȱ analysis,ȱ historyȱ andȱ caseȱ studies.ȱ Yinȱ (2003)ȱ alsoȱ makesȱ aȱ
divisionȱ betweenȱ theȱ researchȱ strategiesȱ dependingȱ onȱ theȱ controlȱ overȱ
behaviouralȱ eventsȱ andȱ whetherȱ theyȱ focusȱ onȱ contemporaryȱ events.ȱ Inȱ thisȱ
researchȱ itȱ isȱ notȱ possibleȱ toȱ controlȱ behaviouralȱ events,ȱ whichȱ excludesȱ
experiment.ȱ Accordingȱ toȱ Yinȱ (2003)ȱ “howȱ many”ȱ isȱ aȱ formȱ ofȱ “what”ȱ relatedȱ
researchȱquestions.ȱThisȱgivesȱtheȱquantitativeȱapproachȱtoȱlossesȱandȱhazards.ȱ
ȱ
Therefore,ȱcaseȱstudiesȱhaveȱbeenȱchosenȱasȱtheȱmainȱresearchȱstrategy.ȱHowever,ȱ
theȱ railwayȱ caseȱ studyȱ encompassedȱ anȱ archivalȱ analysisȱ asȱ well.ȱ Theȱ mainȱ
motiveȱforȱtheȱarchivalȱanalysisȱwasȱtheȱfocusȱonȱnonȬcontemporaryȱevents,ȱsinceȱ
retrospectiveȱ analysisȱ ofȱ pastȱ incidentsȱ andȱ accidentsȱ wasȱ ofȱ interest.ȱ Anotherȱ
motiveȱforȱperformingȱarchivalȱanalysisȱwasȱtoȱidentifyȱtheȱmagnitudeȱofȱfatalitiesȱ
andȱinjuriesȱasȱwellȱasȱhazardsȱonȱtheȱSwedishȱrailwaysȱdueȱtoȱaccidentsȱlinkedȱtoȱ
trackȱ maintenance.ȱ Theȱ dataȱ wasȱ alsoȱ availableȱ inȱ aȱ databaseȱ andȱ inȱ differentȱ
incidentȱ andȱ accidentȱ investigations,ȱ whichȱ makesȱ archivalȱ analysisȱ suitable,ȱ
accordingȱtoȱYinȱ(2003).ȱ
ȱ
Theȱmotiveȱforȱchoosingȱaȱsupportingȱcaseȱstudyȱrelatedȱtoȱtheȱpaperȱmillsȱisȱtheȱ
focusȱ onȱ contemporaryȱ eventsȱ andȱ theȱ author’sȱ knowledgeȱ aboutȱ currentȱ
maintenanceȱ practicesȱ withinȱ theȱ area.ȱ Thisȱ factȱ enhancesȱ theȱ understandingȱ ofȱ
theȱ maintenanceȱ processȱ andȱ theȱ differentȱ needsȱ ofȱ maintenanceȱ operatorsȱ inȱ
relationȱ toȱ criticalȱ systems.ȱ Anotherȱ reasonȱ isȱ thatȱ theȱ paperȬmillȱ caseȱ study,ȱ
togetherȱ withȱ appropriateȱ theories,ȱ isȱ believedȱ toȱ supportȱ anȱ analyticalȱ
generalisationȱofȱtheȱfindingsȱfromȱtheȱrailwayȱcaseȱstudy.ȱ
ȱ
Theȱcaseȱstudiesȱwereȱsupportedȱbyȱaȱliteratureȱstudy,ȱinȱorderȱtoȱgainȱknowledgeȱ
aboutȱ theȱ researchȱ area.ȱ Theȱ literatureȱ studyȱ wasȱ alsoȱ conductedȱ inȱ orderȱ toȱ
identifyȱ andȱ toȱ adaptȱ suitableȱ dataȱ analysisȱ tools,ȱ whichȱ canȱ beȱ usedȱ inȱ theȱ caseȱ
studies.ȱTheȱliteratureȱstudyȱsupportsȱbothȱresearchȱquestions.ȱ
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3.5 Data Collection
Yinȱ(2003)ȱpresentsȱdifferentȱwaysȱofȱcollectingȱdata;ȱseeȱTableȱ3.4.ȱInȱqualitativeȱ
research,ȱ sixȱ sourcesȱ ofȱ evidenceȱ forȱ gatheringȱ informationȱ areȱ typicallyȱ used:ȱ
participantȱ observations,ȱ directȱ observations,ȱ interviews,ȱ documentsȱ orȱ archivalȱ
recordsȱ(Marshallȱ&ȱRossman,ȱ1999;ȱYin,ȱ2003).ȱ
ȱ
Tableȱ3.4.ȱTheȱselectionȱofȱappropriateȱdataȱcollectionȱmethodologiesȱforȱdifferentȱresearchȱ
situationsȱ(Source:ȱYin,2003).ȱ
ȱ
Source of
Evidence

Strengths

Weaknesses

Documentation

- Stable, can be reviewed repeatedly
- Unobtrusive, not created as a result of the
case study
- Exact, contains exact names, references,
and details of an event
- Broad coverage, long span of time, many
events, and many settings

-Retrievability, can be low
-Biased selectivity, if
collection is incomplete
-Reporting bias, reflects
(unknown) bias of author
-Access, may be deliberately
blocked
- Same as above for
documentation
- Accessibility due to privacy
reasons
- Bias due to poorly
constructed questions
- Response bias
- Inaccuracies due to poor
recall
- Reflexivity – interviews gives
what interviewer wants to
hear
- Time consuming
- Selectivity, unless broad
coverage
- Reflexivity, events may
proceed differently because it
is being observed
- Cost, hours needed by
human observers
- Same as above for direct
observations
- Bias due to investigator’s
manipulation of events
- Selectivity
- Availability

Archival
Records

Interviews

Direct
Observations

-Same as above for documentation
-Precise and quantitative

- Targeted , focus directly on case study topic
- Insightful, provides perceived causal
inference

- Reality, covers events in real time
- Contextual, covers context of event

Participant
Observations

- Same as above for direct observations
- Insightful into interpersonal behaviour and
motives

Physical
Artefacts

- Insightful into cultural features
- Insightful into technical operations

ȱ
Dataȱ mayȱ alsoȱ beȱ dividedȱ intoȱ primaryȱ orȱ secondary.ȱ Dataȱ collectedȱ byȱ theȱ
researcherȱ forȱ theȱ purposeȱ ofȱ theȱ studyȱ isȱ calledȱ primaryȱ data.ȱ Dataȱ alreadyȱ
collectedȱ byȱ otherȱ peopleȱ andȱ usedȱ byȱ theȱ researcherȱ isȱ calledȱ secondaryȱ data.ȱ
(Dahmström,ȱ1996)ȱ
ȱ
Someȱ advantagesȱ ofȱ secondaryȱ dataȱ areȱ thatȱ itȱ mayȱ beȱ anȱ easy,ȱ cheapȱ wayȱ ofȱ
receivingȱ information.ȱ Someȱ disadvantagesȱ areȱ thatȱ itȱ mayȱ beȱ difficultȱ toȱ findȱ
relevantȱmaterialȱandȱtoȱassessȱtheȱqualityȱandȱusefulnessȱofȱsecondaryȱdata.ȱAsȱaȱ
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relatedȱ consequenceȱ theȱ reliabilityȱ mayȱ alsoȱ beȱ difficultȱ toȱ evaluate,ȱ whenȱ usingȱ
secondaryȱdata.ȱ(Erikssonȱ&ȱWiedersheimȬPaul,ȱ1997)ȱȱ
3.5.1 Applied Data Collection in Literature Study
Inȱ theȱ literatureȱ studyȱ dataȱ wasȱ collectedȱ fromȱ differentȱ databasesȱ andȱ scientificȱ
journals.ȱ Firstȱ ofȱ allȱ appropriateȱ booksȱ wereȱ identifiedȱ throughȱ LIBRISȱ (theȱ
Nationalȱ Swedishȱ Libraryȱ Dataȱ System).ȱ Theȱ databaseȱ containsȱ moreȱ thanȱ fourȱ
millionȱ titlesȱ representingȱ theȱ holdingsȱ ofȱ aboutȱ 300ȱ Swedishȱ libraries,ȱ mainlyȱ
researchȱlibraries,ȱincludingȱforeignȱliterature.ȱȱ
ȱ
Differentȱ databasesȱ haveȱ alsoȱ beenȱ usedȱ toȱ searchȱ forȱ documentsȱ andȱ researchȱ
papers,ȱ e.g.ȱ Compendex,ȱ Scirus,ȱ Scienceȱ Citationȱ Index,ȱ Emerald,ȱ andȱ Elsevierȱ
ScienceȱDirect.ȱ
ȱ
Differentȱkeywordsȱwereȱformulated,ȱsuchȱas:ȱmaintenance,ȱhazard,ȱrisk,ȱaccident,ȱ
incident,ȱhumanȱerror,ȱaccidentȱmodel,ȱcauseȱandȱdisaster.ȱTheseȱkeywordsȱwereȱ
usedȱinȱdifferentȱcombinationsȱtoȱsearchȱinȱtheȱdifferentȱdatabases,ȱresultingȱinȱaȱ
largeȱnumberȱofȱhits.ȱȱ
ȱ
Inȱ orderȱ toȱfindȱ relevantȱ data,ȱ allȱ headlineȱ titlesȱ wereȱ readȱ andȱcomparedȱ toȱ theȱ
purposeȱ ofȱ theȱ study.ȱ Thisȱ reducedȱ theȱ dataȱ ofȱ theȱ materialȱ collectedȱ fromȱ theȱ
databases.ȱSecondly,ȱtheȱabstractsȱofȱtheȱremainingȱmaterialȱwereȱreadȱcarefully,ȱ
whichȱfurtherȱreducedȱtheȱmaterial.ȱFinally,ȱtheȱremainingȱfullȱarticlesȱwereȱread.ȱ
TheȱdataȱcollectionȱapproachȱusedȱforȱdatabasesȱisȱillustratedȱinȱFigureȱ3.1.ȱ
ȱ
Formation of different
search words

Perform search in
databases

First data reduction
(reading headline)

Summary of results

Third data reduction
(reading article)

Second data
reduction
(reading abstract)

ȱ
ȱ
Figureȱ3.1.ȱTheȱdataȱcollectionȱapproachȱusedȱforȱsearchȱinȱdifferentȱdatabases.ȱTheȱarrowsȱ
representȱ theȱ stepsȱ takenȱ toȱ reduceȱ theȱ amountȱ ofȱ information,ȱ andȱ toȱ findȱ relevantȱ
information.ȱ
ȱ
Toȱstrengthenȱtheȱdataȱcollectionȱthroughȱsearchȱengines,ȱdataȱwasȱalsoȱcollectedȱ
directlyȱ fromȱ differentȱ scientificȱ journals;ȱ seeȱ Figureȱ 3.2.ȱ Theȱ reasonȱ forȱ thisȱ
extensionȱwasȱtoȱincludeȱdataȱthatȱmayȱbeȱmissedȱthroughȱtheȱformulationȱofȱtheȱ
differentȱ searchȱ words.ȱ Thisȱ collectionȱ isȱ limitedȱ toȱ 1995Ȭ2006ȱ dueȱ toȱ onȬlineȱ
availabilityȱ ofȱ relevantȱ journals,ȱ e.g.ȱ Safetyȱ Science;ȱ Reliabilityȱ Engineeringȱ andȱ
SystemȱSafety;ȱJournalȱofȱLossȱPreventionȱinȱtheȱProcessȱIndustries;ȱJournalȱofȱQualityȱinȱ
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MaintenanceȱEngineering;ȱAccidentȱAnalysisȱandȱPrevention;ȱandȱInternationalȱJournalȱ
ofȱ Industrialȱ Ergonomics.ȱ Theȱ journalsȱ wereȱ chosen,ȱ basedȱ onȱ theȱ contents,ȱ inȱ
differentȱareasȱsuchȱasȱRiskȱandȱMaintenanceȱManagement.ȱ
ȱ
Read journal

First data reduction
(reading headline)

Second data
reduction
(reading abstract)

Summary of results

Third data reduction
(reading article)

ȱ
ȱ
Figureȱ3.2.ȱTheȱdataȱcollectionȱapproachȱusedȱforȱdataȱcollectionȱinȱjournals.ȱTheȱarrowsȱ
representȱ theȱ stepsȱ takenȱ toȱ reduceȱ theȱ amountȱ ofȱ information,ȱ andȱ toȱ findȱ relevantȱ
information.ȱ
ȱ
3.5.2 Applied Data Collection in Railway Case Study
Dataȱ neededȱ toȱ investigateȱ contributoryȱ causesȱ ofȱ theȱ maintenanceȬrelatedȱ
incidentsȱandȱaccidentsȱonȱtheȱrailwaysȱwasȱcollectedȱthroughȱtheȱthreeȱdifferentȱ
approaches:ȱ archivalȱ records,ȱ interviewsȱ andȱ documents.ȱ Theȱ archivalȱ recordsȱ
consistȱ ofȱ aȱ databaseȱ containingȱ descriptionsȱ ofȱ railwayȬrelatedȱ incidentsȱ andȱ
accidents.ȱ Theȱ interviewsȱ wereȱ performedȱ withȱ accidentȱ investigatorsȱ atȱ theȱ
railways.ȱ Theȱ documentationȱ consistsȱ ofȱ differentȱ descriptionsȱ generatedȱ atȱ
incidentȱandȱaccidentȱinvestigationsȱatȱtheȱSwedishȱrailway.ȱ
ȱ
ArchivalȱRecordsȱ
Theȱ BORȱ databaseȱ containsȱ allȱ trainȱ derailmentsȱ andȱ collisionsȱ onȱ theȱ Swedishȱ
StateȱRailways.ȱTheȱdatabaseȱwasȱcreatedȱinȱMicrosoftȱAccess;ȱseeȱBäckmanȱ(2002)ȱ
forȱ aȱ detailedȱ descriptionȱ ofȱ thisȱ database.ȱ BORȱ containsȱ passengerȱ trainȱ
derailmentsȱ forȱ theȱ periodȱ 1988Ȭ2000ȱ andȱ passengerȱ trainȱ accidentsȱ withȱ
passengersȱorȱtrainȱcrewȱfatalitiesȱforȱtheȱperiodȱ1960Ȭ2000.ȱAllȱinȱall,ȱ973ȱincidentsȱ
andȱ accidentsȱ areȱ reportedȱ inȱ theȱ databaseȱ (Bäckman,ȱ 2002).ȱ Theȱ databaseȱ
containsȱfiveȱdifferentȱdataȱsources:ȱBIS,ȱJAS,ȱINCIDENT,ȱHÄRȱandȱSparre.ȱ
ȱ
BIS:ȱTheȱSwedishȱNationalȱRailȱAdministrationȱhasȱaȱcomputerisedȱsystemȱcalledȱ
BIS,ȱcontainingȱdifferentȱmodulesȱforȱtrackȱinformationȱandȱforȱaccidentȱreportingȱ
fromȱ1988ȱonwards.ȱ
ȱ
JAS:ȱTheȱSwedishȱRailwayȱInspectorateȱhasȱaȱdatabaseȱcalledȱJAS,ȱwhichȱcontainsȱ
informationȱfromȱ1989ȱonwards.ȱTheȱcriteriaȱforȱtheȱaccidentsȱtoȱbeȱreportedȱinȱtheȱ
databaseȱ areȱ eitherȱ fatalities,ȱ injuriesȱ orȱ materialȱ costsȱ ofȱ approximatelyȱ 100ȱ 000ȱ
USD.ȱ
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INCIDENT:ȱ Swedishȱ Stateȱ Railwaysȱ (SJ)ȱ hasȱ aȱ databaseȱ calledȱ INCIDENT.ȱ SJȱ
beganȱreportingȱaccidentsȱinȱthisȱcomputerisedȱdatabaseȱinȱFebruaryȱ1995,ȱbutȱtheȱ
databaseȱwasȱclosedȱinȱDecemberȱ1997.ȱ
ȱ
HÄR:ȱ Theȱ Swedishȱ Railwayȱ Inspectorateȱ administratedȱ aȱ databaseȱ calledȱ HÄRȱ
betweenȱ1994ȱandȱ1998.ȱItȱcontainsȱaccidentsȱasȱwellȱasȱincidents.ȱȱ
ȱ
Sparre:ȱAȱstudyȱconductedȱbyȱSparreȱonȱaccidentȱinvestigationsȱfromȱtheȱSwedishȱ
Stateȱ Railwaysȱ containingȱ collisions,ȱ derailmentsȱ andȱ firesȱ onȱ theȱ Swedishȱ
networkȱbetweenȱ1985ȱandȱ1994ȱgeneratedȱdataȱthatȱhasȱbeenȱincludedȱinȱBOR.ȱȱ
ȱ
Dueȱ toȱ theȱ factȱ thatȱ theȱ Swedishȱ Stateȱ Railwaysȱ wentȱ throughȱ aȱ majorȱ
organisationalȱ changeȱ inȱ 1988,ȱ earlierȱ dataȱ isȱ excludedȱ fromȱ theȱ studyȱ inȱ thisȱ
thesis,ȱbasedȱonȱBOR.ȱTheȱdatabaseȱcontainsȱ666ȱincidentsȱandȱaccidentsȱbetweenȱ
1988ȱandȱ2000.ȱ
ȱ
Interviewsȱ
Interviewsȱwereȱconductedȱtoȱvalidateȱempiricalȱdataȱthatȱwasȱcollectedȱthroughȱ
theȱ archivalȱ records.ȱ Theȱ interviewsȱ wereȱ heldȱ withȱ experiencedȱ accidentȱ
investigatorsȱ aboutȱ differentȱ hazardsȱ andȱ probableȱ causesȱ forȱ theirȱ occurrences.ȱ
TheȱdifferentȱtopicsȱofȱdiscussionsȱwereȱrelatedȱtoȱaȱsetȱofȱpreȬdefinedȱquestions.ȱ
Theȱ interviewsȱ wereȱ heldȱ overȱ theȱ telephoneȱ andȱ recordedȱ onȱ tape.ȱ Shortȱ notesȱ
wereȱalsoȱmadeȱbyȱtheȱauthorȱduringȱtheȱinterviews.ȱ
ȱ
Documentationȱ
DataȱneededȱtoȱfurtherȱinvestigateȱcontributoryȱcausesȱofȱtheȱmaintenanceȬrelatedȱ
lossesȱonȱtheȱrailwaysȱwasȱachievedȱthroughȱaȱstudyȱofȱdifferentȱdocumentationsȱ
generatedȱatȱincidentsȱandȱaccidentsȱinvestigations.ȱȱ
ȱ
Theseȱinvestigationsȱ wereȱselectedȱbasedȱonȱtheȱfindingsȱofȱtheȱarchivalȱrecords,ȱ
presentedȱinȱPaperȱIV.ȱTheȱresultȱconsistsȱofȱ58ȱidentifiedȱincidentsȱandȱaccidentsȱ
thatȱ correspondȱ toȱ theȱ purposeȱ ofȱ thisȱ thesis.ȱ Theseȱ 58ȱ infrastructureȬrelatedȱ
incidentsȱ andȱ accidentsȱ wereȱ classifiedȱ asȱ relatedȱ toȱ theȱ executionȱ ofȱ trackȱ
maintenance.ȱ However,ȱ onlyȱ 27ȱ investigationsȱ wereȱ accessibleȱ throughȱ theȱ
Swedishȱ Railȱ Agencyȱ (Järnvägsstyrelsen).ȱ Theȱ probableȱ reasonȱ forȱ thisȱ isȱ theȱ
divisionȱ ofȱ incidentsȱ andȱ accidentsȱ intoȱ twoȱ differentȱ severityȱ groups,ȱ ofȱ whichȱ
onlyȱ theȱ moreȱ severeȱ eventsȱ areȱ reportedȱ toȱ theȱ Swedishȱ Railȱ Agency.ȱ Theȱ lessȱ
severeȱ eventsȱ areȱ investigatedȱ locallyȱ atȱ differentȱ regionalȱ offices,ȱ andȱ theȱ
investigationsȱ areȱ storedȱ locally,ȱ whichȱ makesȱ themȱ moreȱ difficultȱ toȱ access.ȱ
Anotherȱ obstacleȱ toȱ accessȱ forȱ theseȱ investigationsȱ isȱ thatȱ theȱ divisionȱ ofȱ trackȱ
regionsȱ hasȱ changedȱ overȱ theȱ studiedȱ timeȱ frameȱ (1988Ȭ2000).ȱ Thisȱ isȱ theȱ mainȱ
reasonȱforȱexcludingȱtheȱlessȱsevereȱeventsȱinȱtheȱstudy.ȱ
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Theȱaverageȱnumberȱofȱpagesȱforȱtheȱanalysedȱinvestigationsȱisȱ30.ȱHowever,ȱtheȱ
extentsȱ ofȱ theȱ investigationsȱ varyȱ betweenȱ 11ȱ andȱ 154ȱ pages.ȱ Theȱ studiedȱ
investigationsȱcoverȱtheȱyearsȱ1989Ȭ1999.ȱTheȱinvestigationsȱconsistȱofȱdescriptionsȱ
of:ȱ dateȱ andȱ time,ȱ placeȱ ofȱ occurrence,ȱ incidentsȱ andȱ outcomeȱ ofȱ theȱ accidents,ȱ
causeȱ descriptionsȱ andȱ surroundingȱ environmentalȱ factors.ȱ Furthermore,ȱ
recommendationsȱforȱcountermeasuresȱareȱalsoȱsuggested.ȱTheȱinvestigationsȱareȱ
writtenȱinȱSwedishȱbyȱprofessionalȱrailwayȱaccidentȱinvestigators.ȱȱ
3.5.3 Applied Data Collection in Paper Mill Case Study
Empiricalȱ dataȱ wasȱ collectedȱ throughȱ threeȱ approaches,ȱ namely:ȱ directȱ
observations,ȱparticipantȱobservationsȱandȱinterviews.ȱȱ
ȱ
Directȱandȱparticipantȱobservationsȱ
Dataȱ wasȱ collectedȱ throughȱ bothȱ directȱ andȱ participantȱ observationsȱ ofȱ theȱ
maintenanceȱ executionȱ atȱ differentȱ paperȱ mills.ȱ Theȱ observationsȱ focusedȱ onȱ theȱ
workingȱenvironmentȱandȱtheȱrelatedȱconditionalȱhazards.ȱȱ
ȱ
Interviewsȱ
Dataȱ wasȱ collectedȱ throughȱ informalȱ interviewsȱ withȱ experiencedȱ maintenanceȱ
techniciansȱ aboutȱ theȱ requirementsȱ andȱ risksȱ thatȱ emergeȱ duringȱ maintenanceȱ
executionȱ inȱ paperȱ mills.ȱ Theȱ theoryȱ andȱ theȱ author’sȱ preȬunderstandingȱ ofȱ
problemsȱ regardingȱ maintenanceȱ executionȱ guidedȱ theȱ differentȱ areasȱ ofȱ
discussion.ȱ Duringȱ theȱ informalȱ interviewsȱ onlyȱ shortȱ notesȱ wereȱ taken.ȱ Theȱ
reasonȱ forȱ thisȱ wasȱ thatȱ theȱ interviewsȱ tookȱ placeȱ inȱ theȱ plantsȱ betweenȱ
maintenanceȱtasks.ȱTheȱanswersȱwereȱkeptȱanonymous.ȱTheȱreasonȱforȱthisȱwasȱtoȱ
allowȱ theȱ respondentsȱ toȱ answerȱ freely,ȱ withoutȱ possibleȱ fearȱ forȱ repercussions.ȱ
Shortlyȱafterȱtheȱinterviewsȱwereȱconductedȱsomeȱconcludingȱnotesȱwereȱmadeȱbyȱ
theȱauthorȱofȱthisȱthesis.ȱTheȱinterviewsȱthatȱwereȱconsideredȱvitalȱforȱthisȱthesisȱ
wereȱverifiedȱwithȱtheȱinterviewedȱpersonnel.ȱ

3.6 Data Analysis
Itȱisȱimportantȱthatȱeveryȱinvestigationȱshouldȱhaveȱaȱgeneralȱanalyticȱstrategyȱtoȱ
guideȱ theȱ decisionsȱ regardingȱ whatȱ willȱ beȱ analyzedȱ andȱ forȱ whatȱ reasonȱ (Yin,ȱ
2003).ȱ Dataȱ analysisȱ includesȱ aspectsȱ of:ȱ examining,ȱ categorizing,ȱ tabulating,ȱ orȱ
recombiningȱtheȱevidenceȱtoȱaddressȱtheȱpropositionsȱofȱaȱstudyȱ(Yin,ȱ2003).ȱȱ
3.6.1 Applied Data Analysis in Railway Case Study
Dataȱ haveȱ beenȱ analysedȱ throughȱ differentȱ approaches.ȱ Theȱ archivalȱ recordsȱ
analysisȱ hasȱ beenȱ performedȱ throughȱ aȱ Lossȱ Causationȱ Model,ȱ supportedȱ byȱ aȱ
FiveȬwhyȱ methodology,ȱ seeȱ Paperȱ IIIȱ andȱ IV.ȱ Theȱ incidentȱ andȱ accidentȱ
investigationsȱ haveȱ beenȱ analysedȱ byȱ usingȱ aȱ genericȱ maintenanceȱ processȱ
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combinedȱ withȱ anȱ applicationȱ ofȱ differentȱ guidewords,ȱ similarȱ toȱ thoseȱ usedȱ inȱ
HazardȱandȱOperabilityȱ(HAZOP)ȱstudies,ȱseeȱPaperȱV.ȱ
ȱ
ArchivalȱRecordsȱ
Inȱ orderȱ toȱ identifyȱ maintenanceȬrelatedȱ incidentsȱ andȱ accidentsȱ inȱ theȱ BORȱ
database,ȱ theȱ dataȱ mustȱ beȱ classified.ȱ Mostȱ ofȱ theȱ incidentsȱ orȱ accidents,ȱ whichȱ
haveȱ beenȱ transferredȱ fromȱ theȱ differentȱ dataȱ sourcesȱ describedȱ inȱ Sectionȱ 3.5.2,ȱ
intoȱtheȱBORȱdatabase,ȱcontainȱaȱdescriptionȱofȱbackgroundȱandȱcourseȱofȱeventsȱ
leadingȱtoȱlosses.ȱ
ȱ
Theȱ BORȱ databaseȱ hasȱ beenȱ studiedȱ withoutȱ considerationȱ ofȱ previousȱ
classification.ȱTheȱreasonȱforȱthisȱisȱtoȱavoidȱbeingȱbiased,ȱthoughȱtheȱclassificationȱ
inȱ theȱ databaseȱ isȱ notȱ madeȱ withȱ trackȱ maintenanceȬrelatedȱ causesȱ inȱ mind.ȱ
Therefore,ȱtheȱincidentsȱandȱaccidentsȱhaveȱbeenȱclassifiedȱdueȱtoȱpossibleȱcauses,ȱ
inȱthreeȱiterativeȱsteps,ȱbasedȱonȱtheȱincidentȱandȱaccidentȱdescriptions.ȱ
ȱȱ
Theȱfirstȱclassificationȱisȱmadeȱwithȱrespectȱtoȱallȱrailwayȱaccidentsȱandȱincidentsȱ
reportedȱtoȱtheȱdatabaseȱ1988Ȭ2000;ȱseeȱFigureȱ3.3.ȱ
ȱ
Incidents & accidents at the Swedish National Rail Administration
between 1988-2000, stored in the BOR-database
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ȱ
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Figureȱ 3.3.ȱ Theȱ firstȱ classificationȱ ofȱ theȱ dataȱ aimsȱ atȱ dividingȱ theȱ railwayȱ relatedȱ
accidentsȱ andȱ incidentsȱ betweenȱ 1988ȱ andȱ 2000ȱ intoȱ trackȱ relatedȱ causes,ȱ rollingȱ stockȱ
causesȱandȱinsufficientȱinformation.ȱ(Source:ȱHolmgren,ȱ2005)ȱ
ȱ
Theȱgroupȱclassifiedȱasȱtrackȱrelatedȱcausesȱconsistsȱofȱcontributoryȱcausesȱrelatedȱ
toȱ theȱ infrastructureȱ includingȱ theȱ ballast,ȱ points,ȱ sleepersȱ andȱ railsȱ orȱ objectsȱ
placedȱ onȱ orȱ nearȱ theȱ track.ȱ Theȱ rollingȱ stockȱ causesȱ areȱ aȱ collectionȱ ofȱ trackȱ
boundȱvehicles,ȱsuchȱasȱtrainsȱandȱtrolleysȱthatȱareȱdrivenȱonȱtheȱtrack.ȱTheȱgroupȱ
classifiedȱ asȱ insufficientȱ informationȱ hasȱ aȱ seriousȱ lackȱ ofȱ informationȱ inȱ theȱ
descriptionsȱ ofȱ theȱ incidentsȱ andȱ accidents.ȱ Therefore,ȱ itȱ isȱ notȱ possibleȱ toȱ
determineȱprobableȱcausesȱtoȱtheseȱincidentsȱandȱaccidents.ȱȱ
ȱ
Thisȱstudyȱaimsȱatȱinvestigatingȱcontributoryȱcausesȱrelatedȱtoȱtheȱinfrastructure,ȱ
withȱ aȱ focusȱ onȱ trackȱ relatedȱ causes.ȱ Furtherȱ classificationȱ isȱ basedȱ onȱ theȱ trackȱ
relatedȱcauses;ȱandȱthereforeȱtheȱrollingȱstockȱcausesȱandȱinsufficientȱinformationȱ
wereȱexcludedȱfromȱtheȱsecondȱclassificationȱstep.ȱTheȱreasonȱforȱthisȱlimitationȱisȱ
thatȱ infrastructureȱ maintenanceȱ isȱ outsourced,ȱ andȱ thereforeȱ mayȱ increaseȱ theȱ
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needȱforȱbetterȱadministrativeȱcontrolȱbyȱidentificationȱandȱreductionȱofȱimportantȱ
hazards.ȱȱ
ȱ
Inȱ theȱ secondȱ classificationȱ step,ȱ trackȱ relatedȱ causesȱ wereȱ dividedȱ intoȱ
maintenanceȬrelatedȱcauses,ȱrailwayȱoperationȱcauses,ȱsabotageȱandȱuncertain,ȱseeȱ
Figureȱ 3.4.ȱ However,ȱ thisȱ wasȱ doneȱ inȱ orderȱ toȱ identifyȱ maintenanceȬrelatedȱ
causes.ȱTheȱotherȱgroups,ȱe.g.ȱrailwayȱoperationȱandȱsabotage,ȱwereȱmadeȱtoȱgainȱ
comprehensionȱofȱtheirȱoccurrences.ȱ
ȱ
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Figureȱ3.4.ȱTheȱsecondȱclassificationȱofȱtheȱdataȱisȱaȱfurtherȱbreakdownȱofȱtheȱtrackȱrelatedȱ
causesȱ intoȱ maintenanceȱ relatedȱ causes,ȱ railwayȱ operation,ȱ sabotageȱ andȱ uncertain.ȱ
(Source:ȱHolmgren,ȱ2005)ȱ
ȱ
Theȱ groupȱ ofȱ maintenanceȬrelatedȱ causesȱ consistsȱ ofȱ eventsȱ thatȱ areȱ classifiedȱ asȱ
beingȱ causedȱ indirectlyȱ orȱ directlyȱ byȱ trackȱ maintenance.ȱ Theȱ groupȱ railwayȱ
operationȱ causesȱ isȱ aȱ collectionȱ ofȱ variousȱ otherȱ events,ȱ e.g.ȱ trainȱ operationȱ andȱ
operationȱ ofȱ points,ȱ leadingȱ toȱ incidentsȱ andȱ accidents.ȱ Theȱ groupȱ sabotageȱ
consistsȱofȱincidentsȱandȱaccidentsȱoccurringȱwhenȱobjectsȱareȱplacedȱintentionallyȱ
onȱ orȱ nearbyȱ theȱ track,ȱ presumablyȱ byȱ vandals.ȱ Theȱ groupȱ uncertainȱ containsȱ
causesȱ whereȱ thereȱ isȱ insufficientȱ informationȱ inȱ theȱ descriptionȱ ofȱ theȱ primaryȱ
causesȱ orȱ theȱ consequences.ȱ Allȱ theȱ otherȱ groupsȱ exceptȱ maintenanceȱ relatedȱ
causesȱ haveȱ beenȱ excludedȱ inȱ theȱ thirdȱ classificationȱ step,ȱ dueȱ toȱ theȱ mainȱ
purposeȱofȱidentifyingȱmaintenanceȬrelatedȱcauses.ȱȱ
ȱ
Inȱ theȱ thirdȱ classificationȱ step,ȱ maintenanceȬrelatedȱ causesȱ wereȱ dividedȱ intoȱ
maintenanceȱ executionȱ andȱ lackȱ ofȱ maintenanceȱ execution;ȱ seeȱ Figureȱ 3.5.ȱ Theȱ
reasonȱforȱthisȱclassificationȱisȱthatȱitȱisȱofȱinterestȱtoȱseeȱwhetherȱtheȱcontributoryȱ
causesȱareȱdueȱtoȱincorrectlyȱperformedȱmaintenanceȱtasksȱorȱasȱaȱconsequenceȱofȱ
overseenȱnecessaryȱmaintenanceȱtasks.ȱ
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Figureȱ 3.5.ȱTheȱ thirdȱ classificationȱaimsȱatȱdividingȱ theȱ maintenanceȱ relatedȱ causesȱ intoȱ
maintenanceȱ executionȱ andȱ lackȱ ofȱ maintenanceȱ executionȱ inȱ orderȱ toȱ determineȱ ifȱ theȱ
impactȱofȱmaintenanceȱisȱdirectȱorȱindirect.ȱ(Source:ȱHolmgren,ȱ2005)ȱ
ȱ
Theȱ groupȱ maintenanceȱ executionȱ isȱ aȱ collectionȱ ofȱ directȱ maintenanceȬrelatedȱ
causesȱoccurringȱduringȱtheȱexecution.ȱTheȱgroupȱlackȱofȱmaintenanceȱexecutionȱ
isȱaȱcollectionȱofȱvariousȱindirectȱeventsȱcausedȱbyȱlackȱofȱmaintenance.ȱȱ
ȱ
Theȱ twoȱ groupsȱ obtainedȱ inȱ theȱ thirdȱ classificationȱ step,ȱ maintenanceȱ executionȱ
andȱ lackȱ ofȱ maintenance,ȱ haveȱ beenȱ thoroughlyȱ analysedȱ inȱ orderȱ toȱ identifyȱ allȱ
possibleȱcontributoryȱcauses,ȱlimitedȱbyȱtheȱresolutionȱofȱtheȱavailableȱdata.ȱHereȱ
theȱ Lossȱ Causationȱ Model,ȱ illustratedȱ inȱ Figureȱ 3.6,ȱ isȱ appliedȱ toȱ structureȱ theȱ
contributoryȱcausesȱintoȱtheȱtwoȱdifferentȱgroups:ȱbasicȱcausesȱ(whichȱmayȱalsoȱbeȱ
seenȱasȱbluntȱendȱcauses)ȱandȱimmediateȱcausesȱ(whichȱmayȱalsoȱbeȱseenȱasȱsharpȱ
endȱcauses),ȱwhichȱallȱprecedeȱtheȱoccurrenceȱofȱtheȱincidentȱorȱaccidentȱwithȱitsȱ
connectedȱ losses.ȱ Seeȱ Sectionȱ 2.4.6ȱ forȱ Hollnagel’sȱ sharpȱ endȱ andȱ bluntȱ endȱ
factors.ȱ
ȱ
Theȱ analysisȱ ofȱ theȱ maintenanceȬrelatedȱ accidentsȱ andȱ incidents,ȱ classifiedȱ asȱ
maintenanceȱ executionȱ andȱ lackȱ ofȱ maintenanceȱ execution,ȱ wasȱ thenȱ structuredȱ
accordingȱ toȱ theȱ Lossȱ Causationȱ Modelȱ inȱ orderȱ toȱ identifyȱ events,ȱ whichȱ areȱ
deviationsȱfromȱtheȱidealȱsituationȱinȱtheȱmaintenanceȱprocess.ȱTheȱmostȱabstractȱ
levelȱ inȱ thisȱ modelȱ isȱ lackȱ ofȱ control,ȱ whichȱ mayȱ hereȱ beȱ relatedȱ toȱ theȱ
maintenanceȱmanagement;ȱseeȱalsoȱFigureȱ3.7ȱforȱaȱviewȱofȱtheȱLCMȱinȱrelationȱtoȱ
aȱsystemicȱaccidentȱanalysisȱmodel.ȱItȱwouldȱbeȱdesirableȱtoȱidentifyȱcontributoryȱ
causesȱ inȱ theȱ rangeȱ fromȱ lossesȱ toȱ lackȱ ofȱ controlȱ inȱ allȱ maintenanceȬrelatedȱ
accidentsȱandȱincidents,ȱbutȱdueȱtoȱtheȱvarietyȱofȱtheȱqualityȱofȱtheȱdataȱpresentedȱ
inȱBOR,ȱthisȱisȱnotȱpossible.ȱHowever,ȱtheȱcontributoryȱcausesȱcouldȱbeȱidentifiedȱ
inȱtheȱrangeȱofȱimmediateȱcausesȱandȱinȱsomeȱcasesȱalsoȱtheȱbasicȱcauses.ȱ
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Figureȱ 3.6.ȱ Theȱ dataȱ analysisȱ modelȱ usedȱ forȱ identificationȱ ofȱ contributoryȱ causesȱ ofȱ
maintenanceȱ relatedȱ lossesȱ isȱ aȱ modifiedȱ Lossȱ Causationȱ Model,ȱ originallyȱ developedȱ byȱ
Birdȱ &ȱ Loftusȱ (1976).ȱ Theȱ retrospectiveȱ analysisȱ startsȱ atȱ theȱ losses,ȱ manifestedȱ inȱ
incidentsȱandȱaccidentsȱinȱorderȱtoȱidentifyȱcontributoryȱeventsȱcausedȱbyȱlackȱofȱcontrol.ȱ
ȱ
Inȱ Figureȱ 3.7ȱ theȱ LCMȱ modelȱ isȱ describedȱ inȱ relationȱ toȱ aȱ systemicȱ accidentȱ
analysisȱ modelȱ toȱ clarifyȱ theȱ mindsetȱ usedȱ forȱ dataȱ analysis.ȱ Theȱ LCMȱ isȱ aȱ
sequentialȱaccidentȱmodelȱthatȱaimsȱtoȱidentifyȱcausalȱconnectionsȱinȱ itsȱoriginalȱ
application.ȱHowever,ȱwhenȱusedȱforȱanalysisȱofȱrailwayȱincidentsȱandȱaccidents,ȱ
theȱ applicationȱ hasȱ beenȱ differentȱ fromȱ itsȱ intendedȱ use,ȱ i.e.ȱ identifyȱ causeȱ andȱ
effectȱ (causal)ȱ relations.ȱ Inȱ theȱ combinedȱ viewȱ thereȱ areȱ fourȱ ovalsȱ representingȱ
differentȱstagesȱofȱtheȱaccidentȱcausation,ȱi.e.ȱabstractionȱlevels.ȱTheseȱfourȱlevelsȱ
relateȱdifferentȱhumanȱactionsȱandȱsystemȱconditionsȱcontributingȱtoȱtheȱincidentsȱ
andȱaccidents.ȱ
ȱ
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Figureȱ3.7.ȱOneȱcombinedȱviewȱofȱtheȱLCMȱdataȱanalysisȱmodelȱinȱrelationȱtoȱaȱsystemicȱ
accidentȱ analysisȱ model,ȱ presentedȱ byȱ Reasonȱ &ȱ Hobbsȱ (2003).ȱ Inȱ thisȱ modelȱ fourȱ ovalsȱ
representȱdifferentȱabstractionȱlevelsȱofȱaccidentȱcausationȱpathway.ȱTheȱimmediateȱcausesȱ
mayȱbeȱseenȱasȱsharpȱendȱfactorsȱcloseȱtoȱeventsȱthatȱtriggerȱtheȱaccident.ȱToȱtheȱleftȱinȱtheȱ
modelȱtheȱbasicȱcauses,ȱorȱbluntȱendȱfactorsȱareȱpresent,ȱwhichȱrepresentȱcausesȱdistalȱfromȱ
theȱtriggerȱeventsȱtoȱtheȱaccidents.ȱ
ȱ
Fourȱstagesȱofȱanalysisȱ
Stageȱ One:ȱ Theȱ retrospectiveȱ analysisȱ startsȱ onȱ theȱ rightȱ sideȱ inȱ theȱ firstȱ ovalȱ
whereȱtheȱmagnitudeȱofȱtheȱoutcomeȱisȱdetermined.ȱInȱReasonȱ&ȱHobbs’sȱ(2003)ȱ
modelȱ thisȱ isȱ determinedȱ byȱ penetratedȱ safetyȱ barriers.ȱ Seenȱ inȱ thisȱ perspectiveȱ
theȱ contributoryȱ causesȱ towardsȱ incidentsȱ andȱ accidentsȱ areȱ similar,ȱ onlyȱ theȱ
outcomeȱ isȱ different,ȱ i.e.ȱ accidentsȱ causeȱ harm.ȱ Thisȱ isȱ theȱ reasonȱ forȱ treatingȱ
incidentsȱandȱaccidentsȱinȱtheȱsameȱway.ȱȱ
ȱ
Stageȱ Two:ȱ Someȱ actions,ȱ suchȱ asȱ substandardȱ actsȱ (e.g.ȱ humanȱ errorȱ andȱ
violations)ȱ doȱ directlyȱ ”trigger”ȱ theȱ incidentsȱ andȱ accidents.ȱ Suchȱ actionsȱ areȱ
identifiedȱasȱsharpȱendȱfactors.ȱHowever,ȱtheseȱfactorsȱareȱsymptomsȱofȱhazardsȱ

ȱ

51

impactingȱ onȱ humanȱ performanceȱ throughȱ environmentalȱ impact.ȱ Oneȱ mustȱ
rememberȱ notȱ toȱ justȱ labelȱ suchȱ factorsȱ asȱ “theȱ cause”,ȱ thereȱ areȱ probablyȱ moreȱ
contributoryȱfactorsȱtoȱbeȱfound.ȱȱ
ȱ
StageȱThree:ȱTheȱreasonsȱforȱerrorsȱandȱviolationsȱareȱdeterminedȱbyȱbasicȱcauses.ȱ
Theseȱ causesȱ areȱ personalȱ factorsȱ andȱ systemȱ factorsȱ (Birdȱ &ȱ Loftus,ȱ 1976)ȱ andȱ
errorȱ andȱ violationȱ producingȱ conditionsȱ (Reasonȱ &ȱ Hobbs,ȱ 2003).ȱ Suchȱ factorsȱ
areȱseenȱasȱbluntȱendȱfactors,ȱe.g.ȱcontributoryȱtoȱtheȱimmediateȱcausesȱinȱaȱmoreȱ
abstractȱ way.ȱ Theseȱ causesȱ areȱ determinedȱ byȱ askingȱ questions,ȱ e.g.ȱ usingȱ theȱ
FiveȬwhyȱmethodology,ȱseeȱKazuoȱ&ȱTetsuichiȱ(1990).ȱ
ȱȱ
StageȱFour:ȱDiscussȱprobableȱreasonsȱforȱtheȱoccurrencesȱofȱhazardousȱconditionsȱ
withȱ aȱ focusȱ onȱ theȱ surroundingȱ environmentȱ andȱ personalȱ factors,ȱ thereafterȱ
suggestȱcontrolȱmeasures.ȱ
ȱ
Oneȱrelatedȱexample:ȱ
ȱ
OneȱȬ>ȱLoss:ȱȱ
Accident,ȱcollisionȱleadingȱtoȱderailment,ȱfourȱpeopleȱinjured.ȱ
ȱ
TwoȬ>ȱImmediateȱcauses:ȱȱ
Railȱmaintenance,ȱdiggerȱmachineȱwasȱplacedȱonȱtheȱtrackȱdirectlyȱcausingȱȱ
theȱderailment,ȱsomeoneȱhadȱmadeȱanȱerrorȱorȱviolation.ȱ
ȱ
ThreeȱȬ>ȱBasicȱcauses:ȱȱ
Supportingȱquestionȱ1:ȱWhyȱwasȱtheȱdiggerȱplacedȱonȱtheȱtrack?ȱȱ
…ȱDueȱtoȱtheȱneedȱforȱdiggingȱoperationsȱduringȱrailȱchange.ȱ
ȱ
Supportingȱquestionȱ2:ȱWhyȱwasȱtheȱdiggerȱplacedȱthereȱwhenȱtrainȱarrived?ȱ
…Dueȱtoȱaȱmisunderstandingȱregardingȱtheȱtimeȱtable.ȱ
ȱ
Supportingȱquestionȱ3:ȱWhyȱwasȱthereȱaȱmisunderstandingȱregardingȱtimeȱtables?ȱ
…Maintenanceȱoperatorȱwasȱnotȱinformedȱofȱchangesȱinȱtimeȱtable?ȱ
ȱ
Supportingȱquestionȱ4:ȱWhyȱwasȱheȱnotȱinformed?ȱ
…Trainȱdispatcherȱwasȱnotȱawareȱaboutȱthisȱtrackȱwork.ȱȱ
ȱ
Andȱsoȱon…ȱȱ
ȱ
FourȬ>ȱWhatȱcanȱbeȱdoneȱtoȱpreventȱsuchȱhazards?ȱ
Suggestionsȱofȱcontrolȱmeasures.ȱȱ

ȱ
ȱ
Theȱ identificationȱ ofȱ basicȱ causesȱ requiresȱ logicalȱ reasoning.ȱ Suchȱ reasoningȱ isȱ
guidedȱ byȱ theȱ LCMȱ model,ȱ seenȱ inȱ aȱ systemicȱ viewȱ inȱ Figureȱ 3.7.ȱ Theseȱ basicȱ
causesȱareȱinȱturnȱcreatedȱbyȱmoreȱabstractȱfactorsȱsuchȱasȱdifferentȱmanagementȱ
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decisions,ȱorganisationalȱprocessesȱ(hereȱwithȱaȱfocusȱonȱtheȱmaintenanceȱprocess)ȱ
leadingȱtoȱinsufficientȱcontrol.ȱ
ȱ
Documentsȱ
Theȱ incidentȱ andȱ accidentȱ investigationsȱ haveȱ beenȱ analysedȱ usingȱ twoȱ
complementaryȱapproaches.ȱTheȱfirstȱapproachȱisȱbyȱusingȱaȱgenericȱmaintenanceȱ
process,ȱ seeȱ Figureȱ 4.3.ȱ Theȱ maintenanceȱ processȱ isȱ basedȱ onȱ theȱ fourȱ phasesȱ ofȱ
theȱ Improvementȱ Cycleȱ (PlanȬDoȬStudyȬAct).ȱ Theȱ secondȱ approachȱ wasȱ theȱ
applicationȱ ofȱ guidewords,ȱ similarȱ toȱ thoseȱ usedȱ inȱ Hazardȱ andȱ Operabilityȱ
studiesȱ (HAZOP),ȱ asȱ describedȱ byȱ theȱ Healthȱ andȱ Safetyȱ Executiveȱ (HSE,ȱ 2006),ȱ
seeȱ Tableȱ 2.1.ȱ Seeȱ Figureȱ 3.8ȱ forȱ aȱ descriptionȱ ofȱ theȱ combinedȱ approach,ȱ whenȱ
applyingȱdifferentȱguidewordsȱonȱtheȱmaintenanceȱprocess.ȱ
ȱ
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Figureȱ3.8.ȱAȱcombinedȱapproach,ȱusingȱdifferentȱguidewordsȱtoȱidentifyȱhumanȱfailuresȱ
inȱrelationȱtoȱdifferentȱactivitiesȱofȱaȱgenericȱmaintenanceȱprocess.ȱȱ
ȱ
Theȱprocessȱmodelȱwasȱappliedȱtoȱillustrateȱcontributoryȱfactorsȱinȱtheȱaccidents’ȱ
lossȱinȱrelationȱtoȱdifferentȱactivitiesȱinȱtheȱmaintenanceȱprocess,ȱi.e.ȱMaintenanceȱ
Planningȱ (Plan),ȱ Maintenanceȱ Executionȱ (Do),ȱ Functionalȱ Testingȱ (Study),ȱ andȱ
Feedbackȱ(Act).ȱTheȱreasonȱforȱusingȱaȱgenericȱmaintenanceȱprocessȱinfluencedȱbyȱ
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theȱimprovementȱcycleȱinȱtheȱanalysisȱisȱtoȱpromoteȱcontinuousȱimprovementȱandȱ
henceȱcontinuousȱriskȱreductionȱbyȱhazardȱreductionȱandȱelimination.ȱȱ
ȱ
Inȱ orderȱ toȱ pinpointȱ theȱ contributoryȱ causesȱ inȱ relationȱ toȱ theȱ stepsȱ ofȱ theȱ
maintenanceȱ process,ȱ theȱ classificationȱ accordingȱ toȱ Tableȱ 2.1ȱ wasȱ appliedȱ asȱ aȱ
support.ȱThisȱclassificationȱwasȱselectedȱasȱaȱsupportȱinȱtheȱanalysisȱsinceȱitȱwasȱ
developedȱ withȱ theȱ purposeȱ ofȱ identifyingȱ possibleȱ humanȱ failures.ȱ Itȱ isȱ alsoȱ
importantȱtoȱnoteȱthatȱtheȱanalysisȱwasȱperformedȱfromȱaȱmaintenanceȱexecutionȱ
perspective,ȱseeȱFigureȱ3.8.ȱTheȱreasonȱforȱthisȱisȱthatȱtheȱstudiedȱmaterialȱconsistsȱ
ofȱ investigationsȱ ofȱ accidentsȱ andȱ incidents,ȱ whichȱ primarilyȱ areȱ manifestedȱ
duringȱmaintenanceȱexecution.ȱHowever,ȱtheȱunderlyingȱcauses,ȱi.e.ȱdistalȱfactorsȱ
ofȱtheȱincidentȱandȱaccidentȱmayȱoftenȱbeȱfoundȱinȱotherȱprocessȱactivitiesȱwithinȱ
theȱmaintenanceȱprocess.ȱ
3.6.2 Applied Data Analysis in Paper Mill Case Study
Dataȱ wasȱ analysedȱ throughȱ theȱ applicationȱ ofȱ aȱ genericȱ maintenanceȱ processȱ
model,ȱ seeȱ Figureȱ 3.8.ȱ Theȱ processȱ modelȱ wasȱ supportedȱ byȱ theȱ twoȱ qualityȱ
improvementȱ tools:ȱ theȱ Ishikawaȱ diagram,ȱ seeȱ Ishikawaȱ (1982),ȱ andȱ Affinityȱ
diagram,ȱseeȱKazuoȱ&ȱTetsuichiȱ(1990).ȱ
ȱ
ObservationsȱandȱInterviewsȱ
Theȱdataȱcollectedȱthroughȱobservationsȱandȱinterviewsȱwereȱstructuredȱthroughȱ
theȱ maintenanceȱ process.ȱ Theȱ processȱ modelȱ wasȱ usedȱ toȱ relateȱ observationsȱ toȱ
theȱstepsȱdescribedȱinȱtheȱprocessȱmodel.ȱTheȱdataȱanalysisȱwasȱperformedȱusingȱ
aȱ maintenanceȱ processȱ modelȱ thatȱ actedȱ asȱ aȱ theoreticalȱ framework,ȱ seeȱ Figureȱ
3.8.ȱ Theȱ initialȱ analysisȱ ofȱ unstructuredȱ empiricalȱ dataȱ resultedȱ inȱ anȱ affinityȱ
diagramȱ thatȱ consistedȱ ofȱ fourȱ clustersȱ basedȱ onȱ theȱ activitiesȱ withinȱ theȱ
maintenanceȱ process.ȱ Theseȱ clustersȱ wereȱ thenȱ displayedȱ inȱ anȱ activityȬbasedȱ
Ishikawaȱ diagram,ȱ pointingȱ outȱ maintenanceȬrelatedȱ hazards,ȱ asȱ experiencedȱ byȱ
maintenanceȱ personnelȱ andȱ whichȱ affectedȱ theȱ outcomeȱ ofȱ theȱ maintenanceȱ
process.ȱ Theȱ resultsȱ ofȱ theȱ analysisȱ wereȱ verifiedȱ withȱ someȱ ofȱ theȱ maintenanceȱ
techniciansȱthatȱinitiallyȱhadȱbeenȱinterviewed.ȱȱ

3.7 Validity
Validityȱ isȱ hereȱ dividedȱ intoȱ constructȱ validity,ȱ internalȱ validityȱ andȱ externalȱ
validity.ȱ Constructȱ validityȱ involvesȱ actionsȱ toȱ determineȱ theȱ extentȱ toȱ whichȱ aȱ
measureȱ representsȱ theȱ intendedȱ propositionȱ ofȱ theȱ studyȱ (Dane,ȱ 1990).ȱ Oneȱ
approachȱ toȱ strengthenȱ theȱ constructȱ validityȱ isȱ calledȱ triangulation.ȱ Thisȱ
approachȱaimsȱatȱusingȱcombinedȱmethodsȱtoȱcollectȱdataȱ(Yin,ȱ2003).ȱȱ
ȱ
Internalȱ validityȱ aimsȱ atȱ establishingȱ causalȱ relationshipsȱ betweenȱ differentȱ
variables.ȱInternalȱvalidityȱisȱonlyȱofȱconcernȱforȱexplanatoryȱstudiesȱ(Yin,ȱ2003).ȱ
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Thisȱ thesis’sȱ aimȱ isȱ toȱ describeȱ andȱ explore.ȱ Theȱ explanatoryȱ approachȱ isȱ notȱ
chosen.ȱInternalȱvalidityȱisȱthereforeȱnotȱfurtherȱdiscussed.ȱȱ
ȱ
Externalȱvalidityȱrefersȱtoȱtheȱgeneralityȱofȱtheȱfindingsȱthatȱwereȱmadeȱduringȱtheȱ
researchȱ (Hertzog,ȱ 1996).ȱ Externalȱ validityȱ ofȱ caseȱ studiesȱ refersȱ toȱ theȱ abilityȱ toȱ
generalizeȱfindingsȱbeyondȱtheȱimmediateȱcaseȱstudyȱ(Yin,ȱ2003).ȱYinȱ(2003)ȱstatesȱ
thatȱanalyticalȱvalidationȱrequiresȱthatȱtheoryȱbeȱtestedȱinȱanotherȱcaseȱstudy.ȱ
3.7.1 Construct validity
Regardingȱtheȱanalysisȱofȱarchivalȱrecordsȱwithinȱtheȱrailwayȱcaseȱstudyȱ
Theȱgroupȱclassifiedȱasȱinsufficientȱinformation,ȱseeȱFigureȱ3.3,ȱhasȱaȱseriousȱlackȱ
ofȱ informationȱ aboutȱ theȱ causesȱ andȱ consequencesȱ inȱ theȱ incidentȱ andȱ accidentȱ
descriptions.ȱThisȱfactȱcreatedȱsomeȱuncertaintyȱinȱtheȱdataȱmaterial,ȱwhichȱmightȱ
affectȱtheȱconstructȱvalidityȱofȱtheȱresultsȱnegatively.ȱTheȱinsufficientȱinformationȱ
mayȱcontainȱtrackȬrelatedȱaccidentsȱwithȱmaintenanceȬrelatedȱconnections,ȱwhichȱ
inȱturnȱshouldȱbeȱincludedȱinȱfurtherȱstudies.ȱȱ
ȱ
Thereȱwasȱalsoȱsomeȱuncertaintyȱinvolvedȱinȱtheȱdescriptionȱofȱtheȱcausesȱandȱtheȱ
consequencesȱinȱtheȱBORȱdatabase.ȱAlthoughȱitȱhasȱbeenȱpossibleȱtoȱidentifyȱthatȱ
theȱcausesȱareȱtrackȬrelated,ȱseeȱFigureȱ3.4,ȱitȱisȱhardȱtoȱdrawȱfurtherȱconclusionsȱ
fromȱ theȱ dataȱ inȱ thatȱ groupȱ withȱ respectȱ toȱ theȱ purposeȱ ofȱ thisȱ study.ȱ Theȱ mainȱ
problemȱ wasȱ thatȱ theȱ causesȱ wereȱ inȱ someȱ casesȱ brieflyȱ described.ȱ Thisȱ
uncertaintyȱmayȱaffectȱtheȱconstructȱvalidityȱofȱthisȱstudy.ȱȱ
ȱ
Toȱ strengthenȱ theȱ constructȱ validityȱ ofȱ theȱ railwayȱ caseȱ studyȱ bothȱ archivalȱ
records,ȱ documentsȱ andȱ interviewsȱ haveȱ beenȱ performed,ȱ whichȱ givesȱ aȱ
triangulationȱofȱthreeȱdifferentȱsources.ȱȱ
ȱ
Triangulationȱ wasȱ alsoȱ appliedȱ inȱ theȱ paperȱ millȱ caseȱ studyȱ (seeȱ Paperȱ II).ȱ
Furthermore,ȱ theȱ outcomesȱ ofȱ theȱ analysisȱ presentedȱ inȱ Paperȱ IIȱ wereȱ verifiedȱ
withȱtheȱmaintenanceȱtechniciansȱthatȱinitiallyȱhadȱbeenȱinterviewedȱtoȱeliminateȱ
misinterpretation.ȱ
ȱ
Inȱ bothȱ caseȱ studies,ȱ colleaguesȱ ofȱ theȱ authorȱ gaveȱ commentsȱ onȱ theȱ researchȱ
designȱ andȱ workedȱ withȱ theȱ differentȱ papersȱ atȱ seminarsȱ toȱ strengthenȱ theȱ
constructȱvalidity.ȱ
3.7.2 External validity
Someȱ ofȱ theȱ findingsȱ fromȱ theȱ railwayȱ caseȱ studyȱ wereȱ subjectedȱ toȱ analyticalȱ
validation.ȱForȱthisȱreasonȱtheȱfindingsȱderivedȱfromȱtheȱrailwayȱcaseȱstudyȱwereȱ
testedȱ throughȱ comparisonȱ toȱ theoriesȱ andȱ theȱ paperȬmillȱ caseȱ study.ȱ Theseȱ
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comparisonsȱ areȱ believedȱ toȱ strengthenȱ theȱ externalȱ validityȱ outsideȱ theȱ railwayȱ
context.ȱ

3.8 Reliability
Reliabilityȱdemonstratesȱthatȱtheȱoperationsȱofȱaȱstudy,ȱsuchȱasȱtheȱdataȱcollectionȱ
procedures,ȱ canȱ beȱ repeatedȱ byȱ somebodyȱ elseȱ withȱ theȱ sameȱ results.ȱ Highȱ
reliabilityȱmayȱbeȱseenȱasȱtheȱabsenceȱofȱerrorsȱandȱbiasesȱinȱtheȱstudy.ȱWithȱhighȱ
reliability,ȱ itȱ isȱ possibleȱ forȱ anotherȱ researcherȱ toȱ arriveȱ atȱ theȱ sameȱ resultsȱ onȱ
conditionȱthatȱtheȱsameȱmethodologyȱisȱused.ȱOneȱconditionȱforȱhighȱreliabilityȱisȱ
thatȱtheȱmethodologyȱusedȱforȱdataȱcollectionȱisȱclearlyȱdescribed.ȱ(Yin,ȱ2003)ȱȱ
ȱ
Inȱ orderȱ toȱ affectȱ theȱ reliabilityȱ positivelyȱ theȱ dataȱ collectionȱ andȱ classificationȱ
methodologyȱ hasȱ beenȱ describedȱ inȱ Sectionȱ 3.6.ȱ Theȱ incidentȱ andȱ accidentȱ
investigations,ȱtransferredȱintoȱBOR,ȱareȱfurtherȱdescribedȱinȱHolmgrenȱ(2006)ȱtoȱ
strengthenȱtheȱreliabilityȱofȱtheȱrailwayȱcaseȱstudyȱinȱthisȱthesis,ȱtheȱBORȱdatabaseȱ
isȱaccessibleȱthroughȱitsȱcreatorȱDr.ȱBäckman.ȱ
ȱ
InȱHolmgrenȱ(2006)ȱinformationȱregardingȱdateȱandȱplaceȱofȱtheȱstudiedȱincidentȱ
andȱ accidentȱ investigationsȱ areȱ described.ȱ Withȱ supportȱ ofȱ thisȱ information,ȱ theȱ
investigationsȱ shouldȱ beȱ accessibleȱ throughȱ theȱ Swedishȱ Railȱ Agency,ȱ whichȱ
strengthensȱtheȱreliability.ȱ
ȱ
Furthermore,ȱtheȱtheoreticalȱconceptsȱusedȱasȱsupportȱinȱtheȱdifferentȱstudiesȱareȱ
explainedȱinȱChapterȱ2.ȱTheseȱconceptsȱserveȱasȱaȱbasisȱforȱpreȬunderstandingȱofȱ
theȱdifferentȱareasȱtoȱguideȱanotherȱresearcher.ȱTheȱanalysisȱapproachȱisȱdescribedȱ
inȱeachȱpaperȱandȱtheȱthesisȱinȱorderȱtoȱguideȱotherȱresearchers.ȱ

3.9 The Research Process
TheȱmainȱactivitiesȱofȱtheȱresearchȱprocessȱareȱillustratedȱinȱFigureȱ3.9.ȱ
ȱ
PlanȱPhase:ȱFirstȱ ofȱall,ȱaȱpreliminaryȱliteratureȱstudyȱwasȱperformedȱtoȱidentifyȱ
theȱneedȱforȱfurtherȱinvestigationȱofȱmaintenanceȬrelatedȱincidentsȱandȱaccidents,ȱ
butȱ alsoȱ toȱ formulateȱ appropriateȱ researchȱ propositions.ȱ Thereafter,ȱ theȱ researchȱ
designȱwasȱconstructed.ȱȱ
ȱ
DoȱPhase:ȱTheȱneedȱforȱfurtherȱinvestigationȱofȱmaintenanceȬrelatedȱincidentsȱandȱ
accidentsȱ wasȱ identifiedȱ inȱ theȱ planȱ phase.ȱ Thisȱ factȱ leadsȱ toȱ someȱ questionsȱ
regardingȱ theȱ definitionȱ ofȱ maintenanceȱ activities.ȱ Andȱ furthermore,ȱ howȱ canȱ
maintenanceȱ workȱ beȱ illustrated?ȱ Aȱ furtherȱ literatureȱ studyȱ wasȱ performed.ȱ Aȱ
genericȱ maintenanceȱ processesȱ wasȱ developedȱ duringȱ thisȱ phase.ȱ Finally,ȱ dataȱ
analysisȱmodelsȱwereȱadapted,ȱbasedȱonȱidentifiedȱaccidentȱcausationȱmodels,ȱseeȱ
Figuresȱ2.9Ȭ2.14.ȱ
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Studyȱ Phase:ȱ Theȱ studyȱ phaseȱ focusesȱ mainlyȱ onȱ theȱ identificationȱ ofȱ theȱ
contributoryȱ causesȱ ofȱ theȱ maintenanceȬrelatedȱ incidentsȱ andȱ accidents.ȱ
Therefore,ȱtwoȱcaseȱstudiesȱwereȱconducted.ȱTheȱdataȱanalysisȱmodelsȱthatȱwereȱ
adaptedȱ inȱ theȱ doȱ phaseȱ wereȱ appliedȱ toȱ analyseȱ railwayȱ relatedȱ incidentsȱ andȱ
accidentsȱ inȱ orderȱ toȱ findȱ theȱ contributoryȱ causesȱ ofȱ theirȱ occurrence.ȱ Theȱ
maintenanceȱ processȱ wasȱ usedȱ inȱ orderȱ toȱ illustrateȱ importantȱ actionsȱ whereȱ
lossesȱfrequentlyȱoccurȱwithinȱbothȱcaseȱstudies.ȱ
ȱ
Actȱ Phase:ȱ Continuousȱ improvementȱ workȱ isȱ alwaysȱ aȱ matterȱ ofȱ learningȱ andȱ
gainingȱ experienceȱ inȱ orderȱ toȱ avoidȱ theȱ sameȱ problemȱ again.ȱ Theȱ researchȱ
processȱ conductedȱ forȱ thisȱ thesisȱ hasȱ resultedȱ inȱ theȱ identificationȱ ofȱ importantȱ
causesȱ thatȱ possiblyȱ affectȱ railȱ safety,ȱ economy,ȱ andȱ delaysȱ dueȱ toȱ improperȱ
maintenanceȱ work.ȱ Theȱ nextȱ questionȱ is:ȱ Whatȱ canȱ beȱ doneȱ inȱ orderȱ toȱ improveȱ
theȱ maintenanceȱ work?ȱ Futureȱ researchȱ workȱ isȱ planned,ȱ toȱ actȱ andȱ takeȱ
advantageȱ ofȱ theȱ knowledgeȱ ofȱ maintenanceȬrelatedȱ causes,ȱ seeȱ Chapterȱ 5.ȱ
Finally,ȱreliabilityȱ andȱ validityȱ issuesȱ regardingȱ theȱ caseȱ studiesȱ wereȱ discussed;ȱ
seeȱSectionȱ3.7ȱandȱ3.8.ȱ
ȱ
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Figureȱ3.9.ȱTheȱmainȱactivitiesȱofȱtheȱresearchȱprocessȱinȱthisȱthesis.ȱTheȱdifferentȱphasesȱ
followȱtheȱcontinuousȱimprovementȱcycle,ȱpresentedȱinȱSectionȱ2.1.1.ȱ
ȱ
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4 SUMMARY OF APPENDED PAPERS
Thisȱ chapterȱ summarisesȱ theȱ fiveȱ appendedȱ papersȱ andȱ describesȱ theȱ relationsȱ betweenȱ
them.ȱ Theȱ resultsȱareȱ relatedȱ toȱ theȱ dataȱ analysisȱ approachȱ describedȱ inȱ Sectionȱ 3.6.ȱ Forȱ
moreȱinformationȱtheȱreaderȱisȱreferredȱtoȱtheȱappendedȱpapers.ȱȱ

4.1 Paper I
Söderholm,ȱP.,ȱHolmgren,ȱM.ȱ&ȱKlefsjö,ȱB.ȱ(2006).ȱAȱprocessȱviewȱofȱmaintenanceȱ
andȱ itsȱ stakeholders.ȱ Acceptedȱ forȱ publicationȱ inȱ Journalȱ ofȱ Qualityȱ inȱ
MaintenanceȱEngineering.ȱ
4.1.1 Purpose
Theȱpurposeȱofȱthisȱpaperȱisȱtoȱdescribeȱmaintenanceȱinȱaȱgenericȱprocessȱmodel,ȱ
inȱ orderȱ toȱ supportȱ anȱ alignmentȱ ofȱ maintenanceȱ withȱ otherȱ companyȱ internalȱ
processesȱaimedȱatȱfulfillingȱexternalȱstakeholderȱrequirements.ȱ
4.1.2 Study Approach
Theȱ proposedȱ maintenanceȱ processȱ modelȱ isȱ basedȱ onȱ existingȱ theoriesȱ andȱ isȱ
illustratedȱbyȱexperiencesȱfromȱaȱpaperȬmillȱcaseȱstudyȱrelatedȱtoȱtheȱmaintenanceȱ
ofȱdirectȱcurrentȱmotors.ȱ
4.1.3 Findings
Theȱ paperȱ outlinesȱ aȱ systemȱ modelȱ ofȱ maintenanceȱ thatȱ aimsȱ atȱ increasedȱ
stakeholderȱsatisfactionȱdueȱtoȱincreasedȱeffectivenessȱwithȱaȱreducedȱamountȱofȱ
resourcesȱ whichȱ inȱ turnȱ increaseȱ efficiency,ȱ seeȱ Figureȱ 4.1.ȱ Theȱ systemȱ modelȱ
consistsȱ ofȱ threeȱ elements,ȱ namelyȱ coreȱ values,ȱ methodologiesȱ andȱ tools.ȱ Thisȱ
systemȱ modelȱ isȱ intendedȱ toȱ supportȱ classificationȱ andȱ understandingȱ ofȱ theȱ
maintenanceȱarea.ȱ
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Figureȱ4.1.ȱAȱholisticȱmanagementȱsystemȱmodelȱofȱMaintenanceȱManagement.ȱTheȱmodelȱ
includesȱ proposalsȱ forȱ methodologiesȱ andȱ toolsȱ thatȱ supportȱ theȱ coreȱ values,ȱ inȱ orderȱ toȱ
reachȱtheȱaimȱofȱincreasedȱstakeholderȱsatisfactionȱ(increasedȱeffectiveness)ȱwithȱaȱreducedȱ
amountȱofȱresourcesȱ(increasedȱefficiency)ȱ(Source:ȱSöderholmȱetȱal.,ȱ2006)ȱ
ȱ
Inȱ thisȱ paperȱ aȱ genericȱ maintenanceȱ processȱ isȱ alsoȱ described,ȱ inȱ twoȱ degreesȱ ofȱ
resolution.ȱInȱFigureȱ4.2ȱtheȱmaintenanceȱprocessȱisȱdescribedȱinȱlowȱresolutionȱinȱ
relationȱtoȱotherȱprocessesȱinȱtheȱoperationalȱorganisation.ȱTheȱprocessȱmeasuresȱ
theȱ gapȱ betweenȱ theȱ systemȱ serviceȱ andȱ stakeholderȱ requirements.ȱ Theȱ gapȱ
illustratesȱtheȱdegreeȱofȱstakeholderȱsatisfactionȱwithȱtheȱdeliveredȱservice.ȱHereȱ
theȱinterrelationshipȱbetweenȱtheȱOperationalȱProcess,ȱModificationȱProcess,ȱandȱ
MaintenanceȱProcessȱisȱemphasised.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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Figureȱ 4.2.ȱ Aȱ viewȱ ofȱ maintenanceȱ asȱ aȱ processȱ inȱ relationȱ toȱ theȱ operationalȱ andȱ theȱ
modificationȱ processes.ȱ Theȱ gapȱ betweenȱ deliveredȱ systemȱ servicesȱ andȱ stakeholderȱ
requirementsȱisȱaȱmeasureȱofȱtheȱdegreeȱofȱstakeholderȱsatisfaction.ȱ(Source:ȱSöderholmȱetȱ
al.,ȱ2006)ȱ
ȱ
Theȱ maintenanceȱ processȱ isȱ alsoȱ outlinedȱ inȱ aȱ higherȱ resolution,ȱ seeȱ Figureȱ 4.3.ȱ
Thisȱ processȱ emphasisesȱ theȱ relationshipȱ betweenȱ differentȱ phasesȱ withinȱ theȱ
maintenanceȱ process.ȱ Itȱ consistsȱ ofȱ theȱ fourȱ activitiesȱ Maintenanceȱ Planning,ȱ
Maintenanceȱ Execution,ȱ Functionalȱ Testing,ȱ andȱ Feedback.ȱ Theseȱ activitiesȱ andȱ
theirȱrelationsȱareȱassociatedȱtoȱtheȱImprovementȱCycleȱ(PlanȬDoȬStudyȬAct).ȱThisȱ
processȱ modelȱ isȱ intendedȱ toȱ supportȱ continuousȱ riskȱ reductionȱ throughȱ
continuousȱimprovementsȱofȱtheȱmaintenanceȱactivities.ȱ

ȱ

61

ȱ
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ȱ
ȱ
Figureȱ 4.3.ȱ Maintenanceȱ asȱ aȱ processȱ thatȱ consistsȱ ofȱ theȱ fourȱ activities:ȱ Maintenanceȱ
Planning,ȱMaintenanceȱExecution,ȱFunctionalȱTesting,ȱandȱFeedback.ȱTheseȱactivitiesȱandȱ
theirȱ relationsȱ areȱ associatedȱ toȱ theȱ Improvementȱ Cycleȱ (PlanȬDoȬStudyȬAct).ȱ Theȱ
activitiesȱ areȱ supportedȱ byȱ informationȱ andȱ differentȱ resources,ȱ suchȱ asȱ personnel,ȱ time,ȱ
andȱmaterial.ȱ(Source:ȱSöderholmȱetȱal.,ȱ2006)ȱ
ȱ
4.1.4 Main Conclusions
Theȱproposedȱmodelȱsupportsȱaȱ holisticȱviewȱofȱmaintenanceȱandȱtheȱalignmentȱ
ofȱ theȱ maintenanceȱ processȱ withȱ otherȱ companyȱ internalȱ processes,ȱ inȱ orderȱ toȱ
fulfilȱexternalȱstakeholderȱrequirements.ȱ
4.1.5 Relation to other Papers
Theȱ paperȱ presentsȱ aȱ genericȱ processȱ modelȱ ofȱ maintenanceȱ asȱ aȱ supportȱ forȱ
continuousȱriskȱreduction.ȱTheȱmodelȱisȱappliedȱforȱhazardȱidentificationȱwithinȱaȱ
paperȱmillȱcaseȱstudy,ȱpresentedȱinȱPaperȱII.ȱTheȱmodelȱisȱalsoȱappliedȱinȱhazardȱ
identificationȱ withinȱ aȱ railȱ context,ȱ presentedȱ inȱ Paperȱ V.ȱ Theȱ systemȱ viewȱ ofȱ
Maintenanceȱ andȱ itsȱ valueȬcontributingȱ roleȱ isȱ somethingȱ thatȱ permeatesȱ allȱ
papers.ȱ
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4.2 Paper II
Holmgren,ȱ M.ȱ &ȱ Söderholm,ȱ P.ȱ (2006a).ȱ Aȱ processȱ approachȱ toȱ maintenanceȬ
relatedȱhazardȱidentification.ȱAcceptedȱforȱpublicationȱinȱInternationalȱJournalȱofȱ
Comadem.ȱ
4.2.1 Purpose
Theȱ purposeȱ ofȱ thisȱ paperȱ isȱ toȱ describeȱ aȱ processȱ approachȱ forȱ maintenanceȬ
relatedȱ hazardȱ identification,ȱ inȱ orderȱ toȱ supportȱ continuousȱ riskȱ reductionȱ inȱ
maintenanceȱactivities.ȱ
4.2.2 Study Approach
Aȱ qualitativeȱ researchȱ approachȱ wasȱ selected,ȱ andȱ aȱ caseȱ study,ȱ supportedȱ byȱ aȱ
literatureȱ study,ȱ wasȱ chosenȱ asȱ researchȱ strategy.ȱ Theȱ caseȱ studyȱ wasȱ relatedȱ toȱ
theȱmaintenanceȱofȱdirectȱcurrentȱmotorsȱwithinȱpaperȬmills.ȱEmpiricalȱdataȱwasȱ
collectedȱ throughȱ interviewsȱ withȱ experiencedȱ maintenanceȱ techniciansȱ aboutȱ
requirementsȱ andȱ risksȱ thatȱ emergeȱ duringȱ maintenanceȱ executionȱ inȱ aȱ criticalȱ
andȱ complexȱ environment.ȱ Theȱ dataȱ analysisȱ wasȱ performedȱ usingȱ aȱ processȱ
modelȱ thatȱ actedȱ asȱ aȱ theoreticalȱ frameworkȱ togetherȱ withȱ someȱ ofȱ theȱ sevenȱ
QualityȱControlȱ(7ȬQC)ȱtools.ȱ
4.2.3 Findings
Inȱ thisȱ paperȱ aȱ processȱ modelȱ ofȱ maintenanceȱ isȱ applied,ȱ inȱ orderȱ toȱ identifyȱ
maintenanceȬrelatedȱ hazards.ȱ Thisȱ paperȱ alsoȱ outlinesȱ someȱ maintenanceȱ
executors’ȱ perceivedȱ risks,ȱ orȱ hazards,ȱ inȱ relationȱ toȱ theȱ fourȱ activitiesȱ ofȱ theȱ
maintenanceȱ process,ȱ seeȱFigureȱ 4.4.ȱ Aȱ recurringȱhazardȱ isȱ insufficientȱ feedback.ȱ
Hence,ȱ properȱ feedbackȱ mayȱ helpȱ toȱ reduceȱ risk.ȱ Furtherȱ findingsȱ indicateȱ thatȱ
incidentsȱ manifestedȱ duringȱ executionȱ mayȱ beȱ dueȱ toȱ hazardsȱ inȱ otherȱ processȱ
phases.ȱ Theȱ maintenanceȱ ofȱ complexȱ andȱ criticalȱ systemsȱ isȱ alsoȱ affectedȱ byȱ theȱ
workȱenvironmentȱandȱknowledgeȱofȱtechnicians,ȱwhoseȱrequirementsȱshouldȱbeȱ
fulfilledȱthroughȱappropriateȱorganisationalȱandȱtechnicalȱsupport.ȱ
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ȱ
ȱ
Figureȱ4.4.ȱSomeȱexamplesȱofȱmaintenanceȬrelatedȱhazardsȱthatȱmayȱresultȱinȱunwantedȱ
consequencesȱforȱmaintenanceȱprocessȱstakeholders.ȱTheȱhazardsȱareȱclusteredȱintoȱtheȱfourȱ
phasesȱ ofȱ theȱ proposedȱ maintenanceȱ processȱ inȱ Figureȱ 4.3,ȱ i.e.ȱ Maintenanceȱ Planning,ȱ
Maintenanceȱ Execution,ȱ Functionalȱ Testing,ȱ andȱ Feedback.ȱ (Source:ȱ Holmgrenȱ &ȱ
Söderholm,ȱ2006a)ȱ
4.2.4 Main Conclusions
Maintenanceȱ mayȱ beȱ aȱ solutionȱ toȱ theȱ problemȱ ofȱ increasingȱ systems’ȱ
dependability,ȱ butȱ itȱ mayȱ alsoȱ introduceȱ hazardsȱ thatȱ mustȱ beȱ assessedȱ andȱ
managedȱ properly.ȱ Oneȱ approach,ȱ toȱ identifyȱ maintenanceȬrelatedȱ hazardsȱ inȱ
relationȱ toȱ theȱ maintenanceȱ process,ȱ hasȱ beenȱ demonstratedȱ inȱ thisȱ paper.ȱ Theȱ
proposedȱ processȱ modelȱ supportsȱ aȱ systematicȱ identificationȱ ofȱ maintenanceȱ
hazards,ȱwhichȱprovidesȱvaluableȱinputȱforȱcontinuousȱriskȱreduction.ȱ
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4.2.5 Relation to other Papers
Thisȱpaperȱappliesȱaȱprocessȱmodelȱthatȱstructuresȱdifferentȱactivitiesȱinvolvedȱinȱ
maintenance,ȱ whichȱ wasȱ presentedȱ inȱ Paperȱ I.ȱ Inȱ paperȱ Vȱ theȱ processȱ modelȱ isȱ
appliedȱ withinȱ aȱ railwayȱ context,ȱ whereȱ itȱ supportsȱ theȱ analysisȱ ofȱ incidentȱ andȱ
accidentȱdescriptionsȱwithȱaȱfocusȱonȱmaintenanceȱexecution.ȱFindingsȱofȱPaperȱIIȱ
andȱVȱsupportȱeachȱother.ȱȱ

4.3 Paper III
Holmgren,ȱM.ȱ (2005).ȱ Maintenance–relatedȱ lossesȱ atȱ theȱ Swedishȱ Rail.ȱ Journalȱ ofȱ
QualityȱinȱMaintenanceȱEngineering,ȱ11(1),ȱ5Ȭ18.ȱ
4.3.1 Purpose
Theȱ purposeȱ ofȱ thisȱ studyȱ isȱ toȱ identifyȱ maintenanceȬrelatedȱ losses,ȱ andȱ theirȱ
causes,ȱ inȱ orderȱ toȱ describeȱ differentȱ deviationsȱ inȱ theȱ maintenanceȱ processȱ thatȱ
contributeȱtoȱincidentsȱandȱaccidentsȱatȱtheȱSwedishȱRailway.ȱ
4.3.2 Study Approach
Theȱapproachȱusedȱinȱthisȱstudyȱwasȱanȱarchivalȱanalysisȱofȱaȱdatabaseȱcontainingȱ
railwayȱ relatedȱ incidentsȱ andȱ accidents.ȱ Theȱ analysisȱ wasȱ supportedȱ byȱ aȱ Lossȱ
CausationȱModelȱ(LCM)ȱandȱtheȱFiveȬwhyȱmethodology.ȱ
4.3.3 Findings
Theȱ paperȱ presentsȱ theȱ resultsȱ ofȱ theȱ classificationȱ ofȱ 666ȱ derailmentsȱ andȱ
collisionsȱatȱtheȱSwedishȱrailwaysȱbetweenȱ1988Ȭ2000.ȱIncidentȱandȱaccidentȱdataȱ
isȱclassifiedȱinȱthreeȱsteps.ȱTheȱfirstȱclassificationȱstepȱpresentsȱtheȱdistributionȱofȱ
theȱprimaryȱcauseȱofȱallȱ666ȱincidentsȱandȱaccidents,ȱnamely:ȱrailȱandȱtrackȱ(263);ȱ
rollingȱstockȱ(311)ȱandȱincompleteȱinformationȱ(92).ȱThereafter,ȱtheȱrailȱandȱtrackȱ
relatedȱcausesȱareȱclassifiedȱintoȱaȱmoreȱdetailedȱresolutionȱofȱcontributoryȱcauses,ȱ
namely:ȱ railwayȱ operationȱ (78);ȱ maintenanceȱ (77);ȱ sabotageȱ (69)ȱ andȱ uncertainȱ
(39).ȱInȱtheȱthirdȱclassificationȱallȱ77ȱmaintenanceȱrelatedȱcausesȱareȱclassifiedȱintoȱ
maintenanceȱexecutionȱ(61)ȱandȱlackȱofȱmaintenanceȱ(16).ȱȱ
4.3.4 Main Conclusions
Thisȱ paperȱoutlinesȱ aȱ classificationȱ ofȱ theȱ causesȱ toȱ collisionsȱ andȱ derailmentsȱ inȱ
Swedishȱrailȱtraffic.ȱTheȱpaperȱpresentsȱtheȱdistributionȱofȱinfrastructureȱandȱtrackȱ
boundȱvehiclesȱimpactȱonȱderailmentsȱandȱcollisions.ȱȱ
4.3.5 Relation to other Papers
Theȱclassificationȱpresentedȱinȱthisȱpaperȱconsistsȱofȱallȱcollisionsȱandȱderailmentsȱ
reportedȱ toȱ theȱ database.ȱ Inȱ Paperȱ IVȱ thisȱ classificationȱ isȱ usedȱ asȱ aȱ basisȱ forȱ
furtherȱclassificationȱandȱanalysisȱwithȱaȱfocusȱonȱtheȱinfrastructureȱmaintenanceȱ
relatedȱincidentsȱandȱaccidents.ȱThisȱanalysisȱisȱfurtherȱenhancedȱinȱPaperȱV.ȱ
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4.4 Paper IV
Holmgren,ȱM.ȱ&ȱAlm,ȱH.ȱ(2006).ȱLossȱCausationȱAnalysisȱofȱAccidentsȱLinkedȱtoȱ
MaintenanceȱonȱtheȱSwedishȱStateȱRailways.ȱSubmittedȱforȱpublication.ȱ
4.4.1 Purpose
TheȱaimȱofȱthisȱpaperȱisȱtoȱstudyȱmaintenanceȬrelatedȱincidentsȱandȱaccidentsȱinȱ
orderȱtoȱidentifyȱandȱquantifyȱcausesȱcontributingȱtoȱlossesȱdueȱtoȱcollisionsȱandȱ
derailmentsȱonȱtheȱSwedishȱrailways.ȱ
4.4.2 Study Approach
Aȱqualitativeȱresearchȱapproachȱwasȱselected,ȱandȱaȱsingleȬcaseȱstudy,ȱsupportedȱ
byȱanȱarchivalȱanalysis,ȱwasȱchosenȱasȱresearchȱstrategy.ȱAȱdatabase,ȱcontainingȱaȱ
collectionȱ ofȱ differentȱ dataȱ sourcesȱ wasȱstudied.ȱ Thisȱ databaseȱ containsȱ reportedȱ
railwayȬrelatedȱaccidentsȱandȱsomeȱincidentsȱonȱtheȱSwedishȱStateȱRailways.ȱTheȱ
Lossȱ Causationȱ Modelȱ (LCM)ȱ wasȱ usedȱ toȱ structureȱ theȱ analysisȱ ofȱ theȱ
maintenanceȱrelatedȱlosses.ȱ
4.4.3 Findings
Inȱ thisȱ paperȱ allȱ identifiedȱ causesȱ ofȱ 81ȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidents,ȱ seeȱ paperȱ III,ȱ areȱ presented.ȱ Theȱ classificationȱ isȱ basedȱ onȱ theȱ
descriptionsȱofȱeventsȱcontributingȱtoȱtheȱincidentsȱandȱaccidents.ȱHenceȱtheȱLossȱ
CausationȱModelȱprovidedȱlogicȱforȱclassificationȱofȱtheȱdifferentȱcausesȱtoȱwhichȱ
differentȱ eventsȱ wereȱ related,ȱ inȱ orderȱ toȱ describeȱ theȱ combinationȱ ofȱ causesȱ
leadingȱtoȱanȱaccident.ȱȱ
ȱ
Theȱ causesȱ areȱ illustratedȱ asȱ contributoryȱ events,ȱ orȱ dominos,ȱ startingȱ fromȱ theȱ
rightȱ sideȱ inȱ theȱ modelȱ atȱ lackȱ ofȱ controlȱ andȱ leadingȱ toȱ differentȱ lossesȱ orȱ
consequencesȱatȱtheȱleftȱsideȱofȱtheȱmodel,ȱseeȱFigureȱ4.5.ȱȱ
ȱ
Ofȱtheseȱ81ȱmaintenanceȬrelatedȱincidentsȱandȱaccidents,ȱ58ȱwereȱclassifiedȱasȱdueȱ
toȱ improperȱ maintenanceȱ executionȱ andȱ 23ȱ wereȱ classifiedȱ asȱ dueȱ toȱ lackȱ ofȱ
maintenance.ȱTheȱ58ȱmaintenanceȱexecutionȱincidentsȱandȱaccidentsȱresultedȱinȱ43ȱ
collisions,ȱ fiveȱ derailmentsȱ andȱ fiveȱ casesȱ withȱ bothȱ collisionsȱ andȱ derailments.ȱ
Theseȱ eventsȱ resultedȱ inȱ fourȱ fatalitiesȱ andȱ 58ȱ injuries.ȱ Theseȱ eventsȱ wereȱ
classifiedȱasȱbeingȱcausedȱbyȱhumanȱerrorȱinȱ44ȱcasesȱandȱbyȱruleȱviolationȱinȱ14ȱ
cases.ȱTheȱ23ȱincidentsȱandȱaccidentsȱclassifiedȱasȱlackȱofȱmaintenance,ȱresultedȱinȱ
23ȱ derailments.ȱ Theseȱ derailmentsȱ resultedȱ inȱ lossesȱ consistingȱ ofȱ fourȱ injuriesȱ
andȱ economicalȱ harm.ȱ However,ȱ theȱ magnitudeȱ ofȱ theseȱ economicalȱ lossesȱ wasȱ
notȱestablishedȱwithinȱthisȱstudy.ȱ
ȱ
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ȱ
ȱ
Figureȱ4.5.ȱIdentifiedȱcausesȱillustratedȱasȱcontributoryȱevents,ȱorȱdominos,ȱstartingȱfromȱ
theȱrightȱsideȱinȱtheȱmodelȱatȱlackȱofȱcontrolȱandȱleadingȱtoȱdifferentȱlossesȱatȱtheȱleftȱsideȱofȱ
theȱmodel.ȱ(Source:ȱHolmgrenȱ&ȱAlm,ȱ2006)ȱ

4.5 Paper V
Holmgren,ȱ M.ȱ &ȱ Söderholm,ȱ P.ȱ (2006b).ȱ Humanȱ Failuresȱ inȱ Maintenanceȱ
ExecutionȱwithinȱaȱRailwayȱContext.ȱSubmittedȱforȱpublication.ȱ
4.5.1 Purpose
Theȱpurposeȱofȱthisȱstudyȱisȱtoȱidentifyȱcontributoryȱcausesȱtoȱhumanȱfailuresȱatȱ
maintenanceȱ execution,ȱ inȱ orderȱ toȱ supportȱ preventionȱ ofȱ maintenanceȬrelatedȱ
losses.ȱ
4.5.2 Study Approach
Theȱ accidentȱ andȱ incidentȱ investigationsȱ haveȱ beenȱ analysedȱ throughȱ twoȱ
complementaryȱapproaches.ȱTheȱfirstȱapproachȱisȱaȱgenericȱmaintenanceȱprocess.ȱ
Theȱsecondȱapproachȱwasȱtheȱapplicationȱofȱguidewords,ȱsimilarȱtoȱthoseȱusedȱinȱ
HazardȱandȱOperabilityȱstudiesȱ(HAZOP).ȱȱ
ȱ
Theȱprocessȱmodelȱwasȱappliedȱtoȱillustrateȱcontributoryȱcausesȱtoȱtheȱaccidents’ȱ
ultimateȱ lossȱ inȱ relationȱ toȱ differentȱ maintenanceȱ activities.ȱ Theȱ applicationȱ ofȱ
guidewordsȱwasȱusedȱtoȱidentifyȱandȱclassifyȱpossibleȱhumanȱfailures.ȱ
4.5.3 Findings
Theȱresultȱofȱtheȱanalysisȱofȱ26ȱincidentȱandȱaccidentȱinvestigationsȱisȱpresentedȱinȱ
thisȱ paper.ȱ Theȱ paperȱ outlinesȱ contributoryȱ factorsȱ inȱ humanȱ failuresȱ duringȱ
maintenanceȱ executionȱ leadingȱ toȱ severeȱ incidentsȱ andȱ accidentsȱ withinȱ theȱ
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Swedishȱrailwaysȱbetweenȱ1988ȱandȱ2000,ȱseeȱTableȱ4.1ȱandȱFiguresȱ4.6Ȭ4.10.ȱTheȱ
majorityȱ ofȱ humanȱ failuresȱ inȱ maintenanceȱ wereȱ relatedȱ toȱ informationȱ
deficiencies,ȱ i.e.ȱ communicationȱ errorsȱ orȱ retrievalȱ errors,ȱ seeȱ figureȱ 4.7.ȱ Theseȱ
informationȱdeficienciesȱwereȱlocatedȱinȱFeedbackȱbetweenȱdifferentȱstepsȱofȱtheȱ
maintenanceȱprocess,ȱorȱwithinȱtheȱMaintenanceȱExecutionȱphase,ȱseeȱTableȱ4.1.ȱ
ȱ
Tableȱ4.1.ȱTheȱtableȱpresentsȱtheȱresultȱofȱtheȱclassificationȱofȱhumanȱfailuresȱaccordingȱtoȱ
theȱappliedȱmaintenanceȱprocessȱandȱtheȱHealthȱandȱSafetyȱExecutiveȱ(HSE)ȱclassification.ȱ
(Source:ȱHolmgrenȱ&ȱSöderholm,ȱ2006b)ȱȱ
ȱ
Accident or Incident*

Losses

Process Phase

Failure Classification

1
2
3
4
5
6
7
8
9
10
11
12
13*
14
15
16
17*
18
19
20
22
23
24*
25*
26
27
Summary of incidents and
accidents

F=0, I=0, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=2, M=Yes
F=0, I=3, M=Yes
F=0, I=8, M=Yes
F=0, I=0, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=5, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=No
F=0, I=1, M=Yes
F=0, I=1, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=No
F=0, I=0, M=Yes
F=0, I=1, M=Yes
F=0, I=0, M=Yes
F=0, I=5, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=No
F=0, I=0, M=No
F=0, I=2, M=Yes
F=0, I=1, M=Yes
I=29
F=3
M= In 22 cases out of 26

D/ADP
P/D
P/D/ADP
D/ADP
P/D/ADP
D/ADP
P/D/ADP
D/ADP
D/ADP
P/D/ADP
D/ADP
P/D
P/D/ADP
P/D
D/ADP
P/D/APD
D/S/ASP
D/S/ASP
D/ADP
D/S/ASD
D/ADP
D/ADP
P/D/APD
P/D/ADP
P/D/APD
D
D=25
P=12
APD=11
ADP=9
S=3
ASP=2
ASD=1

A3/I1
A2
A5/A9/R3/I4/P2
C1/R3/I3/I4
A9/R4/I3/I4/P2
R4/I2/I3
A10/I1/P2
A2/R3/R4/I1/I3/I4
A9/R4/I1/V1
A5/R4/I2
A3/A9/R4/I1
A9/P2
I3/I4
A9/I4/P2
A9/I1
A2/C1/I4
C2
C2
A2/I3/P1
A8/C2
A2/R4/I4
A2/V1
A8/A9/R4/I3
R4/I4
I1
A5
R4=9
I4=9
A9=8
I1=7
I3=7
A2=6
P2=5

Abbreviations
P: Maintenance Planning (Plan)
D: Maintenance Execution (Do)
S. Functional Testing (Study)
ADP: Feedback from Do to Plan
APD: Feed forward from Plan to
Do
ASP: Feedback from Study to
Plan
ASD: Feedback from Study to Do

A5=3
C2=3
R3=3

Country: Sweden
Abbreviations
Years: 1988-2000
Selection of investigations:
collisions and derailments related
to maintenance of railway
infrastructure.
Number of investigations: 26
Number of incidents: 4
Number of accidents: 22
Full investigations are accessible
through the Swedish Rail Agency
(Järnvägsstyrelsen).

I: Injury
F: Fatality
M: Material loss

See Figure 1 for the relationships
between different process phases.

A3=2
A8=2
C1=2
I2=2
V1=2
A10=1
P1=1
Abbreviations
See Table 1.
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Classification of Human Failures

Violations (V); 2;
3%
Checking (C); 5; 7%
Information
Communication (I);
25; 34%

Plan (P); 6; 8%

Information Retrieval
(R); 12; 17%

Action (A); 22; 31%

ȱ
Figureȱ 4.6.ȱ Classificationȱ ofȱ humanȱ failuresȱ causingȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidentsȱ onȱ theȱ Swedishȱ railwaysȱ betweenȱ 1988ȱ andȱ 2000.ȱ (Source:ȱ Holmgrenȱ &ȱ
Söderholm,ȱ2006b)ȱȱ
ȱ
Information Retrieval Errors (R)

Information Communication Errors (I)

Wrong information
communicated (I2); 2;
8%
Information
communication uncle
(I4); 9; 36%

Information
communication
incomplete (I3); 7; 28%

Information
retrieval
incomplete (R3); 3;
25%

Information
incorrectly
interpreted (R4); 9;
75%

Information not
communicated (I1); 7;
28%

ȱ
Figureȱ4.7.ȱClassificationȱofȱhumanȱfailuresȱduringȱrailwayȱmaintenanceȱexecutionȱrelatedȱ
toȱinformationȱcommunicationȱerrorsȱ(I),ȱonȱtheȱleft,ȱandȱinformationȱretrievalȱerrorsȱ(R),ȱ
onȱtheȱright.ȱ(Source:ȱHolmgrenȱ&ȱSöderholm,ȱ2006b)ȱ
ȱ
Theȱnextȱlargestȱgroupȱofȱhumanȱfailuresȱconsistedȱofȱactionȱerrors,ȱseeȱFigureȱ4.8.ȱ
Theseȱ actionȱ errorsȱ areȱ locatedȱ inȱ theȱ Maintenanceȱ Executionȱ phaseȱ ofȱ theȱ
maintenanceȱ process.ȱ Thereafter,ȱ theȱ groupsȱ areȱ inȱ descendingȱ order:ȱ planningȱ
errors,ȱwhichȱareȱlocatedȱinȱtheȱprocessȱphaseȱofȱMaintenanceȱPlanning,ȱcheckingȱ
errorsȱ locatedȱinȱ theȱ MaintenanceȱExecutionȱ phase,ȱ orȱ violations,ȱ seeȱ Figuresȱ 4.9ȱ
andȱ4.10.ȱ
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Action Errors (A)
Operation
incomplete (A10); 1;
5%
Wrong operation on
right object (A8); 2;
9%
Operation omitted
(A9); 8; 36%

Operation in wrong
direction (A3); 2; 9%

Operation too
fast/slow (A5); 3;
14%

Operation mistimed
(A2); 6; 27%

ȱ
Figureȱ4.8.ȱClassificationȱofȱhumanȱfailuresȱduringȱrailwayȱmaintenanceȱexecutionȱrelatedȱ
toȱactionȱerrorsȱ(A).ȱ(Source:ȱHolmgrenȱ&ȱSöderholm,ȱ2006b)ȱ
ȱ
ȱ
ȱ
ȱ
Planning Errors (P)

Plan omitted (P1); 1;
17%

Plan incorrect (P2); 5;
83%

ȱ
Figureȱ4.9.ȱClassificationȱofȱhumanȱfailuresȱduringȱrailwayȱmaintenanceȱexecutionȱrelatedȱ
toȱplanningȱerrorsȱ(P).ȱ(Source:ȱHolmgrenȱ&ȱSöderholm,ȱ2006b)ȱ
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Checking Errors (C)

Check omitted
(C1); 2; 40%

Check
incomplete (C2);
3; 60%

ȱ
Figureȱ 4.10.ȱ Classificationȱ ofȱ humanȱ failuresȱ duringȱ railwayȱ maintenanceȱ executionȱ
relatedȱtoȱcheckingȱerrorsȱ(C).ȱ(Source:ȱHolmgrenȱ&ȱSöderholm,ȱ2006b)ȱ
ȱ
Theȱcheckingȱerrorsȱare,ȱinȱadditionȱtoȱMaintenanceȱExecution,ȱalsoȱconnectedȱtoȱ
theȱ processȱ phasesȱ ofȱ Maintenanceȱ Planningȱ orȱ Functionalȱ Testingȱ throughȱ
Feedback.ȱTheȱviolationsȱareȱallȱlocatedȱinȱtheȱMaintenanceȱExecution,ȱbutȱareȱalsoȱ
relatedȱtoȱbothȱtheȱFeedbackȱandȱMaintenanceȱPlanningȱphases.ȱȱ
4.5.4 Main Conclusions
Thisȱ paperȱ givesȱ insightsȱ intoȱ contributoryȱ factorsȱ ofȱ humanȱ failuresȱ inȱ theȱ
maintenanceȱ processȱ withinȱ railwayȱ infrastructureȱ maintenance.ȱ Suchȱ
informationȱmayȱbeȱvaluableȱforȱthoseȱinvolvedȱinȱmaintenanceȱofȱotherȱtechnicalȱ
systems.ȱ Furthermore,ȱ theȱ studyȱ indicatesȱ thatȱ humanȱ failuresȱ mayȱ occurȱ atȱ
differentȱphasesȱofȱtheȱmaintenanceȱprocess.ȱTheȱfurtherȱawayȱinȱspaceȱandȱtimeȱaȱ
failureȱ occurs,ȱ theȱ moreȱ intangibleȱ itȱ becomes.ȱ However,ȱ theȱ impactȱ duringȱ theȱ
maintenanceȱexecutionȱphaseȱmayȱbeȱsignificant.ȱ
4.5.5 Relation to other Papers
Paperȱ Vȱ consistsȱ ofȱ anȱ inȱ depthȱ analysisȱ ofȱ incidentȱ andȱ accidentȱ investigationsȱ
withȱaȱfocusȱonȱinfrastructureȱmaintenanceȱexecution.ȱThoseȱinvestigationsȱwereȱ
selectedȱ withȱ supportȱ fromȱ theȱ enhancedȱ classificationȱ presentedȱ inȱ paperȱ IV,ȱ
whichȱwasȱbasedȱonȱtheȱoneȱpresentedȱinȱPaperȱIII.ȱTheȱprocessȱmodelȱdescribedȱ
inȱPaperȱIȱisȱappliedȱforȱhazardȱidentification,ȱinȱtheȱsameȱmannerȱasȱinȱPaperȱII.ȱ
TheȱfindingsȱofȱPaperȱIIȱandȱVȱsupportȱeachȱother.ȱ

ȱ

71

5 CONCLUSIONS AND DISCUSSION
Thisȱchapterȱsummarisesȱtheȱfindingsȱofȱtheȱpresentȱthesis.ȱTheȱfindingsȱareȱrelatedȱtoȱtheȱ
statedȱ researchȱ questions.ȱ Furthermore,ȱ someȱ aspectsȱ ofȱ theȱ findingsȱ willȱ beȱ discussed.ȱ
Finally,ȱsomeȱsuggestionsȱforȱfurtherȱresearchȱwillȱbeȱpresented.ȱ

5.1 Conclusions
Theȱ purposeȱ ofȱ thisȱ thesisȱ isȱ “toȱ exploreȱ andȱ describeȱ hazardsȱ contributoryȱ toȱ
maintenanceȬrelatedȱincidentsȱandȱaccidents,ȱinȱorderȱtoȱsupportȱcontinuousȱriskȱ
reduction.”ȱ
ȱ
Theȱthesisȱfocusesȱonȱtheȱfollowingȱtwoȱresearchȱquestions:ȱ
ȱ
1. Howȱ canȱ methodologiesȱ andȱ toolsȱ beȱ usedȱ forȱ identificationȱ ofȱ
maintenanceȬrelatedȱhazardsȱcontributingȱtoȱincidentsȱandȱaccidents?ȱ
ȱ
2. Whatȱ kindȱ ofȱ hazardsȱ contributeȱ toȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidents?ȱ
5.1.1 Findings Regarding Research Question 1
SomeȱmethodologiesȱusefulȱforȱtheȱinvestigationȱofȱmaintenanceȬrelatedȱincidentsȱ
andȱaccidentsȱhaveȱbeenȱidentifiedȱinȱtheȱliteratureȱstudyȱandȱadaptedȱinȱorderȱtoȱ
fulfilȱ theȱ purposeȱ ofȱ thisȱ thesis,ȱ seeȱ Chaptersȱ 2.2,ȱ 3.5,ȱ 3.6ȱ andȱ Papersȱ I,ȱ IIȱ andȱ V.ȱ
Someȱofȱtheseȱmethodologiesȱhaveȱalsoȱbeenȱappliedȱinȱorderȱtoȱfulfilȱtheȱsecondȱ
researchȱ question,ȱ i.e.ȱ forȱ hazardȱ analysis,ȱ seeȱ Papersȱ II,ȱ III,ȱ IVȱ andȱ V.ȱ Theȱ
applicationȱ ofȱ adaptedȱ methodologiesȱ forȱ hazardȱ identificationȱ hasȱ beenȱ
influencedȱ byȱ bothȱ aȱ systemȱ perspectiveȱ andȱ aȱ processȱ perspective.ȱ Theȱ systemȱ
viewȱisȱsupportedȱbyȱtheȱholisticȱmanagementȱsystemȱmodel,ȱpresentedȱinȱPaperȱ
I.ȱ Theȱ processȱ viewȱ isȱ supportedȱ byȱ theȱ Processȱ Mappingȱ methodology.ȱ Thisȱ
methodologyȱisȱinȱturnȱsupportedȱbyȱtheȱProcessȱChartȱtool,ȱwhichȱisȱutilisedȱtoȱ
illustrateȱ aȱ genericȱ maintenanceȱ process,ȱ seeȱ Papersȱ Iȱ andȱ II.ȱ Inȱ addition,ȱ theseȱ
methodologiesȱareȱappliedȱwithinȱtheȱcaseȱstudiesȱinȱtheȱdataȱcollectionȱstage,ȱi.e.ȱ
interviews,ȱobservationȱandȱarchivalȱrecords,ȱbutȱalsoȱinȱtheȱanalysisȱofȱempiricalȱ
evidence.ȱ
ȱ
Someȱ ofȱ theseȱ methodologiesȱ areȱ supportedȱ byȱ theȱ differentȱ toolsȱ thatȱ areȱ
presentedȱ inȱ Sectionȱ 2.4;ȱ seeȱ Figuresȱ 2.11Ȭ2.14.ȱ Theȱ aimȱ ofȱ theseȱ tools,ȱ whichȱ areȱ
illustratedȱ byȱ differentȱ models,ȱ isȱ toȱ enableȱ anȱ understandingȱ ofȱ contributoryȱ
causesȱ relatedȱ toȱ incidentȱ andȱ accidentȱ propagation.ȱ Theseȱ toolsȱ alsoȱ provideȱ aȱ
basisȱforȱhazardȱidentificationȱatȱdifferentȱorganisationalȱlevels,ȱi.e.ȱinȱrelationȱtoȱ
Researchȱ Questionȱ Two.ȱ Variousȱ toolsȱ haveȱ alsoȱ supportedȱ theȱ dataȱ collection,ȱ
dataȱ analysisȱ andȱ dataȱ displayȱ inȱ thisȱ thesisȱ inȱ orderȱ toȱ identifyȱ maintenanceȬ
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relatedȱhazards,ȱseeȱChapterȱ3.ȱOneȱexampleȱofȱaȱtoolȱusedȱforȱdataȱcollectionȱinȱ
theȱpaperȬmillȱcaseȱstudyȱwasȱtheȱmaintenanceȱprocessȱmodel,ȱwhichȱguidedȱtheȱ
interviewsȱ andȱ observations.ȱ Examplesȱ ofȱ toolsȱ usedȱ forȱ dataȱ displayȱ areȱ theȱ
Ishikawaȱdiagram,ȱseeȱPaperȱII;ȱcircleȱdiagram;ȱseeȱPaperȱIVȱandȱLCMȱmodel;ȱseeȱ
PaperȱV.ȱ
ȱ
Oneȱ combinationȱ ofȱ twoȱ toolsȱ toȱ identifyȱ maintenanceȬrelatedȱ hazardsȱ isȱ theȱ
constructedȱ maintenanceȱ processȱ modelȱ togetherȱ withȱ theȱ HAZOPȬinfluencedȱ
guidewords.ȱ Thisȱ combinationȱ isȱ furtherȱ describedȱ inȱ Paperȱ IV.ȱ Anotherȱ
combinationȱ ofȱ toolsȱ usedȱ forȱ identificationȱ ofȱ maintenanceȬrelatedȱ hazardsȱ
withinȱtheȱrailwaysȱcaseȱstudyȱisȱtheȱguidewordsȱakinȱtoȱHAZOPȱcombinedȱwithȱ
circleȱ diagrams,ȱ seeȱ Paperȱ V.ȱ Aȱ furtherȱ exampleȱ ofȱ combinationȱ isȱ toȱ applyȱ theȱ
LCMȱ modelȱ asȱ aȱ toolȱ inȱ orderȱ toȱ supportȱ theȱ Fiveȱ whyȱ methodology,ȱ whichȱ isȱ
usedȱinȱtheȱrailwayȱcaseȱstudy,ȱseeȱPaperȱIII.ȱ
ȱ
Byȱ applyingȱ aȱ processȱ viewȱ ofȱ maintenance,ȱ itȱ isȱ possibleȱ toȱ facilitateȱ theȱ
identificationȱ ofȱ stakeholders,ȱ requirementsȱ andȱ risks.ȱ Furthermore,ȱ theȱ holisticȱ
managementȱ systemȱ modelȱ supportsȱ anȱ understandingȱ ofȱ howȱ toȱ identifyȱ
hazardsȱ byȱ selecting,ȱ adaptingȱ andȱ combiningȱ appropriateȱ methodologiesȱ andȱ
tools.ȱ Theȱ applicationȱ ofȱ theȱ methodologiesȱ shouldȱ beȱ influencedȱ byȱ coreȱ valuesȱ
asȱ describedȱ inȱ theȱ holisticȱ managementȱ systemȱ model,ȱ seeȱ Paperȱ I.ȱ Theȱ coreȱ
valuesȱthatȱhaveȱinfluencedȱtheȱmethodologiesȱusedȱinȱthisȱthesisȱare:ȱcontinuousȱ
improvement,ȱfactȬbasedȱdecisions,ȱsystemȱviewȱandȱprocessȱview.ȱOneȱexampleȱ
ofȱthisȱisȱtoȱlookȱatȱtheȱmaintenanceȱprocessȱfromȱtwoȱdifferentȱperspectives.ȱTheȱ
firstȱ perspectiveȱ isȱ deductive,ȱ whereȱ theȱ maintenanceȱ processȱ isȱ viewedȱ fromȱ aȱ
perspectiveȱ basedȱ onȱ stakeholderȱ requirements.ȱ Theȱ otherȱ perspectiveȱ isȱ
inductive,ȱ whereȱ theȱ maintenanceȱ processȱ isȱ basedȱ onȱ theȱ statusȱ ofȱ theȱ system’sȱ
functions.ȱ Theȱ deductiveȱ andȱ inductiveȱ perspectiveȱ ofȱ theȱ maintenanceȱ processȱ
canȱbeȱadaptedȱfromȱcaseȱtoȱcase.ȱInȱPapersȱIȱandȱII,ȱtheȱinductiveȱperspectiveȱhasȱ
beenȱ appliedȱ inȱ orderȱ toȱ identifyȱ maintenanceȬrelatedȱ hazards.ȱ Theȱ deductiveȱ
approachȱhasȱnotȱbeenȱthoroughlyȱappliedȱandȱtestedȱinȱthisȱthesis,ȱevenȱthoughȱ
itsȱapplicationȱhasȱbeenȱdemonstratedȱinȱPaperȱI.ȱȱ
ȱ
Inȱ thisȱ thesisȱ theȱ LCMȱ methodologyȱ isȱ appliedȱ forȱ retrospectiveȱ analysisȱ ofȱ
incidentsȱandȱaccidentsȱatȱtheȱrailways,ȱseeȱPapersȱIII,ȱIVȱandȱV.ȱInȱPapersȱIȱandȱIIȱ
theȱ processȱ modelȱ isȱ appliedȱ inȱ prospectiveȱ mannerȱ focusingȱ onȱ perceivedȱ
hazardsȱandȱincidentsȱinȱorderȱtoȱbeȱproȬactive.ȱHowever,ȱitȱshouldȱbeȱnotedȱthatȱ
bothȱ theȱ retrospectiveȱ andȱ prospectiveȱ applicationsȱ areȱ intendedȱ toȱ supportȱ
continuousȱimprovement,ȱorȱcontinuousȱriskȱreduction,ȱofȱmaintenanceȱactivities.ȱ
ȱ
Theȱ valueȱ ofȱ combiningȱ differentȱ toolsȱ mayȱ beȱ illustratedȱ byȱ theȱ useȱ ofȱ bothȱ
guidewordsȱ andȱ theȱ maintenanceȱ processȱ model.ȱ Oneȱ exampleȱ isȱ toȱ identifyȱ theȱ
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hazardsȱ contributingȱ toȱ incidentsȱ andȱ accidentsȱ inȱ relationȱ toȱ theȱ differentȱ
activitiesȱofȱtheȱconstructedȱmaintenanceȱprocessȱbyȱapplyingȱandȱadoptingȱaȱdataȱ
analysisȱ tool.ȱ Thisȱ toolȱ consistsȱ ofȱ aȱ classificationȱ ofȱ guidewords.ȱ Thisȱ toolȱ
supportsȱ theȱ identificationȱ ofȱ possibleȱ humanȱ failuresȱ inȱ relationȱ toȱ differentȱ
activitiesȱ inȱ theȱ maintenanceȱ process.ȱ Hence,ȱ theȱ approachȱ ofȱ combiningȱ theȱ
guidewordsȱandȱtheȱprocessȱmodelȱprovidesȱinformationȱaboutȱbothȱ”what”ȱandȱ
”where”ȱaspectsȱofȱhazardsȱcontributingȱtoȱhumanȱfailures.ȱTheseȱguidewordsȱareȱ
presentedȱinȱTableȱ3.1,ȱSectionȱ3.6.2.ȱ
5.1.2 Findings Regarding Research Question 2
DifferentȱmaintenanceȬrelatedȱhazardsȱwithinȱrailwaysȱandȱpaperȱmillsȱhaveȱbeenȱ
presentedȱinȱthisȱthesis.ȱTheȱmainȱfindingsȱrelatedȱtoȱtheȱrailwaysȱareȱpresentedȱinȱ
Papersȱ II,ȱ IVȱ andȱ V.ȱ Inȱ Papersȱ Iȱ andȱ IIȱ perceivedȱ hazardsȱ duringȱ maintenanceȱ
executionȱatȱpaperȱmillsȱareȱoutlined.ȱȱ
ȱ
Improperȱ maintenanceȱ contributesȱ toȱ approximatelyȱ 1/3ȱ ofȱ allȱ infrastructureȬ
relatedȱ incidentsȱ andȱ accidentsȱ linkedȱ toȱ collisionsȱ andȱ derailmentsȱ onȱ theȱ
Swedishȱ railways,ȱ seeȱ Paperȱ III.ȱ Theseȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidentsȱ wereȱ inȱ turnȱ relatedȱ mainlyȱ toȱ improperȱ maintenanceȱ execution,ȱ seeȱ
PaperȱIV.ȱInȱtheȱrailwayȱmaintenanceȱcontextȱdifferentȱformsȱofȱindividualȱerrors,ȱ
suchȱasȱhumanȱerrorȱandȱruleȱviolationȱaffectingȱtheȱmaintenanceȱexecutionȱhaveȱ
beenȱidentified,ȱseeȱPaperȱV.ȱTheȱmostȱcommonȱhazardsȱidentifiedȱwithinȱrailwayȱ
maintenanceȱareȱrelatedȱtoȱinformationȱdeficiencies,ȱi.e.ȱcommunicationȱerrorsȱorȱ
informationȱretrievalȱ errors.ȱ Theseȱ findingsȱ wereȱ corroboratedȱ byȱ theȱ paperȬmillȱ
caseȱ study.ȱ Inȱ addition,ȱ theȱ paperȬmillȱ caseȱ studyȱ highlightedȱ theȱ importanceȱ ofȱ
properȱ horizontalȱ communicationȱ whenȱ maintenanceȱ consultantsȱ areȱ used,ȱ i.e.ȱ
outsourcingȱofȱmaintenance.ȱ
ȱ
Theseȱ identifiedȱ informationȱ deficienciesȱ areȱ locatedȱ inȱ theȱ feedbackȱ loopsȱ
betweenȱdifferentȱactionsȱinȱtheȱmaintenanceȱprocess,ȱorȱwithinȱtheȱmaintenanceȱ
executionȱ itself.ȱ Theȱ reasonȱ thatȱ informationȱ deficienciesȱ haveȱ beenȱ identifiedȱ
withinȱmaintenanceȱexecutionȱisȱthatȱtheȱfocusȱofȱtheȱperformedȱanalysisȱwasȱonȱ
thisȱ processȱ step.ȱ Thisȱ showsȱ thatȱ incidentsȱ andȱ accidentsȱ mightȱ occurȱ inȱ theȱ
maintenanceȱexecutionȱ(sharpȱendȱfactors),ȱevenȱthoughȱtheȱcontributoryȱhazardsȱ
mayȱbeȱlocatedȱinȱotherȱdistalȱprocessȱactivitiesȱ(bluntȱendȱfactors).ȱTheseȱfindingsȱ
areȱalsoȱcorroboratedȱbyȱtheȱpaperȬmillȱcaseȱstudy.ȱ
ȱ
Theȱsecondȱmostȱcommonȱhazardȱcontributingȱtoȱincidentsȱandȱaccidentsȱonȱtheȱ
Swedishȱ railwaysȱ consistsȱ ofȱ differentȱ actionȱ errorsȱ withinȱ theȱ maintenanceȱ
process.ȱTheseȱactionȱerrorsȱareȱlocatedȱinȱtheȱmaintenanceȱexecutionȱstepȱofȱtheȱ
maintenanceȱprocess.ȱTheȱlargestȱclassȱofȱactionȱerrorsȱisȱomittedȱoperations,ȱe.g.ȱ
theȱ omissionȱ ofȱ safetyȱ devices.ȱ Theȱ secondȱ largestȱ classȱ ofȱ actionȱ errorsȱ isȱ
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mistimedȱ operations.ȱ Oneȱ exampleȱ isȱ omittingȱ toȱ askȱ forȱ permissionȱ toȱ startȱ
maintenanceȱ workȱ onȱ theȱ railwayȱ infrastructureȱ orȱ initiatingȱ workȱ beforeȱ
permissionȱ isȱ given.ȱ Oneȱ consequenceȱ ofȱ theseȱ mistimedȱ operationsȱ isȱ thatȱ
maintenanceȱpersonnelȱandȱmaintenanceȱvehiclesȱwereȱonȱtheȱtrackȱatȱtheȱwrongȱ
timeȱandȱthereforeȱgotȱhitȱbyȱaȱtrain.ȱ
ȱ
Withinȱ paperȬmills,ȱ maintenanceȱ staff’sȱ conflictingȱ requirementsȱ onȱ theȱ systemsȱ
areȱ identifiedȱ asȱ crucialȱ hazards,ȱ seeȱ Paperȱ II.ȱ Conflictingȱ requirementsȱ onȱ theȱ
systemsȱ consistȱ ofȱ hazardsȱ relatedȱ toȱ subȬsystemȱ isolation.ȱ Oneȱ exampleȱ ofȱ
isolationȱisȱtheȱreleaseȱofȱmechanicalȱandȱelectricalȱenergyȱfromȱtheȱsystem.ȱPoorȱ
maintainabilityȱ ofȱ theȱ systemsȱ wasȱ alsoȱ identifiedȱ asȱ aȱ criticalȱ hazard.ȱ Oneȱ
exampleȱofȱhazardsȱrelatedȱtoȱpoorȱmaintainabilityȱconsistsȱofȱtheȱlatentȱfailuresȱofȱ
theȱ maintainedȱ systemȱ thatȱ mayȱ beȱ introducedȱ duringȱ maintenanceȱ execution.ȱ
Theseȱlatentȱfailuresȱrepresentȱsystemȱhazardsȱthatȱmayȱresultȱinȱextensiveȱlosses,ȱ
seeȱPapersȱIȱandȱII.ȱ

5.2 Discussion
InȱthisȱthesisȱitȱisȱshownȱthatȱmaintenanceȬrelatedȱincidentsȱandȱaccidentsȱareȱtheȱ
resultȱ ofȱ improperȱ maintenanceȱ executionȱ orȱ lackȱ ofȱ adequateȱ maintenance.ȱ Theȱ
resultsȱ inȱ thisȱ thesisȱ indicateȱ thatȱ mostȱ ofȱ theȱ maintenanceȬrelatedȱ incidentsȱ andȱ
accidentsȱonȱtheȱSwedishȱrailwaysȱhappenȱduringȱmaintenanceȱexecution33,ȱratherȱ
thanȱasȱaȱconsequenceȱofȱlackȱofȱmaintenance,ȱseeȱPapersȱIIIȱandȱIV.ȱȱ
ȱ
Theȱstudiedȱarchivalȱrecordsȱconsistȱofȱaccidentȱdescriptionsȱstoredȱinȱaȱdatabase.ȱ
Someȱ obstaclesȱ wereȱ experiencedȱ whenȱ studyingȱ theseȱ archivalȱ records.ȱ Firstȱ ofȱ
all,ȱ itȱ wasȱ notȱ alwaysȱ easyȱ toȱ identifyȱ theȱ possibleȱ contributoryȱ hazardsȱ ofȱ theȱ
incidentsȱ andȱ accidentsȱ basedȱ onȱ theȱ descriptions.ȱ Itȱ isȱ hard,ȱ forȱ instance,ȱ toȱ
determineȱifȱaȱtrackȱfractureȱisȱcausedȱbyȱoverseenȱtrackȱmaintenanceȱorȱbyȱaȱtrainȱ
withȱ someȱ defectiveȱ wheels,ȱ e.g.ȱ wheelȱ flatsȱ dueȱ toȱ heavyȱ breakingȱ withȱ lockedȱ
wheels.ȱ Oneȱ reasonȱ forȱ thisȱ mightȱ beȱ thatȱ theȱ performedȱ analysisȱ dealsȱ withȱ
secondaryȱ data,ȱ i.e.ȱ dataȱ notȱ originallyȱ compiledȱ forȱ theȱ purposeȱ ofȱ thisȱ thesis.ȱ
However,ȱ bothȱ analysesȱ shouldȱ shareȱ theȱ sameȱ purpose:ȱ toȱ identifyȱ causesȱ
contributingȱ toȱ incidentsȱ andȱ accidents.ȱ Hence,ȱ theȱ qualityȱ ofȱ theȱ originalȱ
investigationȱshouldȱbeȱimproved.ȱ
ȱ
Allȱinȱall,ȱitȱhasȱbeenȱquiteȱchallengingȱtoȱdetermineȱifȱtheȱcontributoryȱcausesȱtoȱ
theȱincidentsȱandȱaccidentsȱwereȱmaintenanceȬrelatedȱorȱnot,ȱwhenȱdataȱwasȱfirstȱ
classified,ȱ asȱ presentedȱ inȱ Paperȱ III.ȱ Whenȱ lookingȱ atȱ theȱ resultsȱ ofȱ theȱ thirdȱ
classificationȱstep,ȱpresentedȱinȱPaperȱIII,ȱoneȱmustȱbeȱawareȱthatȱsomeȱdataȱinȱtheȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱMaintenanceȱonȱtheȱrollingȱstockȱisȱnotȱincludedȱinȱthisȱthesis.ȱHowever,ȱimproperȱmaintenanceȱactivitiesȱ
andȱ lackȱ ofȱ adequateȱ maintenanceȱ onȱ theȱ rollingȱ stock,ȱ e.g.ȱ trackȱ boundȱ vehicles,ȱ mayȱ alsoȱ resultȱ inȱ
derailmentsȱandȱcollisions.ȱ
33
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archivalȱ recordsȱ wasȱ excludedȱ whenȱ theȱ dataȱ wasȱ classifiedȱ dueȱ toȱ incompleteȱ
informationȱ inȱ theȱ archivalȱ records.ȱ Asȱ aȱ consequenceȱ ofȱ this,ȱ theȱ numberȱ ofȱ
incidentsȱandȱaccidentsȱclassifiedȱasȱmaintenanceȬrelatedȱlossesȱinȱPaperȱIVȱmayȱ
alsoȱbeȱtooȱsmall.ȱ
ȱ
Dueȱ toȱ theȱ lackȱ ofȱ informationȱ inȱ someȱ incidentȱ andȱ accidentȱ investigationȱ
descriptions,ȱitȱwasȱ notȱeasyȱtoȱidentifyȱtheȱunderlyingȱcausesȱthatȱtriggeredȱtheȱ
immediateȱcausesȱinȱtheȱaccidentȱinitiationȱsequence,ȱasȱpresentedȱinȱPaperȱIV.ȱIfȱ
theȱ contributoryȱ causesȱ ofȱ theȱ lossesȱ wereȱ clearlyȱ describedȱ inȱ theȱ archivalȱ
records,ȱ itȱ wouldȱ beȱ easierȱ toȱ makeȱ factȬbasedȱ decisionsȱ inȱ orderȱ toȱ proȬactivelyȱ
preventȱfurtherȱsimilarȱoccurrences,ȱandȱtherebyȱcontinuouslyȱimproveȱtheȱsafetyȱ
ofȱtheȱrailway.ȱTheȱcontributoryȱcausesȱofȱtheȱincidentsȱandȱaccidentsȱcan,ȱdueȱtoȱ
theȱ limitationsȱ inȱ theȱ causeȱ descriptionsȱ inȱ theȱ archivalȱ records,ȱ onlyȱ beȱ tracedȱ
backȱ toȱ theȱ immediate,ȱ orȱ trigger,ȱ causesȱ inȱ theȱ Lossȱ Causationȱ Model,ȱ asȱ
presentedȱinȱPaperȱIV.ȱInȱaȱfewȱcasesȱsomeȱbasic,ȱorȱunderlying,ȱcauses,ȱhaveȱbeenȱ
identified.ȱ Itȱ isȱ importantȱ toȱ rememberȱ thatȱ theȱ immediateȱ causesȱ areȱ justȱ theȱ
directȱ triggersȱ ofȱ theȱ accidents,ȱ butȱ theseȱ areȱ inȱ turnȱ createdȱ byȱ deficienciesȱ
manifestedȱ inȱ distalȱ factorsȱ suchȱ asȱ theȱ basicȱ causesȱ andȱ lackȱ ofȱ controlȱ ofȱ theȱ
operations.ȱȱ
ȱ
TheȱclassificationȱthatȱwasȱpresentedȱinȱSectionȱ4.3.4,ȱseeȱFigureȱ4.4,ȱseeȱalsoȱPaperȱ
IIIȱandȱIV,ȱillustratesȱtheȱprimaryȱcausesȱofȱtheȱmaintenanceȬrelatedȱlossesȱandȱtheȱ
basicȱ causesȱ thatȱ precedeȱ theȱ primaryȱ causes,ȱ whenȱ theyȱ haveȱ beenȱ identified.ȱ
However,ȱtheȱresolutionȱofȱtheȱavailableȱdataȱdoesȱnotȱallowȱanyȱdeeperȱanalysisȱ
ofȱ theȱ contributoryȱ causes.ȱ Thisȱ resultsȱ inȱ aȱ quiteȱ genericȱ classificationȱ ofȱ theȱ
immediateȱ andȱ basicȱ causesȱ forȱ maintenanceȱ executionȱ asȱ wellȱ asȱ lackȱ ofȱ
maintenance,ȱ seeȱ Figureȱ 4.4.ȱ Hence,ȱ theȱ researchȱ presentedȱ inȱ thisȱ thesisȱ showsȱ
theȱ importanceȱ ofȱ thoroughȱ investigationsȱ inȱ orderȱ toȱ supportȱ continuousȱ
improvement.ȱ Withoutȱ addressingȱ theȱ underlyingȱ causesȱ onlyȱ ”quickȱ fixes”ȱ canȱ
beȱachieved.ȱ
ȱ
Humanȱ errorȱ isȱ identifiedȱ asȱ triggersȱ ofȱ theȱ incidentȱ andȱ accidentȱ initiationȱ
scheme,ȱillustratedȱinȱtheȱLossȱCausationȱModel.ȱHowever,ȱitȱisȱdifficultȱtoȱexplainȱ
whyȱhumanȱerrorȱoccursȱwithȱsupportȱofȱtheȱarchivalȱrecords.ȱRuleȱviolationsȱareȱ
alsoȱ identifiedȱ asȱ aȱ contributoryȱ causeȱ ofȱ maintenanceȱ relatedȱ incidentsȱ andȱ
accidents.ȱHowever,ȱexplanationsȱthatȱcouldȱbeȱgivenȱwithȱsupportȱofȱtheȱarchivalȱ
records,ȱseeȱPapersȱIIIȱandȱIV,ȱwereȱnotȱsatisfactory,ȱe.g.ȱtheȱfactȱthatȱsomeoneȱhadȱ
doneȱsomethingȱwrongȱwasȱobvious.ȱHowever,ȱtheȱreasonsȱforȱtheirȱactionsȱcouldȱ
notȱbeȱidentified.ȱ Therefore,ȱ theȱstudyȱ ofȱtheȱ archivalȱ recordȱ wasȱ complementedȱ
byȱ aȱ documentationȱ study,ȱ consistingȱ ofȱ fullȱ accidentȱ investigations.ȱ Theȱ mainȱ
problemȱ wasȱ thatȱ theseȱ accidentȱ investigationsȱ wereȱ notȱ easilyȱ accessible.ȱ Theseȱ
investigationsȱ areȱ storedȱ inȱ separateȱ registersȱ atȱ theȱ differentȱ regionalȱ officesȱ ofȱ
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theȱ Swedishȱ Nationalȱ Railȱ Administration.ȱ However,ȱ severeȱ incidentsȱ andȱ
accidentsȱ shouldȱ alsoȱ beȱ reportedȱ toȱ theȱ Swedishȱ Railȱ Agencyȱ (Swedish:ȱ
Järnvägsstyrelsen).ȱ Thisȱ thesisȱ coversȱ thoseȱ investigationsȱ thatȱ areȱ relatedȱ toȱ
severeȱincidentsȱandȱaccidents,ȱwhichȱwereȱreportedȱtoȱtheȱSwedishȱRailȱAgency.ȱȱ
ȱ
Oneȱ thingȱ thatȱ couldȱ beȱ noticedȱ whenȱ analysingȱ theȱ investigationsȱ wasȱ thatȱ theȱ
focusȱseemsȱtoȱhaveȱchangedȱoverȱtime.ȱEarlierȱinvestigationsȱ(1989Ȭ1997)ȱseemȱtoȱ
haveȱfocusedȱonȱfindingȱsomeoneȱresponsibleȱforȱtheȱaccident,ȱi.e.ȱaȱblameȱfocusȱ
onȱ individuals,ȱ whileȱ laterȱ investigationsȱ (1998Ȭ1999)ȱ seemȱ toȱ haveȱ aȱ somewhatȱ
moreȱ MTOȬinfluencedȱ (Man,ȱ Technology,ȱ andȱ Organization)ȱ perspective,ȱ seeȱ
Rollenhagenȱ(2003).ȱHowever,ȱitȱisȱstillȱdifficultȱtoȱidentifyȱhazardsȱthatȱcontributeȱ
toȱhumanȱerrorȱandȱruleȱviolation.ȱItȱshouldȱbeȱnoticedȱthatȱhumanȱerrorȱisȱaȱlabelȱ
thatȱ shouldȱ beȱ seenȱ asȱ unsatisfactoryȱ whenȱ tryingȱ toȱ preventȱ futureȱ accidents.ȱ
Humanȱerrorȱshouldȱinsteadȱbeȱseenȱasȱsymptomȱandȱnotȱasȱtheȱ”rootȱcause”ȱofȱ
incidentsȱ andȱ accidents.ȱ Thisȱ viewȱ isȱ inȱ lineȱ withȱ Reasonȱ &ȱ Hobbsȱ (2003),ȱ
Whittinghamȱ(2004)ȱandȱDekkerȱ(2005).ȱItȱisȱalsoȱworthȱnoticingȱthatȱtheȱSwedishȱ
NationalȱRailȱAdministrationȱhasȱinitiatedȱaȱspecialȱgroup,ȱtheȱtaskȱofȱwhichȱisȱtoȱ
analyseȱ incidentȱ andȱ accidentȱ investigationsȱ toȱ obtainȱ aȱ holisticȱ viewȱ ofȱ theȱ
railwayȱcontextȱandȱaccordinglyȱactȱmoreȱproactivelyȱinȱtheȱfuture.ȱ
ȱ
Furthermore,ȱ theȱ authorȱ considersȱ thatȱ anȱ incidentȱ orȱ accidentȱ isȱ causedȱ byȱ aȱ
complexȱinterlinkedȱnetworkȱofȱcontributoryȱhazards.ȱInȱthisȱthesisȱsomeȱaccidentȱ
modelsȱ haveȱ beenȱ appliedȱ toȱ understandȱ theȱ eventsȱ andȱ conditionsȱ leadingȱ toȱ
incidentsȱ andȱ accidents.ȱ Althoughȱ theȱ modelsȱ areȱ quiteȱ simple,ȱ itȱ hasȱ beenȱ
difficultȱ toȱ applyȱ them.ȱ Whenȱ usingȱ theȱ LCMȱ modelȱ forȱ dataȱ analysisȱ someȱ
obstaclesȱ occurred.ȱ Firstȱ ofȱ all,ȱ theȱ modelȱ assumesȱ thatȱ anȱ accidentȱ isȱ causedȱ byȱ
insufficientȱ managerialȱ control,ȱ basicȱ causeȱ andȱ anȱ immediateȱ cause,ȱ whichȱ inȱ
turnȱleadsȱtoȱdifferentȱlosses.ȱHence,ȱtheȱLCMȱmodelȱwasȱnotȱappliedȱasȱaȱcausalȱ
model.ȱInstead,ȱtheȱmodelȱwasȱusedȱtoȱidentifyȱaȱseriesȱofȱcontributoryȱcausesȱallȱ
togetherȱleadingȱtoȱdifferentȱincidentsȱandȱaccidents.ȱItȱwasȱdifficultȱtoȱdetermineȱ
theȱ differenceȱ betweenȱ immediateȱ (proximal)ȱ causesȱ orȱ basicȱ (distal)ȱ causes.ȱ Itȱ
turnedȱ outȱ thatȱ thisȱ isȱ dueȱ toȱ theȱ focusȱ ofȱ theȱ investigation.ȱ Thisȱ isȱ somewhatȱ
reflectedȱ inȱ theȱ differentȱ resultȱ betweenȱ Papersȱ IIIȱ andȱ Paperȱ IV.ȱ Inȱ Figureȱ 9,ȱ
presentedȱinȱPaperȱIII,ȱaȱschematicȱdescriptionȱofȱcausesȱisȱpresentedȱinȱrelationȱtoȱ
theȱLCMȱmodel.ȱHowever,ȱinȱthisȱdescriptionȱtheȱcontributoryȱcausesȱofȱlossesȱareȱ
notȱlogicallyȱderived,ȱdueȱtoȱdifficultiesȱinȱestablishingȱcauseȱandȱeffectȱrelations.ȱ
Thisȱdescriptionȱwasȱtheȱauthor’sȱfirstȱattemptȱtoȱapplyȱanȱaccidentȱmodelȱforȱdataȱ
analysis.ȱ Kletzȱ (2001)ȱ isȱ criticalȱ toȱ theȱ useȱ ofȱ accidentȱ models.ȱ Theȱ reasonȱ isȱ thatȱ
theȱaccidentȱinvestigatorȱmustȱstruggleȱtoȱfitȱdifferentȱpiecesȱofȱdata,ȱe.g.ȱevidence,ȱ
intoȱ theȱ frameworkȱ ofȱ theȱ usedȱ accidentȱ model.ȱ Suchȱ workȱ isȱ anȱ obstacleȱ thatȱ
reducesȱ freeȬrangingȱ thinking,ȱ whichȱ mayȱ beȱ neededȱ toȱ identifyȱ lessȱ obviousȱ
causesȱofȱanȱincidentȱorȱaccidentȱ(Kletz,ȱ2001).ȱThisȱwasȱrealisedȱduringȱtheȱworkȱ
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andȱ thereforeȱ aȱ combinationȱ ofȱ methodologiesȱ andȱ toolsȱ wereȱ appliedȱ inȱ laterȱ
analyses.ȱTheȱopinionȱofȱtheȱauthorȱofȱthisȱthesisȱisȱthatȱsomeȱaccidentȱmodelsȱareȱ
useful,ȱbutȱtheyȱshouldȱbeȱcomplementedȱbyȱdifferentȱmethodologiesȱandȱtoolsȱtoȱ
supportȱ theȱ analysisȱ ofȱ incidentsȱ andȱ accidents.ȱ Theȱ author’sȱ secondȱ applicationȱ
ofȱ theȱ LCMȱ modelȱ isȱ presentedȱ inȱ Paperȱ IV.ȱ Theȱ resultsȱ hereȱ differȱ somewhatȱ
fromȱPaperȱIII.ȱ
ȱ
Theȱ relationsȱ betweenȱ theȱ identifiedȱ causes,ȱ i.e.ȱ hazards,ȱ areȱ notȱ easilyȱ
understood,ȱ norȱ determined.ȱ Itȱ isȱ tooȱ easyȱ toȱ addressȱ humanȱ errorȱ asȱ ”theȱ rootȱ
cause”ȱofȱtheȱincidentsȱandȱaccidents,ȱalthoughȱitȱisȱmuchȱmoreȱdifficultȱtoȱreallyȱ
understandȱ andȱ explainȱ whyȱ humanȱ errorȱ occurs.ȱ Toȱ understandȱ howȱ
maintenanceȬrelatedȱerrorsȱcomesȱaboutȱandȱlimitȱtheirȱoccurrences,ȱoneȱmustȱgoȱ
beyondȱtheȱpsychologyȱofȱtheȱindividualsȱandȱconsiderȱlatentȱconditions,ȱexistingȱ
withinȱtheȱsystemȱ(Reasonȱ&ȱHobbs,ȱ2003).ȱThisȱfactȱunderlinesȱtheȱimportanceȱofȱ
makingȱ accurateȱ andȱ detailedȱ investigationsȱ ofȱ allȱ theȱ incidentsȱ andȱ accidentsȱ
occurringȱonȱtheȱrailways.ȱDueȱtoȱtheȱregulationsȱcontrollingȱSwedishȱrailȱtraffic,ȱ
severeȱincidentsȱandȱaccidentsȱonȱtheȱSwedishȱrailwaysȱmustȱbeȱinvestigatedȱandȱ
reported.ȱȱ
ȱ
Aȱ recommendationȱ wouldȱ thereforeȱ beȱ toȱ transferȱ moreȱ comprehensiveȱ
descriptionsȱofȱtheȱcausesȱandȱconsequencesȱstatedȱinȱtheseȱincidentȱandȱaccidentȱ
investigationsȱtoȱtheȱcurrentȱdatabase.ȱItȱisȱalsoȱimportantȱtoȱadaptȱdatabasesȱthatȱ
areȱcompatibleȱwithȱtheȱrailwayȱoperators’ȱdatabases,ȱsoȱthatȱcurrentȱincidentȱandȱ
accidentȱ informationȱ canȱ beȱ easilyȱ exchanged.ȱ However,ȱ currentȱ workȱ atȱ theȱ
Swedishȱ Nationalȱ Railȱ Administrationȱ isȱ focusingȱ onȱ theȱ possibilityȱ ofȱ adaptingȱ
suchȱ standardisation,ȱ regardingȱ whichȱ typeȱ ofȱ databaseȱ shouldȱ beȱ used,ȱ seeȱ
Bäckmanȱ(2002)ȱandȱHögbergȱ&ȱMattiassonȱ(2005).ȱ
ȱ
However,ȱ theȱ methodologiesȱ andȱ toolsȱ presentedȱ inȱ thisȱ thesisȱ areȱ notȱ onlyȱ
valuableȱasȱtheoreticalȱandȱanalyticalȱsupport.ȱForȱexample,ȱduringȱmaintenanceȱ
executionȱ theȱ constructedȱ maintenanceȱ processȱ modelȱ isȱ valuableȱ asȱ aȱ mentalȱ
modelȱ thatȱ supportsȱ theȱ performedȱ maintenanceȱ activities,ȱ whichȱ inȱ turnȱ mayȱ
reduceȱtheȱintroductionȱofȱlatentȱfaultsȱintoȱtheȱmaintainedȱsystem.ȱ
ȱ
Oneȱ ofȱ theȱ majorȱ differencesȱ betweenȱ theȱ railwayȱ caseȱ studyȱ andȱ theȱ paperȬmillȱ
caseȱ studyȱ isȱ theȱ depthȱ ofȱ theȱ performedȱ hazardȱ identifications.ȱ Inȱ theȱ railwayȱ
caseȱ studyȱ theȱ evidenceȱ presentedȱ inȱ theȱ archivalȱ recordsȱ andȱ accidentȱ
investigationsȱendsȱwithȱattributingȱhumanȱerrorȱasȱtheȱroot,ȱorȱunderlying,ȱcauseȱ
toȱ theȱ incidentsȱ andȱ accidents.ȱ However,ȱ theȱ situationȱ isȱ differentȱ inȱ theȱ paperȬ
millȱcaseȱstudy,ȱwhereȱitȱwasȱpossibleȱtoȱidentifyȱhazardsȱcontributingȱtoȱhumanȱ
error.ȱ Here,ȱ theȱ chosenȱ methodologies,ȱ i.e.ȱ participantȱ observationsȱ andȱ
interviews,ȱ focusedȱ onȱ humanȱ errorȱ atȱ maintenanceȱ execution.ȱ Theȱ perceivedȱ
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hazardsȱ contributingȱ toȱ humanȱ errorȱ areȱ identifiedȱ andȱ presentedȱ inȱ Figureȱ 2ȱ inȱ
PaperȱII.ȱ
ȱ
Theȱfindingsȱofȱbothȱtheȱpaperȱmillȱandȱtheȱrailwayȱcaseȱstudiesȱpresentedȱinȱthisȱ
thesisȱ corroborateȱ eachȱ other.ȱ However,ȱ itȱ mightȱ alsoȱ beȱ interestingȱ toȱ seeȱ whatȱ
otherȱstudiesȱindicateȱregardingȱ maintenanceȬrelatedȱhazards,ȱinȱsimilarityȱ toȱanȱ
analyticalȱ validationȱ againstȱ otherȱ cases.ȱ Theȱ paperȱ millȱ caseȱ studyȱ canȱ beȱ
comparedȱtoȱotherȱapplicationsȱofȱDCȬmotors,ȱbutȱalsoȱtoȱotherȱprocessȱindustries.ȱ
Regardingȱ otherȱ applicationȱ areasȱ ofȱ DCȬmotors,ȱ evenȱ thoughȱ theȱ systemȱ andȱ
processȱviewȱofȱmaintenanceȱhaveȱbeenȱillustratedȱbyȱexamplesȱderivedȱfromȱtheȱ
maintenanceȱ ofȱ DCȬmotorsȱ inȱ paperȬmills,ȱ seeȱ Papersȱ Iȱ andȱ II,ȱ itȱ isȱ believedȱthatȱ
theyȱ areȱ mostlyȱ transferableȱ toȱ maintenanceȱ ofȱ otherȱ criticalȱ technicalȱ systems.ȱ
Oneȱ reasonȱ isȱ thatȱ DCȬmotorsȱ haveȱ aȱ wideȱ diversityȱ ofȱ applicationsȱ andȱ canȱ beȱ
foundȱ wheneverȱ thereȱ isȱ aȱ needȱ ofȱ transferringȱ powerȱ intoȱ rotatingȱ movement,ȱ
e.g.ȱwithinȱsteelȱmills,ȱminingȱindustry,ȱmarineȱapplications,ȱandȱtrains.ȱTheȱsameȱ
basicȱ principlesȱ asȱ forȱ theȱ DCȬmotorȱ areȱ alsoȱ applicableȱ whenȱ generatingȱ
electricityȱ fromȱ rotatingȱ movement,ȱ e.g.ȱ hydroȱ power,ȱ windȱ mills,ȱ andȱ steamȱ
generators.ȱȱ
ȱ
However,ȱtheȱfindingsȱofȱtheȱpaperȱmillȱcaseȱstudyȱcanȱalsoȱbeȱcomparedȱtoȱotherȱ
processȱ industries,ȱ whereȱ thereȱ areȱ severalȱ examplesȱ ofȱ whenȱ maintenanceȱ hasȱ
contributedȱ toȱ accidentsȱ withȱ extensiveȱ losses.ȱ Twoȱ majorȱ hazardsȱ identifiedȱ
withinȱ theȱ performedȱ paperȱ millȱ caseȱ studyȱ areȱ insufficientȱ horizontalȱ
communication,ȱaggravatedȱbyȱtheȱuseȱofȱoutsourcing,ȱandȱdifficultiesȱtoȱproperlyȱ
isolateȱdifferentȱpartsȱofȱtheȱsystemȱwhenȱmultipleȱactorsȱworkedȱinȱparallel,ȱseeȱ
PaperȱII.ȱTheseȱtwoȱhazardsȱcanȱalsoȱbeȱseenȱtoȱbeȱcontributingȱtoȱsevereȱaccidentsȱ
withinȱtheȱ processȱ industry.ȱOneȱ ofȱ theȱ worstȱ accidentsȱ thatȱ hasȱ occurredȱ inȱ theȱ
chemicalȱ industryȱ soȱ farȱ isȱ theȱ accidentȱ atȱ theȱ Unionȱ Carbideȱ plantȱ atȱ Bhopal,ȱ
Indiaȱ onȱ 3ȱ Decemberȱ 1984.ȱ Oneȱ explanationȱ ofȱ thisȱ accidentȱ isȱ improperȱ
maintenanceȱ actions,ȱ whereȱ maintenanceȱ personnelȱ forgotȱ toȱ isolateȱ aȱ pipeȬ
sectionȱbeforeȱcarryingȱoutȱtheȱrepairȱworkȱ(Kletz,ȱ1994).ȱTheȱPiperȱAlphaȱdisasterȱ
inȱ1988ȱisȱanotherȱexampleȱwithȱsimilarȱcontributoryȱhazards.ȱSomeȱofȱtheseȱwereȱ
theȱproblemȱofȱproperlyȱisolatingȱtheȱworkȱareaȱtogetherȱwithȱcommunicationȱandȱ
informationȱ exchangeȱ deficienciesȱ betweenȱ twoȱ maintenanceȱ shiftsȱ (Kletz,ȱ 2001).ȱ
Inȱ theȱ Piperȱ Alphaȱ case,ȱ maintenanceȱ wasȱ performedȱ byȱ contractors.ȱ Theseȱ areȱ
justȱ twoȱ examplesȱ ofȱ accidentsȱ whereȱ maintenanceȬrelatedȱ hazardsȱ similarȱ toȱ
thoseȱ identifiedȱ inȱ theȱ workȱ presentedȱ inȱ thisȱ thesisȱ contributedȱ toȱ severeȱ
accidentsȱwithinȱtheȱprocessȱindustry.ȱHowever,ȱthereȱareȱseveralȱotherȱexamples.ȱ
Inȱ Korea,ȱ 93ȱ majorȱ chemicalȱ industrialȱ accidentsȱ betweenȱ 1988ȱ andȱ 1997ȱ wereȱ
investigatedȱ byȱ Kangȱ (1999).ȱ Kangȱ (1999)ȱ alsoȱ classifiedȱ theȱ accidentsȱ dueȱ toȱ theȱ
circumstances,ȱ theȱ resultȱ wasȱ thatȱ theȱ maintenanceȱ isȱ theȱ mostȱ accidentȬȱ
contributingȱ phaseȱ withȱ 34%ȱ followedȱ byȱ theȱ normalȱ operatingȱ phaseȱ whichȱ
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contributedȱtoȱ28%ȱofȱallȱtheȱaccidents.ȱItȱshouldȱalsoȱbeȱnoticedȱthatȱtheȱstartȬupȱ
(15%)ȱandȱshutȱdownȱphaseȱcontributesȱ(23%)ȱtheȱrestȱofȱtheȱaccidents,ȱtheseȱareȱ
relatedȱ toȱ incorrectlyȱ performedȱ maintenance.ȱ Severalȱ furtherȱ examplesȱ whereȱ
maintenanceȱhasȱcontributedȱtoȱsevereȱaccidentsȱwithinȱtheȱprocessȱindustryȱcanȱ
beȱfoundȱinȱKletzȱ(1994,ȱ2001).ȱHenceȱtheȱhazardsȱidentifiedȱinȱtheȱpaperȬmillȱcaseȱ
studyȱareȱinȱlineȱwithȱfindingsȱfromȱotherȱprocessȱindustries.ȱ
ȱ
Theȱ identifiedȱ hazardsȱ inȱ theȱ railwayȱ caseȱ studyȱ areȱ corroboratedȱ byȱ theȱ paperȬ
millȱ caseȱ study.ȱ However,ȱ theȱ railwayȱ caseȱ studyȱ findingsȱ mayȱ alsoȱ beȱ
corroboratedȱ byȱ experiencesȱ fromȱ railwayȱ systemsȱ inȱ otherȱ countries,ȱ butȱ alsoȱ
fromȱotherȱmodesȱofȱtransportation,ȱe.g.ȱaviation,ȱautomotiveȱandȱmaritime.ȱTwoȱ
examplesȱfromȱtheȱrailwayȱareȱtheȱderailmentȱandȱcollisionȱatȱLadbrokeȱGroveȱinȱ
1999ȱandȱtheȱderailmentȱnearȱHatfieldȱinȱ2000ȱ(HealthȱandȱSafetyȱExecutive,ȱ2001;ȱ
2002).ȱSeveralȱexamplesȱfromȱtheȱaviationȱcanȱbeȱfoundȱinȱReasonȱ&ȱHobbsȱ(2003).ȱ
Henceȱ theȱ hazardsȱ identifiedȱ inȱ theȱ railwayȱ caseȱ studyȱ areȱ inȱ lineȱ withȱ findingsȱ
fromȱotherȱtransportationȱsystems.ȱ
ȱ
Basedȱonȱtheȱdiscussionȱabove,ȱitȱisȱreasonableȱtoȱstateȱthatȱindependentȱofȱwhatȱ
kindȱ ofȱ philosophies,ȱ theories,ȱ andȱ technologiesȱ areȱ appliedȱ withinȱ anȱ
organisation,ȱmaintenanceȱsoonerȱorȱlaterȱcomesȱdownȱtoȱmaintenanceȱexecution,ȱ
whichȱ stillȱ requiresȱ humanȱ intervention.ȱ Furthermore,ȱ theȱ authorȱ thinksȱ thatȱ
maintenanceȱ isȱ anȱ approachȱ thatȱ hasȱ genericȱ characteristicsȱ independentȱ ofȱ
industrialȱ application,ȱ andȱ isȱ moreȱ dictatedȱ byȱ theȱ complexityȱ andȱ criticalityȱ ofȱ
theȱ systemsȱ andȱ theȱ relationshipȱ betweenȱ differentȱ stakeholders.ȱ Hence,ȱ
consideringȱtheȱknowledgeȱachievedȱwhenȱperformingȱtheȱresearchȱpresentedȱinȱ
thisȱthesisȱtheȱauthorȱbelievesȱthatȱtheȱpropositionsȱstatedȱinȱChapterȱ1ȱhaveȱbeenȱ
reinforced,ȱi.e.:ȱ
ȱ
x Improperȱmaintenanceȱcontributesȱtoȱincidentsȱandȱaccidents.ȱ
x HumanȱerrorȱisȱnotȱtheȱrootȱcauseȱofȱmaintenanceȬrelatedȱaccidents.ȱ
x Maintenanceȱisȱaȱgenericȱapproachȱindependentȱofȱindustrialȱapplication.ȱ
x Itȱ isȱ possibleȱ toȱ learnȱ fromȱ incidentsȱ andȱ accidentsȱ toȱ reduceȱ futureȱ
occurrences.ȱ

5.3 Further Research
Basedȱonȱtheȱfindingsȱpresentedȱinȱthisȱthesisȱthereȱareȱseveralȱopportunitiesȱforȱ
interestingȱfurtherȱresearch,ȱinȱorderȱtoȱsupportȱcontinuousȱimprovementȱandȱriskȱ
reduction.ȱ Manyȱ ofȱ theseȱ opportunitiesȱ areȱ relatedȱ toȱ communicationȱ andȱ
informationȱ aspectsȱ inȱ relationȱ toȱ theȱ maintenanceȱ process.ȱ Threeȱ examples,ȱ
whichȱareȱbrieflyȱindicatedȱbelow,ȱare:ȱ
ȱ
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x
ȱ
x

Horizontalȱ alignmentȱ ofȱ maintenance,ȱ operationȱ andȱ modificationȱ
processes.ȱ
Verticalȱ alignmentȱ ofȱ theȱ maintenanceȱ process,ȱ includingȱ externalȱ
stakeholderȱrequirements.ȱ

ȱ
x

Feedbackȱ fromȱ maintenanceȱ experiences,ȱ inȱ orderȱ toȱ achieveȱ continuousȱ
improvementȱandȱriskȱreduction.ȱ

ȱ
Oneȱ exampleȱ ofȱ theȱ importanceȱ ofȱ horizontalȱ alignmentȱ ofȱ theȱ maintenanceȱ
processȱisȱtheȱsituationȱwhereȱmaintenanceȱisȱcontractedȱout.ȱAsȱindicatedȱinȱthisȱ
thesis,ȱ theȱ maintenanceȱ contractorȱ situationȱ mayȱ furtherȱ increaseȱ theȱ needȱ forȱ
transferringȱ adequateȱ informationȱ andȱ requirementsȱ betweenȱ differentȱ
stakeholdersȱactiveȱwithinȱtheȱmaintenanceȱprocess.ȱHence,ȱfurtherȱresearchȱcouldȱ
focusȱonȱhowȱtoȱsecureȱtheȱexchangeȱofȱrequiredȱinformationȱbetweenȱcontractorsȱ
andȱsystemȱowners.ȱTheȱinformationȱexchangeȱcanȱbeȱperformedȱduringȱdifferentȱ
cooperationȱ phases,ȱ e.g.ȱ whenȱ writingȱ maintenanceȱ contractsȱ andȱ duringȱ
maintenanceȱ execution.ȱ Anotherȱ crucialȱ phaseȱ isȱ followȬupȱ andȱ evaluation,ȱ
duringȱ whichȱ theȱ performanceȱ ofȱ theȱ combinedȱ maintenanceȱ processȱ sharedȱ
betweenȱ theȱ twoȱ stakeholdersȱ shouldȱ beȱ inȱ focus.ȱ Oneȱ availableȱ caseȱ forȱ thisȱ
furtherȱresearchȱisȱtheȱSwedishȱNationalȱRailȱAdministration,ȱwhichȱalreadyȱhasȱ
begunȱtoȱpurchaseȱmaintenanceȱfromȱcontractors.ȱȱ
ȱ
Anotherȱ exampleȱ ofȱ theȱ importanceȱ ofȱ horizontalȱ alignmentȱ ofȱ theȱ maintenanceȱ
processȱisȱtheȱmodificationȱandȱproductionȱprocesses.ȱAsȱdescribedȱinȱtheȱthesis,ȱ
modificationsȱareȱcommonȱwhenȱadaptingȱtheȱtechnicalȱsystemȱtoȱfitȱtheȱpresentȱ
currentȱ operationalȱ requirements.ȱ However,ȱ informationȱ regardingȱ theȱ changesȱ
mustȱ beȱ transferredȱ toȱ theȱ maintenanceȱ documentation,ȱ whichȱ mayȱ beȱ partlyȱ
foundȱinȱaȱComputerisedȱMaintenanceȱManagementȱSystemȱ(CMMS).ȱHence,ȱitȱisȱ
veryȱimportantȱtoȱmonitorȱtheȱresultȱofȱtheȱmodificationȱandȱfeedȱthisȱinformationȱ
backȱ toȱ theȱ personȱ thatȱ performedȱ theȱ change,ȱ soȱ thatȱ anyȱ necessaryȱ
countermeasuresȱ canȱ beȱ takenȱ beforeȱ theȱ performanceȱ ofȱ theȱ wholeȱ systemȱ isȱ
impaired.ȱHowever,ȱifȱtheȱmodificationȱisȱactuallyȱanȱimprovement,ȱtheȱupdatedȱ
documentationȱ enablesȱ itȱ toȱ beȱ maintainedȱ properlyȱ theȱ nextȱ time.ȱ Aȱ relatedȱ
hazardȱisȱthatȱmaintenanceȱdecisionsȱareȱbasedȱonȱoldȱinformationȱregardingȱtheȱ
configurationȱ ofȱ theȱ technicalȱ system.ȱ Hence,ȱ theȱ aspectȱ ofȱ reconfigurationȱ
managementȱ andȱ lateralȱ processȱ alignmentȱ isȱ ofȱ mostȱ importance,ȱ especiallyȱ
whenȱdealingȱwithȱcriticalȱsystems.ȱHence,ȱoneȱpossibilityȱofȱfurtherȱresearchȱisȱtoȱ
studyȱhowȱtoȱavoidȱinformationȱislandȱwithinȱtheȱmaintenanceȱarea,ȱe.g.ȱthroughȱ
theȱ applicationȱ ofȱ eȬMaintenance,ȱ whereȱ Informationȱ &ȱ Communicationȱ
Technologiesȱ (ICT)ȱ isȱ appliedȱ inȱ orderȱ toȱ supportȱ theȱ maintenanceȱ process,ȱ seeȱ
Candellȱ&ȱSöderholmȱ(2006).ȱ
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Regardingȱverticalȱalignmentȱofȱtheȱmaintenanceȱprocess,ȱthisȱthesisȱtouchesȱuponȱ
maintenanceȱ effectiveness,ȱ butȱ itȱ hasȱ notȱ beenȱ thoroughlyȱ investigated.ȱ Hence,ȱ
furtherȱ researchȱ couldȱ focusȱ onȱ establishingȱ aȱ linkȱ betweenȱ maintenanceȱ
executionȱ andȱ resultingȱ valueȱ toȱ stakeholdersȱ externalȱ toȱ theȱ organisation,ȱ e.g.ȱ
customers,ȱ regulatorsȱ andȱ society.ȱ Thisȱ linkageȱ couldȱ beȱ performedȱ withinȱ aȱ
Maintenanceȱ Performanceȱ Measurementȱ (MPM)ȱ frameworkȱ includingȱ
maintenanceȱ measuresȱ suchȱ asȱ Returnȱ onȱ Maintenanceȱ Investmentȱ (ROMI)ȱ andȱ
Overallȱ Equipmentȱ Effectivenessȱ (OEE).ȱ Otherȱ researchersȱ haveȱ shownȱ thatȱ
maintenanceȱ ofȱ existingȱ equipmentȱ canȱ contributeȱ toȱ enhancedȱ effectivenessȱ
withoutȱ anyȱ investmentȱ inȱ newȱ equipment,ȱ seeȱ Ahlmannȱ (2002),ȱ Liyanageȱ &ȱ
Kumarȱ (2003)ȱ andȱ Paridaȱ &ȱ Kumarȱ (2006).ȱ Anotherȱ relatedȱ aspectȱ ofȱ verticalȱ
alignmentȱisȱtheȱtwoȱwaysȱinȱwhichȱsystemȱfaultsȱorȱfailuresȱareȱmanifested,ȱseeȱ
Söderholmȱ(2005a)ȱandȱSöderholmȱetȱal.ȱ(2006).ȱOneȱpossibilityȱisȱthatȱtheȱfunctionȱ
hasȱ degradedȱ dueȱ toȱ suchȱ thingsȱ asȱ wearȱ andȱ tear.ȱ Anȱ otherȱ possibilityȱ isȱ thatȱ
someȱ stakeholders’ȱ requirementsȱ ofȱ theȱ functionȱ haveȱ changed.ȱ Inȱ theȱ
degradationȱcase,ȱmaintenanceȱisȱaȱpossibleȱsolutionȱinȱorderȱtoȱcorrectȱtheȱfailureȱ
orȱ fault.ȱ Ifȱ theȱ stakeholderȱ requirementsȱ haveȱ changedȱ withinȱ theȱ capabilitiesȱ ofȱ
theȱitem,ȱmaintenanceȱmayȱalsoȱbeȱaȱpossibleȱsolutionȱinȱorderȱtoȱpreventȱaȱfault.ȱ
However,ȱ theȱ latterȱ situationȱ requiresȱ thatȱ theȱ requirementsȱ doȱ notȱ exceedȱ theȱ
system’sȱ inherentȱ capability.ȱ Thisȱ exampleȱ highlightsȱ theȱ importanceȱ ofȱ linkingȱ
maintenanceȱ toȱ externalȱ stakeholderȱ requirementsȱ inȱ orderȱ toȱ determineȱ itsȱ
effectiveness,ȱwhichȱisȱanȱimportantȱscopeȱforȱfurtherȱresearch.ȱȱ
ȱ
Regardingȱ theȱ thirdȱ areaȱ forȱ furtherȱ research,ȱ thisȱ thesisȱ stressesȱ thatȱ itȱ isȱ
importantȱ toȱ learnȱ fromȱ bothȱ incidentsȱ andȱ accidentȱ inȱ orderȱ toȱ achieveȱ
continuousȱ improvementȱ andȱ riskȱ reduction.ȱ Theȱ comparisonȱ betweenȱ theȱ twoȱ
differentȱ caseȱ studiesȱ indicatesȱ thatȱ whenȱ havingȱ maintenanceȱ executionȱ asȱ theȱ
startingȱ pointȱ forȱ investigationsȱ itȱ isȱ easierȱ toȱ identifyȱ hazardsȱ contributingȱ toȱ
humanȱerror.ȱHowever,ȱwhenȱstartingȱatȱtheȱlossesȱcausedȱbyȱanȱaccidentȱitȱseemsȱ
asȱ thereȱ isȱ aȱ riskȱ thatȱ humanȱ errorȱ isȱ identifiedȱ asȱ theȱ rootȱ cause.ȱ Aȱ studyȱ ofȱ
literatureȱ indicatesȱ thatȱ thisȱ observationȱ alsoȱ isȱ validȱ outsideȱ thisȱ thesis,ȱ see,ȱ forȱ
example,ȱWhittinghamȱ(2004).ȱHence,ȱfurtherȱresearchȱcouldȱfocusȱonȱwhatȱkindȱ
ofȱ methodologiesȱ andȱ toolsȱ thatȱ isȱ valuableȱ inȱ orderȱ toȱ learnȱ fromȱ normalȱ andȱ
abnormalȱoperation,ȱatȱtheȱsameȱtimeȱasȱfromȱbothȱincidentsȱandȱaccidents.ȱThisȱ
informationȱshouldȱbeȱfeedbackȱtoȱallȱphasesȱofȱtheȱsystemȱlifeȱcycle,ȱforȱexampleȱ
fromȱtheȱoperationalȱandȱsupportȱphasesȱtoȱtheȱdesignȱandȱdevelopmentȱphases.ȱ
Oneȱexampleȱisȱtheȱneedȱforȱproperȱinformationȱduringȱmaintenanceȱexecution.ȱInȱ
orderȱ toȱ enableȱ this,ȱ theȱ requirementsȱ ofȱ theȱ maintenanceȱ technicianȱ mustȱ beȱ
understoodȱ andȱ consideredȱ alreadyȱ inȱ theȱ designȱ ofȱ theȱ technicalȱ system,ȱ e.g.ȱ
throughȱ testabilityȱ andȱ maintainability,ȱ seeȱ Söderholmȱ (2005b,ȱ 2006).ȱ Theȱ
maintenanceȱtechnicians’ȱsituationȱmustȱalsoȱbeȱproperlyȱunderstoodȱinȱorderȱtoȱ
planȱ theȱ maintenanceȱ satisfactorily.ȱ Byȱ adaptingȱ theȱ resourcesȱ andȱ technicalȱ
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systemȱ toȱ maintenanceȱ requirements,ȱ theȱ trueȱ hazardsȱ (orȱ rootȱ causes)ȱ ofȱ
maintenanceȱareȱeliminated,ȱandȱsymptomsȱ(orȱimmediateȱcauses)ȱsuchȱasȱhumanȱ
errorȱ duringȱ maintenanceȱ executionȱ doȱ notȱ becomeȱ theȱ focalȱ pointȱ ofȱ theȱ
improvementȱefforts.ȱ
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Abstract
Purpose

The purpose of this paper is to describe maintenance in a generic process model, in order to
support an alignment of maintenance with other company internal processes aimed at
fulfilling external stakeholder requirements.
Approach

The proposed maintenance process model is based on existing theories and is illustrated by
examples from a paper-mill case study related to the maintenance of DC-motors.
Findings

The proposed model supports a holistic view of maintenance and the alignment of the
maintenance process with other company internal processes, in order to fulfil external
stakeholder requirements.
Research implications

Further research could include an application of the proposed maintenance model to test its
usefulness to identify stakeholders and also hazard diagnosis.
Originality/value

The proposed process view highlights that maintenance can contribute to the fulfilment of
external stakeholders’ requirements, which strengthens the proposition that maintenance
should be seen as a business-process that creates value and not as something that is a
‘necessary evil’.
Keywords

System view, maintenance process, maintenance stakeholders, maintenance requirements,
process industry, DC-motors.
Paper type

Research paper/Case study
Practical implications

The importance of vertical and horizontal alignment between the maintenance process and
other processes in order to achieve effectiveness and efficiency is illustrated. The model can
be used to increase the understanding of the role of maintenance within a company. Thereby,
the proposed process model provides valuable support for effective, efficient, and continuous
risk reduction.
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Introduction
In today’s society we are strongly dependent on correct functions of technical systems, which
have made us vulnerable to disturbances. With time, the stakeholders’ requirements on these
systems’ functions will change due to the technical development, varying operational
environment, changing laws and regulations, etcetera. The stakeholders are individuals and
groups that have both the means of bringing their requirements to attention and for taking
action if their requirements are not fulfilled (e.g. customers, shareholders, and authorities).
Hence, in order to maintain a high level of stakeholder satisfaction throughout the system’s
whole life cycle, organisations responsible for the systems have to react to changes in
requirements through improved maintenance and system evolution. Many complex technical
systems are also critical ones with stringent requirements on safety, dependability, and costs
throughout the system’s life cycle (Juran, 1992; Moubray, 1997; Sommerville and Sawyer,
1997; Kotonya and Sommerville, 1998; Herzwurm and Schockert, 2003; Liyange and Kumar,
2003; Foley, 2005).
Maintenance and continuous improvement are two complementary approaches that can be
applied in order to ensure the safety and dependability of technical systems, and also to
decrease the cost of operation throughout the system’s life (Mobley, 1990; Deming, 1993;
Campbell and Jardine, 2001). Hence, different maintenance methodologies have been
developed in order to manage the complexity and criticality of technical systems and their
functions. Two examples of established maintenance methodologies are Reliability-Centred
Maintenance (RCM) (Nowlan and Heap, 1978) and Total Productive Maintenance (TPM)
(Nakajima, 1988). Both these methodologies emphasise continuous improvement founded on
fact-based decisions, and the close cooperation between different stakeholders such as
production, maintenance, and system design. Physical asset management may be seen as the
highest level of maintenance management, by a combination of RCM and TPM that together
with continuous improvement aims at maintenance excellence (Champbell and Jardine, 2001).
There is also an emerging view that maintenance not only reduces business risks, but also
should be seen as a value-adding process in today’s dynamic and competitive business
environment (Liyange and Kumar, 2003; Markeset, 2003).
The purpose of this paper is to describe maintenance in a generic process model, in order to
support an alignment of maintenance with other company internal processes aimed at
fulfilling external stakeholder requirements. The process is described from both a deductive
and an inductive perspective. The deductive perspective is founded on a management system
view of maintenance management and its components of values, methodologies, and tools,
with a focus on stakeholders and their requirements. The inductive perspective is founded on
experiences from maintenance execution within the process industry and focuses on system
functions and their conditions.

Maintenance in a management system view
There are many management approaches that have evolved over time in response to increased
stakeholder requirements. Two examples are Quality Management and Maintenance
Management. However, the view and naming of these approaches differ between different
descriptions. This can probably be explained by different stages or schools (see, for example,
Garvin, 1988; Dale, 1999; Kroslid, 1999). An examination of Maintenance Management
reveals that it is a multi-disciplinary area, consisting of many related or included approaches
such as Logistics, Terotechnology, Asset Management, Total Productive Maintenance (TPM),
Reliability-Centred Maintenance (RCM), and Condition-Based Maintenance (CBM).
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This diverse situation is the same for Quality Management, where some authors have
suggested a system approach in order to structure the area (see e.g. Shiba et al., 1993; Dean
and Bowen, 1994; Hellsten and Klefsjö, 2000). A system may be seen as a composite entity,
at any level of complexity, which consists of personnel, procedures, materials, tools,
equipment, facilities, and software (IEC 60300-3-9). The elements of this composite entity are
used together in the intended operational or support environment to perform a given task or
achieve a specific objective (IEC 60300-3-9). According to Hellsten and Klefsjö (2000),
Quality Management may be seen as a management system that aims at increased external
and internal customer satisfaction using fewer resources. This management system consists of
the three interdependent elements: values, methodologies, and tools. A similar management
system view has been applied to Maintenance Management (Akersten, 2002), Dependability
Management (Akersten and Klefsjö, 2003), and a combination of Requirements Management
and Health Management (Söderholm, 2003, 2005). In this paper the management system view
is applied to Maintenance Management, see Figure 1.
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Figure 1. A holistic management system model of Maintenance Management. The model
includes proposals for methodologies and tools that support the core values, in order to reach
the aim of increased stakeholder satisfaction (increased effectiveness) with a reduced amount
of resources (increased efficiency). Adapted from Söderholm (2003, 2005).

The fact that the core values are fundamental to Quality Management is commonly stressed
(see e.g. Kanji and Asher, 1993; Oakland, 1993; Lewis, 1996; Boaden, 1997). According to
Hellsten and Klefsjö (2000), the core values constitute a very important element as they are
the basis of the culture of the organisation and also the basis of goals set by the organisation.
Three examples of core values are Stakeholder Focus, Continuous Improvement, and FactBased Decisions. In this paper it is assumed that the core values have the same importance for
Maintenance Management as for Quality Management, since the goal of both management
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approaches should be increased stakeholder satisfaction (increased effectiveness) using fewer
resources (increased efficiency). The second element of the management system is the set of
methodologies, i.e. the methods an organisation applies to reach its goals. A few examples of
methodologies closely related to maintenance are Reliability-Centred Maintenance (RCM),
Total Productive Maintenance (TPM), Failure Mode & Effects Analysis (FMEA), and
Maintenance Assessment. The third element in the management system consists of tools that
are rather concrete and well-defined. These tools can have a statistical basis, in order to
support decision-making or facilitate the analysis of data. Some tools that support the
methodologies mentioned above are decision diagrams, the Overall Equipment Effectiveness
(OEE) model, FMEA-sheets, and the booklet of criteria for the European Quality Award.
Some additional tools that support the methodologies above are standards and guidelines,
such as IEC 60300-3-11 (RCM) and IEC 60812 (FMEA). For further discussion about the
management system view, see Hellsten and Klefsjö (2000), Akersten and Klefsjö (2003), and
Söderholm (2004).
One application of the management system perspective to maintenance can be illustrated by
the approach of this paper. One fundamental proposition is that changing stakeholder
requirements drives continuous improvement of both the technical system and its support
system, and that this work should be fact-based when dealing with complex and critical
systems (Söderholm 2004, 2006). This proposition reflects the core values of Stakeholder
Focus, Continuous Improvement, and Fact-Based Decisions. Furthermore, it is believed that
the Process View should be an additional core value in this context, see Figure 1. The
mentioned core values are supported by the Process Mapping methodology. This
methodology is in turn supported by the Process Chart tool, which is utilised in this paper to
illustrate a generic maintenance process (Figure 3). The process view of maintenance will be
further discussed in the remaining part of this paper.

Maintenance in a process view
Maintenance is defined as the combination of all technical and administrative actions,
including supervisory actions, intended to retain an item in, or restore it to, a state where it
can perform a required function (IEV 191-01-07). A process may be defined as an activity or
set of orderly linked activities transforming input to output for customers in a repetitive flow
(Rentzhog, 1996). Another definition is that a process is a network of activities that by the use
of resources, repeatedly converts an input to an output for stakeholders (Isaksson, 2004). The
repetitiveness is an important characteristic of the process, since it distinguishes the process
from a project or a linear description of cause and effect without any feedback (Bergman and
Klefsjö, 2003; Isaksson, 2004). The combination of generic maintenance activities or actions
that are repeated and transforms input into output may be seen as a maintenance process
(Champbell and Jardine, 2001; Holmgren, 2003; ISO/IEC 15288). The purpose of the
maintenance process is to sustain the capability of the system to provide a service (ISO/IEC
15288). The maintenance process monitors the system’s capability to deliver services, records
problems for analysis, takes corrective, adaptive, perfective, and preventive actions and
confirms restored capability (ISO/IEC 15288).
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The maintenance process can be seen with different degrees of resolution. In Figure 2, the
maintenance process is seen in a rather low resolution, where its relation to some other
processes within the operational organisation is emphasised. In Figure 3, the maintenance
process is viewed in a higher resolution, where the relationship between the phases within the
process is highlighted.

System
Functions

Operational
Process

Maintenance
Process

Modification
Process

System
Services

Stakeholder
Requirements

Degree of
Stakeholder
Satisfaction

Figure 2. A view of maintenance as a process in relation to the operational and the
modification processes. The gap between delivered system services and stakeholder
requirements is a measure of the degree of stakeholder satisfaction. Adapted from SS 441 05
05 (2000).

The maintenance process presented in Figure 3 is based on the four phases of the
Improvement Cycle (Plan-Do-Study-Act), as described by Deming (1993). The purpose of
relating a generic maintenance process to the Improvement Cycle is to highlight the fact that
the approach supports the work with continuous improvement, and thereby also continuous
risk reduction by hazard elimination. The four phases of the proposed maintenance process
are Maintenance Planning (Plan), Maintenance Execution (Do), Functional Testing (Study),
and Feedback (Act). See Figure 3.
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Figure 3. Maintenance as a process that consists of the four activities Maintenance Planning,
Maintenance Execution, Functional Testing, and Feedback. These activities and their
relations are associated to the Improvement Cycle (Plan-Do-Study-Act), as described by
Deming (1993). The activities are supported by information and different resources, such as
personnel, time, and material.

In the first phase of the maintenance process, Maintenance Planning, Maintenance Execution
is planned, see Figure 3. One input to this phase is information about the current system
health derived from the Functional Testing phase. Other inputs are maintenance
documentation, such as maintenance objectives, strategies, and policies, which all should be
based on stakeholder requirements. The maintenance objectives are targets assigned and
accepted for the maintenance activities, which may include availability, cost reduction,
product quality, environment preservation, and safety (SS-EN 13306). The maintenance
strategy is in turn the management method used in order to achieve the maintenance
objectives (SS-EN 13306). The maintenance policy is a description of the interrelationship
between the maintenance echelons, the indenture levels and the level of maintenance to be
applied for the maintenance of an item (IEV 191-07-03). Other important inputs to the
maintenance process are information about available resources and the physical asset.
Examples of resources are manpower (in-house and outsourced), stock levels, and logistics.
Depending on whether the gap between the stakeholders’ requirements and the system health
is manifested as a failure or a fault, the planned maintenance may be preventive or corrective.
One major output of maintenance planning is a maintenance plan. The maintenance plan is a
structured set of tasks that includes the activities, procedures, resources and the time scale
required to carry out maintenance (SS-EN 13306).
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The second phase within the maintenance process is Maintenance Execution, see Figure 3.
Inputs to this phase are not only the maintenance plan generated during Maintenance
Planning, but also the maintenance environment, the maintainability of technical systems,
maintenance documentation, and the actual availability of time, personnel, and resources.
There may also be an input from the Functional Testing phase, which will be further
discussed in relation to the Functional Testing and Feedback process phases.
The third maintenance process phase is Functional Testing, see Figure 3. The purpose of
Functional Testing is to test the function of an item, in relation to some requirements.
Functional Testing may be performed continuously, or periodically during scheduled checks,
in order to establish the current health of the system and the actual need for maintenance.
Functional Testing is also performed after Maintenance Execution, in order to verify that the
system has been maintained in, or restored to, a state where it can deliver a required function.
Functional Testing can also be applied iteratively with Maintenance Execution, in order to
recognise and localise failures and faults by troubleshooting. The above description of
Functional Testing is in line with different maintenance-related standards (i.e. IEC
60050(191), SS-EN 13306, and SS 441 05 05) and includes activities such as inspection,
monitoring, fault diagnosis, and function check-out. It should be noted that Functional Testing
is a crucial maintenance phase since it is here that data and information about the actual health
of the system is gathered. This data and information is feedback to all other process activities
and should also be distributed to stakeholders outside the operating company, such as the
Original Equipment Manufacturer (OEM). Hence, it should be noted that even though
Functional Testing is illustrated as the third process phase in Figure 3, it is in reality often the
first phase, which generates input to the other phases. The different data and information
transferred between different process phases is further discussed in the next paragraph, which
covers the Feedback phase.
The fourth phase within the maintenance process is Feedback of information, see Figure 3.
This Feedback goes mainly from Functional Testing to Maintenance Planning and
Maintenance Execution. The information in these feedback loops represents the current health
of the system. However, there is also other important feedback from Maintenance Execution
to Maintenance Planning, which establishes the progress of the Maintenance Execution. The
actual progress should result in a follow-up and update of the original maintenance plan.
There should also be a feedback loop from the operative maintenance process to stated
maintenance objectives, strategies, and policies. This feedback loop should be applied in
order to validate maintenance documentation, such as maintenance manuals, and when
necessary perform changes. These changes should be recognised by both the operative
organisation and the Original Equipment Manufacturer (OEM). All the feedback loops
mentioned are critical in order to achieve continuous improvement and continuous risks
reduction in relation to the maintenance process.
In addition to different degrees of resolution, the maintenance process can be viewed from
different perspectives. In this paper the maintenance process is seen from two different
perspectives, in addition to the two different resolutions. The first perspective is deductive,
where the maintenance process is viewed from a perspective based on stakeholder
requirements. The other perspective is inductive, where the maintenance process is founded
on the status of the system’s functions. The deductive and inductive perspective on the
maintenance process can be adapted from case to case and independent of the selected
resolution.
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If one looks at the maintenance process from a deductive perspective, the input to the
maintenance process is the gap between the offered system services and the requirements of
the stakeholders. Hence, the trigger of the maintenance process, as well as the operational
process and the modification process, is the quality of the offered services, see Figure 2. The
quality of a service is the collective effect of service performance, which determines the
degree of satisfaction of a user of the service (IEV 191-19-01). However, the term ‘user’
should perhaps be replaced with ‘stakeholder’, as discussed in the next section of this paper.
So, based on stakeholder satisfaction, it is possible to decide if maintenance or modification is
necessary, or if the operational practice should be adapted or changed. In this deductive
perspective the intended output from the maintenance process, as well as the two other
processes, is stakeholder satisfaction. The deductive perspective is considered necessary in
order to achieve organisational effectiveness, i.e. to do the right things (Garvin, 1988).
In an inductive perspective, the maintenance process is managed by the state, or health, of
system functions, i.e. the presence or lack of failures and faults. A required function is a
function or a combination of functions of an item, which is considered necessary to provide a
given service (IEV 191-01-05). Therefore, it is beneficial if one initiates the maintenance
process when a required function encounters a fault or a failure, thereby avoiding
dissatisfaction among service stakeholders. A fault is defined as the state of an item that is
characterised by the inability to perform a required function, excluding the inability during
preventive maintenance or other planned actions, or due to lack of external resources (IEV
191-05-01). Hence, faults are mostly connected to corrective maintenance, at least on a
functional level, but not necessarily on a service level. A failure is the termination of the
ability of an item to perform a required function (IEV 191-05-01). Hence, a fault is often the
result of a failure of the item itself, but may exist without a prior failure (IEV 191-05-01).
However, after failure the item has a fault (IEV 191-05-01). Another important distinction
between failures and faults is that a failure is an event, as distinguished from a fault, which is
a state (IEV 191-05-01). Hence, failures are often connected to preventive maintenance,
where one tries to discover an impending fault and prevent it. The inductive perspective
contributes mainly to the efficiency of an organisation, i.e. that things are done right (Garvin,
1988).
A process view comparable to the one presented in Figure 3 has been applied to Maintenance
Management by Holmgren (2003). A similar process view has also been applied to Health
Management and Requirements Management by Söderholm (2004).

Stakeholders and requirements of the maintenance
process
Closely related to the process view is the customer concept. The ‘customer’ receives the
outcome from the process, which has been processed by a ‘processor’, after that it has been
delivered as input from a ‘supplier’ (Juran, 1992; Bergman and Klefsjö, 2003). However, the
customer concept may vary from a narrow, more traditional, view to a rather wide
interpretation. One example of a narrow sense definition can be found in the standard
ISO9000:2000, where the customer is an “organisation or person that receives a product”. A
wider customer definition is given by Juran and Blanton (1999), who state that a customer is
“anyone who is affected by the product or by the process used to produce the product”. In this
paper we chose to apply the word ‘stakeholder’ instead of ‘customer’. The reason for this is to
apply a more traditional (and narrow) interpretation of the word ‘customer’, at the same time
as recognising that an organisation is part of a system of interdependencies, of which the
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customers are one stakeholder, see Schilling (2000). Examples of additional stakeholders are
employees, suppliers, shareholders, and the community, see Okland (1993). A wide definition
of ‘stakeholders’ can be found in the standard ISO/IEC 15288, which states that “a
stakeholder is an interested party having a right, share or claim in the system or in its
possession of characteristics that meet that party’s needs and/or expectations”. In this
definition stakeholders include, but are not limited to, users, supporters, developers,
producers, trainers, maintainers, disposers, purchaser and supplier organisations, regulatory
bodies and members of society (ISO/IEC 15288). However, in this paper we promote a more
pragmatic definition, where a stakeholder is seen as an interested party that has both the
means of bringing requirements to attention and for taking actions if their requirements are
not met, see Foley (2005).
The maintenance process has a number of stakeholders who may be active within the process
or external to the process itself. Some examples of stakeholders that are active within the
maintenance process are people who perform technical and administrative actions, such as
planning and execution. Then there are a number of stakeholders who are external to the
maintenance process, and who are interested in the required function of the item, the state of
which the maintenance is supposed to retain or restore. The internal stakeholders may be
identified by applying the inductive perspective to the maintenance process. On a more
aggregated level, i.e. when applying the deductive perspective to the maintenance process,
there are also stakeholders who are mainly interested in the services that the required
functions is intended to ensure. The approach of identifying stakeholders through processmapping is also described by Juran (1992) and Sharp (1999).
Stakeholder requirements are expressed in terms of the needs, wants, desires, expectations
and perceived constraints of identified stakeholders. Stakeholder requirements include, but are
not limited to, the needs and requirements imposed by society, the constraints imposed by a
purchasing organisation and the capabilities and limiting characteristics of operator staff.
(ISO/IEC 15288)
In the performed case study, there are a number of processes within the paper-mill that
interact with the maintenance process. Two examples are the production process and the
modification process, see Figure 2. The three processes mentioned above must be laterally
aligned with each other in order to improve organisational efficiency and avoid sub
optimisation. However, these internal processes must also be vertically aligned in order to
improve organisational effectiveness. The vertical alignment is mainly connected to
stakeholders external to the paper-mill. The external stakeholders who first come to mind may
be the paper-mill’s customers. The main product may be seen as the produced goods, i.e.
paper that should have some physical characteristics such as porosity, weight, smoothness,
colour, and so on. However, the product also includes some services, such as delivery of the
right amount of paper at the right time and to the right place. There are also other external
stakeholders, such as regulatory bodies that have requirements related to safety and
environmental issues. These laws and regulations are, together with other stakeholder
requirements, often transferred to internal stakeholders and stated in documents such as
maintenance objectives, strategies, and policies.
The requirements of the system’s stakeholders are continuously changing (Juran, 1992;
Kotonya and Sommerville, 1998; Herzwurm and Schockert, 2003). For example, the use of
paper is increasing rapidly, not only in western, so-called ‘paperless’ societies, but also in
developing countries where the standard of living is rising. Members of society may be
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concerned about environmental issues and work opportunities. One example of greater
stakeholder requirements is the emerging concept of sustainable development. This concept
has increased the requirements on environmentally sound production, waste management, and
the use of renewable energy. Maintenance may be applied in order to reduce energy
consumption, in response to increased stakeholder requirements. In addition, paper-mills can
contribute an energy source that earlier has been seen as a waste product of the paper
production process, and therefore has not been exploited. This energy source is black liquor
(also called black lye or spent liquor), which today is seen as a promising energy source that
might complement hydropower or replace fossil fuels and nuclear energy. Hence, some
changing stakeholder requirements drive the development of a new product, and also add new
stakeholders. These additional stakeholders may be connected to the energy aspect since the
use of renewable energy, such as wood and recycled paper, has become more attractive. This
in turn drives the prices of wood and recycle paper, the two main sources of raw materials
when making paper. The addition of black liquor as a new paper-mill by-product creates a
situation where maintenance is insufficient in order to fulfil stakeholders’ requirements and
where modification of the equipment within the paper mill is necessary.
The customers’ increased demand for paper will also affect the existing paper production
process, which in turn requires lateral process alignment. In response to the increased demand
for paper, one internal paper-mill requirement will be to increase the capacity of the paper
machine. This can be achieved by increasing the operational speed. One way to achieve this is
to increase the voltage delivered to the DC-motors, by exploiting the motor’s designed safety
factor. This means that the motor is operated at too high a voltage, i.e. more than the intended
design. However, operation at too high a voltage will influence the reliability and the lifetime
of the motor, and hence the maintenance practices. Another aspect to consider is that the
insulation, or the motor’s ability to resist short cuts, will slowly decrease due to age and
environmental factors, such as dirt and moisture. So, in order to ensure the dependability of
the paper machine, it is not recommended to operate old DC-motors at too high a voltage.
Another, more preferable solution for the fulfilment of the requirements on increased
production is to modify the gearbox. This modification allows an increased speed of the paper
machine, without increasing the voltage that is fed to the DC-motor. The reason for this is that
the voltage controls the rotational speed of the motor, while the current impacts the motor’s
torque. Hence, the motors may be loaded up to the rated current, which is determined by the
design. However, motors in the paper machine are seldom operated near the rated current,
since it is the rated voltage that limits the maximum operating speed. Therefore, it is possible
to achieve an increased production speed by increasing the transmission ratio of the gearbox
that is linked to the motor. This will create a higher load on the motor, which in turn will
consume more current. So, by an appropriate gear ratio selection, the motors can, in
combination with the modified gearbox, deliver the required operational speed of the paper
machine. This will lead to a higher current consumption by the motor, but it will still operate
below the rated voltage, which is limiting. However, this modification will impact some other
functions inside the motor. For example, the current is transferred to the motor by the
interface between the commutator and the electrical brush. This interface is a critical function
that needs to be maintained. Therefore, there are some maintenance requirements to consider
due to the motor’s increased consumption of current as a result of the gearbox modification.
An increased current consumption changes the operational condition inside the motor. So, by
modifying the gearbox, further modifications within the motor are required. Since there is
more current for the brushes to transfer, the existing brushes may be insufficient and an
exchanged quality of the brush may be required. Since the motors rotational speed will
decrease, the mechanical wear of the brush will also decrease and thereby prolong the
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intervals between replacements. Hence, the maintenance documentation related to the motors
must be changed.
The example described above highlights the necessity and complexity of lateral process
alignment when performing vertical alignment against increased customer requirements. In
summary, the gap between the delivered and required function of the technical system is
intended to be filled by changed operating practices. However, in order to achieve this,
adapting the maintenance practices is not sufficient. It is also necessary to perform some
system modifications, which in turn will affect the maintenance. The example also illustrates
the importance of knowledgeable personnel who understand the interactions between different
subsystems.
If one looks at the term ‘required function’, there are two possible causes of a fault or failure.
One possibility is that the function has degraded due to such things as wear and tear. The
other possibility is that some stakeholders’ requirements of the function have changed. In the
degradation case, maintenance is a possible solution in order to correct the failure or fault. If
the stakeholder requirements have changed within the capabilities of the item, maintenance
may also be a possible solution in order to prevent a fault. However, if the stakeholder
requirements have changed beyond the item’s capabilities, maintenance is insufficient and
modification is necessary. As distinguished from maintenance, the modification of an item is
the combination of all technical and administrative actions intended to change an item (IEV
191-01-13). Hence, maintenance can be used in order to compensate for failures and faults
that are related to the degradation of a function or a service, or if the stakeholders’
requirements have increased within the capabilities of the existing system design. So,
improvements in operation and support may contribute to greater stakeholder satisfaction as
long as there is scope for improvement due to existing ineffectiveness. However, if the failure
or fault is due to increased stakeholder requirements that exceed the capabilities that
contribute to the delivered service, maintenance and operational efforts are insufficient and
modifications are necessary. This situation highlights with the necessity for the lateral
alignment of processes that contribute to the service offered to the stakeholders, e.g. the
situation described in Figure 2.

Conclusions and discussion
In this paper we have presented two models of maintenance. The first model is based on a
management system perspective of maintenance management and its components of values,
methodologies and tools (see Figure 1). This system model is intended to support a
classification and understanding of the maintenance area. The second model is based on a
generic process view of maintenance and consists of four interrelated activities of
Maintenance Planning, Maintenance Execution, Functional Testing, and Feedback (see Figure
3). The process model is intended to support continuous improvement of and continuous risk
reduction in maintenance activities.
In order to achieve organisational effectiveness and efficiency, we argue that the maintenance
process must be seen from both a deductive perspective and an inductive perspective.
Furthermore, the two perspectives must be linked to each other in order to fulfil both external
and internal stakeholder requirements. By applying a process view of maintenance, it is
possible to facilitate the identification of its stakeholders, requirements and risks. This
identification supports the management of both requirements and risks, which should
contribute to business prosperity through continuous improvement and risk reduction. By the
combination of both a deductive and inductive approach to the maintenance of critical
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systems, synergetic benefits may be achieved that are more difficult to reach if only one
single perspective is applied. This is achieved through identification and measurement of the
gap between the required and offered services, which is deployed to functions and items
within the technical system that must be maintained in order to ensure system dependability.
The system dependability is one quality dimension that is necessary in order for the system to
be fit for use. The gap represents the degree of stakeholder dissatisfaction, e.g. the fulfilment
of the customers’ need, expectations, and desires.
It is also emphasised that, even though maintenance may have a value-creating role within an
organisation, there are also some situations when maintenance by itself is insufficient and
other approaches, such as modification, are necessary. The basic reason for this is that
maintenance has no effect outside the boundaries created by the intended design of the
technical system. However, maintenance can compensate for system degradation caused by
operational environment and usage. Hence, maintenance is necessary and valuable, but it can
only compensate for deficiencies (compared to the intended design) and not create any
additional value. The necessary continuous improvement of maintenance is governed by the
increased requirements of stakeholders. However, even perfect maintenance cannot exceed
the intended design of the technical system.
Even though the system and process view of maintenance have been illustrated by examples
derived from the maintenance of DC-motors in paper-mills, it is believed that they are mostly
transferable to maintenance of other critical technical systems. For example, the authors have
experience from projects related to maintenance within both the railway industry and the
aerospace industry, where the ideas presented in this paper are considered to be applicable.
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Abstract
History has shown that maintenance contributes to incidents and accidents with extensive
losses. The purpose of this paper is to describe a process approach for maintenance-related
hazard identification, in order to support continuous risk reduction in maintenance activities.
The proposed maintenance process model has been applied within a study of maintenance
execution of DC-motors in paper-mills. However, both the model and the findings from its
application are believed to be transferable to the maintenance of other critical technical
systems. A recurring hazard is insufficient feedback. Hence, proper feedback may help to
reduce risk. Further findings indicate that incidents manifested during execution may be due
to hazards in other process phases. The maintenance of complex and critical systems is also
affected by the work environment and knowledge of technicians, whose requirements should
be fulfilled through appropriate organisational and technical support.
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1 Introduction
The industrial risk problem and the diversification of risk types have increased concurrently
with industrial development, at the same time as the acceptable risk threshold of the
population has decreased [1]. Maintenance and continuous improvement are two
complementary approaches that can be applied in order to ensure safety and dependability of
technical systems, and also to decrease its life cycle cost [2, 3, 4]. However, it should be noted
that even though maintenance is intended to ensure system safety and dependability, there are
numerous examples when maintenance of complex and critical systems has resulted in
accidents with extensive losses. Some examples of maintenance-related accidents within the
process industry are the leak from a chemical plant at Bhopal (India, 1984), the Piper Alpha
oil platform fire (North Sea, 1988), the disaster at Philips petrochemical plant in Texas (USA,
1989), the explosion and fires at the Texaco refinery at Milford Haven (UK, 1994), and the
chemical release and fire at the Associated Octel Company Limited in Cheshire (UK, 1994).
The purpose of this paper is to describe a process approach for maintenance-related hazard
identification, in order to support continuous risk reduction in maintenance activities. The
process is applied in an inductive perspective, which is based on experiences from
maintenance execution within paper-mills. The focus is on system functions and related
maintenance hazards.
1

2 Study approach
In order to fulfil the study’s purpose, a qualitative research approach was selected, and a
single-case study, supported by a literature study, was chosen as research strategy. The case
study was related to the maintenance of Direct Current motors (DC-motors) within papermills. The reason for choosing paper-mills as an application area is that its continuous
operation results in rigorous maintenance requirements. The selection of the maintenance of
DC-motors is due to the fact that these motors are critical components, the failure of which
might result in consequences that are manifested in extensive economical losses. Empirical
data was collected through interviews with experienced maintenance technicians about
requirements and risks that emerge during maintenance execution in a critical and complex
environment. The data analysis was performed using a process model that acted as a
theoretical framework. The initial analysis of empirical data resulted in an affinity diagram
that consisted of four clusters based on the activities within the constructed maintenance
process. These clusters were then displayed in an activity-based Ishikawa diagram, pointing
out maintenance-related hazards, as experienced by maintenance personnel and which
affected the outcome of the maintenance process. Finally, the outcomes of the analysis were
verified with the knowledgeable maintenance technicians that initially had been interviewed.

3 Maintenance in a process view
Maintenance is defined as the combination of all technical and administrative actions,
including supervisory actions, intended to retain an item in, or restore it to, a state where it
can perform a required function [5; IEV 191-01-07]. A process may be defined a network of
activities that by the use of resources, repeatedly converts an input to an output for
stakeholders [6]. The repetitiveness is an important characteristic of the process, since it
distinguishes the process from a linear description or a project of cause and effect with no
feedback [7, 6]. The combination of generic maintenance activities that are repeated and
transforms input into output may be seen as a maintenance process [4, 8, 9, 10, 11]. The
maintenance process monitors the system’s capability to deliver services, records problems
for analysis, takes corrective, adaptive, perfective, and preventive actions, and confirms
restored capability [10].
The maintenance process applied in this paper is presented in Figure 1. The process is based
on the four phases of the Improvement Cycle (Plan-Do-Study-Act), as described by Deming
[3]. The purpose of relating a generic maintenance process to the Improvement Cycle is to
highlight the fact that the approach supports the work with continuous improvement, and
thereby also continuous risk reduction by hazard elimination [11]. The aspect of risks and
hazards linked to the maintenance process will be discussed further in relation to Figure 2.
The four phases of the proposed maintenance process are Maintenance Planning (Plan),
Maintenance Execution (Do), Functional Testing (Study), and Feedback (Act), as illustrated
by Söderholm et al. [11]. See Figure 1.
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Figure 1. Maintenance as a process that consists of the four activities Maintenance Planning,
Maintenance Execution, Functional Testing, and Feedback. These activities and their relations are
associated to the Improvement Cycle (Plan-Do-Study-Act), as described by Deming (1993). The
activities are supported by information and different resources, such as personnel, time, and material.

In this paper the maintenance process is seen from an inductive perspective, where the
maintenance process is based on the status of the system’s functions. In an inductive
perspective, the maintenance process is managed by the state, or health, of system functions,
i.e. the presence or lack of failures and faults. A required function is defined as a function or a
combination of functions of an item, which is considered necessary to provide a given service
[5; IEV 191-01-05]. Therefore, it is beneficial if one initiates the maintenance process when a
required function experiences a fault or a failure, thereby avoiding dissatisfaction among
service stakeholders. A fault is defined as the state of an item that is characterised by the
inability to perform a required function, excluding the inability during preventive
maintenance or other planned actions, or due to lack of external resources [5; IEV 191-05-01].
Hence, faults are mostly connected to corrective maintenance, at least on a functional level,
but not necessarily on a service level. A failure is the termination of the ability of an item to
perform a required function [5; IEV 191-05-01]. Hence, a fault is often the result of a failure
of the item itself, but may exist without a prior failure [5; IEV 191-05-01]. However, after
failure the item has a fault [5; IEV 191-05-01]. Another important distinction between failures
and faults is that a failure is an event, as distinguished from a fault, which is a state [5; IEV
191-05-01]. Hence, failures are often connected to preventive maintenance, where one tries to
discover an impending fault and prevent it. The inductive perspective contributes mainly to
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the efficiency of an organisation, i.e. that things are done right [12]. Some further details of
the maintenance process and its four phases are discussed in relation to Figure 2.

4 Hazards related to the maintenance process
A risk may be seen as the combination of the frequency, or probability, of occurrence and the
consequence of a specified hazardous event [13]. A hazardous event can cause harm, i.e.
physical injury or damage to health, property or, the environment [13]. However, in addition
to the frequency and consequence of a loss, the risk also involves the perception of the loss to
the ultimate interested party [4]. Hence, a risk may be seen as the stakeholders’ perception of
the combination of the probability that his or her requirements have not been fulfilled and the
consequences of this situation.
In Figure 2, some hazards that are related to the four activities within the proposed
maintenance process (illustrated in Figure 1) and that may result in negative consequences for
the process stakeholders are outlined. The presented hazards are derived from the perception
of maintenance personnel, but have fortunately not resulted in any accident within the studied
case. However, it is important to consider both incidents and near misses, and not only
accidents, when deciding upon risk reduction activities in order to be truly proactive and
avoid unwanted consequences [14, 15, 16].
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Figure 2. Some examples of maintenance-related hazards that may result in unwanted consequences
for maintenance process stakeholders. The hazards are clustered into the four phases of the proposed
maintenance process in Figure 1, i.e. Maintenance Planning, Maintenance Execution, Functional
Testing, and Feedback

4.1

Maintenance Planning

In the first phase of the maintenance process, Maintenance Planning, Maintenance Execution
is planned, see Figure 1. One input to this phase is information about the current system
health derived from the Functional Testing phase. Other inputs are maintenance
documentation, such as maintenance objectives, strategies, and policies, which all should be
based on stakeholder requirements. The maintenance objectives are targets assigned and
accepted for the maintenance activities, which may include availability, cost reduction,
product quality, environment preservation, and safety [17]. The maintenance strategy is in
turn the management method used in order to achieve the maintenance objectives [17]. The
maintenance policy is a description of the interrelationship between the maintenance
echelons, the indenture levels and the level of maintenance to be applied for the maintenance
of an item [5; IEV 191-07-03]. Other important inputs to the maintenance process are
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information about available resources and the physical asset. Examples of resources are
manpower (in-house and outsourced), stock levels, and logistics. Depending on whether the
gap between the stakeholders’ requirements and the system health is manifested as a failure or
a fault, the planned maintenance may be preventive or corrective. One major output of
maintenance planning is a maintenance plan. The maintenance plan is a structured set of tasks
that includes the activities, procedures, resources and the time scale required to carry out
maintenance [17]. Different hazards related to Maintenance Planning are discussed in the
remaining part of this section and are depicted in Figure 2.
If the maintenance strategy is preventive and time-based, the planning is initiated by operating
time. However, the maintenance strategy can also be condition-based and initiated by the
actual health of the system. The actual system health is an input from the Functional Testing
process phase and can roughly be based on the presence or lack of failures and faults. If the
system is fulfilling the stakeholders’ requirements, no maintenance is needed. However, if
there is any failure or fault present, there might be a need for maintenance. The planning of
preventive maintenance of the system can be initiated if there is a system failure, which can
be due to a component failure or fault. If there is a faulty component within the system that
experiences a failure, the planned maintenance will be corrective on a component level, but
preventive on a system level. If the system experiences a fault, the maintenance will normally
be unplanned and corrective, which may require an unplanned shutdown. A hazard emerges if
the in-house maintenance is executed at the unplanned shutdown instead of at the next
planned shutdown, which is then cancelled. If the external entrepreneur is not informed about
the cancelled shutdown, some electrical brushes might wear out since the time to the next
actual shutdown is so long that a system failure can develop into a system fault. This situation
might require grinding of the commutator during operation, to remove ditches caused by too
short brushes. This grinding requires proper equipment, such as flame-proof clothing and
insulated tools. The above examples show that it is important during Maintenance Planning to
inform all concerned stakeholders about performed changes.
In the paper industry, entrepreneurs are specialised in different unique areas of the technical
system. This situation requires proper Maintenance Planning for mainly two reasons. Firstly,
there is the limited capacity of each specialist. Secondly, the production stop is quite costly
and is therefore kept to a minimum length of time. Often the availability of systems refers to
the operational availability, but availability is also a most important factor from the
maintenance perspective. Availability is one example of where the operational and
maintenance processes must be laterally aligned in order to avoid sub-optimisation [11]. A
time frame, where the system is shut down and isolated, is allotted for different maintenance
tasks in the execution phase. One important example is the yearly maintenance stop, which is
intended to enable major overhauls and maintenance of large subsystems, such as boilers and
wire gauze, which is both extensive and time-consuming. The maintainers often also have
conflicting requirements, which make planning a crucial activity. For example, during the
yearly maintenance stop there are many parallel jobs that take place close to each other. In
this situation it is common that different entrepreneurs have different requirements, which
may cause hazardous situations at the interfaces between them. An example is mechanical and
electrical replacement or overhaul, where one maintainer may wish the power to be shut off
completely, while the other wishes to operate the system at a reduced speed.
Wear of the electrical brushes is one topic that is often discussed. The reasons for this are that
their replacement may be quite difficult and time-consuming. The cost of the brush may also
be a factor here; although seen in a larger system perspective this cost is negligible. Actually,
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assuming that the brushes have been selected properly, one hour of unplanned stoppage may
very well cost more than a whole year’s consumption of brushes in all motors throughout the
entire paper-mill. More important is the effect of extensive wear, which causes two significant
problems. The first is that the dust generated from the brush causes insulation problems and
the second is that the brush will have to be changed more often than planned stoppages allow
for. Both these problems might cause severe difficulties on a higher system level, e.g. a
breakdown of the whole paper machine.
4.2

Maintenance Execution

The second phase within the maintenance process is Maintenance Execution, see Figure 1.
Inputs to this phase are not only the maintenance plan generated during Maintenance
Planning, but also the maintenance environment, the maintainability of technical systems,
maintenance documentation, and the actual availability of time, personnel, and resources.
There may also be an input from the Functional Testing phase, which will be further
discussed in relation to the Functional Testing and Feedback process phases. Some hazards
related to Maintenance Execution are illustrated in Figure 2, and will be further discussed in
the remaining part of this section.
The planned maintenance time may turn out to be insufficient for a variety of reasons. These
are often minor problems in accessing the equipment, due to requirements placed on the
subsystems by other maintenance executors at the interfaces. The reason for this is that it is
difficult during the planning phase to predict which obstacles will emerge during maintenance
execution. Such obstacles may include a surprisingly amount of dirt, corroded bolts, or the
need for unexpected tools. This lack of time is a crucial hazard, since it causes high stress for
the maintenance personnel [18]. The increased stress levels in turn contribute to an increased
amount of human error, i.e. maintenance tasks that are performed incorrectly [19]. In the
process industry, which is characterised by its continuous operation, both a heavy work load
and a high stress level may arise when the technical system is shut down for maintenance
during a limited time period.
Another important input to Maintenance Execution is the availability of maintenance
personnel. The skill and competence of personnel depends on both experience, training and,
motivation. Given that the maintainer is motivated, insufficient training is an important hazard
related to Maintenance Execution. It is important to ensure that the proper training has been
undertaken, that the personnel are certified for the job, and so on. In the context of
outsourcing, the requirements should be clearly stated, so that the need for the right
maintenance skills can be met in a systematic way. A lack of knowledge among maintenance
personnel about the working environment in which the maintenance is being carried out is
also a crucial hazard. For example, the available maintenance time may become shorter than
originally planned. In this situation it is important for the maintainer to be able to focus on the
most critical items to be overhauled, if time pressure should become too intense. A heavy
workload may not only impact motivation, but also the maintainer’s ability to perform the
maintenance task. It should also be noted that even though the workload can be managed by
proper Maintenance Planning, there are other hazards related to personal health that are
difficult to manage, such as social life, drug abuse, and sleep.
Maintenance Execution is also influenced by the maintainability of technical systems on
different levels such as the entire paper-mill, single paper machines, and single DC-motors.
The maintainability of a paper-mill, which is a widespread system, is affected by how well
the localisation of equipment is communicated. The outcome of Maintenance Execution is
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affected negatively if maintenance is carried out on the wrong item, or on the right kind of
item but in the wrong place. To avoid these problems, it is important to mark the equipment
with unique identification tags that are easily accessible and easily understood. This is even
more important when external entrepreneurs are brought into the plant. Besides the fact that it
may be difficult to find the right motors, it is equally important to know in which motors the
recognised faults are situated, so that proper decisions can be made by the system owner. If
the wrong motor is reported as defect, the system risk still remains subsequent to the failure
being recognised and the responsibility is transferred from the entrepreneur back to the
system owner. This situation might result in latent failures, which are recognised when the
system is started up again.
The technical system’s maintainability will impact both the working conditions for the
maintainers and the required time for Maintenance Execution. Therefore, it is most important
to focus on the maintainability of the technical systems to be inspected as early as in the
design phase. However, although the electric motor itself may be easy to inspect and
maintain, surrounding equipment can often reduce the maintainability of the motor. A
possible reason is that the motor is often encapsulated by the system it drives. For example,
the motor’s hatches may be covered by electrical cables, making it difficult to access. This is
one example of where the requirements of the operational environment and of the Functional
Testing and Maintenance Execution phases might be in conflict if they are not properly
aligned. In order to protect the technical system from moisture, dirt, and corrosive substances,
it is modified by being further encapsulated. However, this modification may reduce the
maintainability of the technical system if the maintenance requirements not are properly
considered. Hence, it is important to consider both operational requirements and
maintainability requirements when designing the modification in order to avoid suboptimisation. Furthermore, motors are often mounted so that the maintainers need to climb in
order to reach them, e.g. overhead traverse cranes and some positions at a paper machines.
This situation would be even worse if the working conditions were affected by factors such as
unpleasant temperature and limited sight due to bad lighting and covering objects. Another
example is oil and grease, which create a less safe workplace due to slippery surfaces that can
cause fall accidents, but that also can impair the possibility to recognise and localize faults.
A system that is to be repaired must also be isolated, e.g. pressure or electricity must be
released from the work area. Hence, both the design and the placement of the valves and
switches used for isolation are important in order to reduce maintenance hazards. DC-motors
are isolated at the interlocking installation or directly at the motor with a so-called safety
switch. However, it should be noted that the safety switch is not fully reliable and only serves
as an extra barrier, and that the only safe way is to cut the power at the switchgear insulator.
Failures to re-assemble the system correctly after maintenance work has been carried out may
be triggered by insufficient maintainability. However, this is not a major problem with DCmotors, although there are several possibilities to complicate matters. If field cables are
removed, in order to conduct measurement of the condition of the electrical insulation, they
may be switched causing the motor to rotate at reverse speed. If a motor linked in a serialsystem, takes a reverse rotation, the system may crash and probably cause losses.
Another important input to Maintenance Execution is material, which can be spare parts and
different equipment, such as protective items and tools. One critical hazard is mix-up, such as
incorrect and unspecified materials or items being used to replace items, which may lead to
problems ranging from minor malfunctions to major losses. In DC-motors one very critical
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item is the electrical brush. Besides dimensions, there are several different grades, i.e.
material and the ability to manage shifts between positive and negative currents (e.g.
commutation in a commutator machine). Some examples of mechanical and electrical
problems related to the brush are:
x
x
x
x
x
x

Burning of commutator segments
Wear of commutator (ditches and scratches)
High wear of brushes, also creating extensive amount of brush dust
Insulation problems (rotor and field windings)
Brush failure due to over-current
Brush unable to cope with oxidising environment.

When commutator segments are affected by burn marks, the operation of the motor is
disturbed due to scintillations, which in turn affect the dependability of the technical system
where the motor is installed. Wear of commutator is caused by lack of patina, which may be
described as a non-functioning electrical and mechanical interface between the brush and
commutator. Ditches and scratches are the result of a non-functional interface. The origin of
burn marks, commutator wear and the ability to cope with oxidising environment are affected
by the choice of a proper brush grade. In this situation maintenance is closely interlinked with
system modification.
The use of items outside specification could be exemplified by the use of silicone gaskets or
sealant with silicone ingredient. Here, different requirements, on a system level, for the
different components are used at, or nearby, the motors. When external coolers (on DCmotors that require ‘forced draught’) are used, it is important to prevent water from entering
the motors. This is especially crucial on high voltage motors, e.g. 6 kV, which are very
sensitive to small amount of moisture. However, neither will DC-motors equipped with
electrical brushes work properly if the air inside the motor is polluted by particles from the
silicone gasket. It should be noted that even a very small number of particles is sufficient to
degrade the motor’s performance. This is one example of a solution that fulfils the
requirements of one specific subcomponent (leak prevention of the water coolant), at the same
time as endangering the function of another subcomponent (the motor), which combined
create a severe degradation of the paper machine’s performance. Another, rather unknown,
effect of the silicone gasket is that released silicium particles become highly abrasive. These
particles cause extensive wear of the electrical brush when mixed with the air in, or nearby,
the motor.
Information is most important to reduce risks related to Maintenance Execution [9, 16]. This
information may be found in maintenance documentation or transferred by verbal
communication. One way to reduce the amount of human error contribution in maintenance is
to follow routines and written procedures, such as predefined work sequences, which can be
found in maintenance documentation, such as manuals or maintenance trees [19]. Lack of
instructions regarding the repair or overhaul of the systems may lead to the loss of quality in
the performed work. However, it may be possible for skilled personnel to perform the
required work based on their experience [19]. Procedures, regarding maintenance should be
checked and confirmed, i.e. have undergone a risk assessment, and then described in the
maintenance process. Another example is the yearly maintenance shutdown, where several
entrepreneurs, often with contradictory requirements are working in the paper-mill. In this
situation, verbal communication plays an important role on the operational level. Teams
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working close to each other must communicate and share information to reduce the risks
related to Maintenance Execution.
4.3

Functional Testing

The third maintenance process phase is Functional Testing, see Figure 1. The purpose of
Functional Testing is to test the function of an item, in relation to some requirements.
Functional Testing may be performed continuously, or periodically during scheduled checks,
in order to establish the current health of the system and the actual need for maintenance.
Functional Testing is also performed after Maintenance Execution, in order to verify that the
system has been maintained in, or restored to, a state where it can deliver a required function.
Functional Testing can also be applied iteratively with Maintenance Execution, in order to
recognise and localise failures and faults by troubleshooting. The above description of
Functional Testing is in line with different standards and includes inspection, monitoring,
fault diagnosis, and function check-out, which will be defined in the next paragraph of this
section. It should be noted that Functional Testing is a crucial maintenance phase since it is
here that data and information about the actual health of the system is gathered. This data and
information is feedback to all other process activities and should also be distributed to
stakeholders outside the operating company, such as the Original Equipment Manufacturer
(OEM). Hence, it should be noted that even though Functional Testing is illustrated as the
third process phase in Figure 1, it is in reality often the first phase, which generates input to
the other phases. The different data and information transferred between different process
phases is further discussed in the next section, which covers the Feedback phase.
A test is a technical operation consisting of the determination of one or more characteristics of
a given product, process, or service according to a specified procedure [5; IEV 191-14-01]. A
test is carried out to measure or classify a characteristic or a property of an item by applying a
set of environmental and operating conditions and/or requirements to the item [5; IEV 19114-01]. An inspection is a check for conformity by measuring, observing, testing or gauging
the relevant characteristics of an item, and can generally be carried out on before, during, or
after other maintenance activities [17]. Monitoring, or supervision, is an activity that is
performed either manually or automatically, and that is intended to observe the state of an
item [5; IEV 191-07-26]. Automatic supervision may be performed internally or externally to
the item [5; IEV 191-07-26]. Monitoring is distinguished from inspection in that it is used to
evaluate any changes in the parameters of the item with time [17]. The monitoring may be
continuous, over a specific time interval or after a given numbers of operations [17]. Fault
diagnosis is a measure taken for fault recognition, fault localisation and cause identification
[5; IEV 191-07-22]. Fault recognition is the event of a fault being recognised [5; IEV 191-0720], while fault localisation is a measure taken to identify the faulty item at the appropriate
indenture level [5; IEV 191-07-21]. In this paper, the identification of causes of faults
includes the identification of failures, which is an event that can cause a faulty state. This is
not mentioned in the standards, but is of great importance in order to perform condition-based
maintenance, which is part of preventive maintenance. Function check-out is actions a
measure taken after fault correction to verify that the item has recovered its ability to perform
the required function [5; IEV 191-07-24].
Functional Testing is highly dependent on the maintainability of a technical system. When
dealing with complex systems, the maintainability may be enhanced through proper testability
design by different kinds of Built-in-Test (BIT). The BIT can, more or less continuously,
monitor the technical system during operation, or test it in special off-line, maintenance
modes. However, in the case of BIT design it is important to identify appropriate functions
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and items to monitor and assure that the received data can be converted into useful
information about the health of the system [20, 21]. The importance of proper BIT design
may be illustrated by the phenomenon of over lubrication, where too much grease is forced
into the bearings of a DC-motor, either manually or by a centralised lubrication unit. This
situation may occur if decisions are solely based on vibration measurements of bearings
within the motor. As more grease is forced into the bearings, the vibrations may very well
decrease, which indicates that everything is alright. However, due to over–lubrication, the
temperature will probably rise considerably, at the same time as the motor may be filled with
grease. Both these situations increase the risk of failure. In the first situation the failure will
develop into a bearing fault within a few days, which in turn will cause motor fault and
thereby faults to connected subsystems within the paper machine. This will further lead to
extensive production losses and costly maintenance measures. The latter situation also causes
an extensive need for maintenance of the motor, since the motor must be properly cleaned.
Hence, one should perhaps monitor both vibrations and temperature, in order to gain proper
information as input to the maintenance process. The example highlights the fact that it might
be difficult to replace human experience and expertise by technological solutions.
Manual Functional Testing is to a large extent affected by the experience and skill of the
maintenance technician. An experienced technician can diagnose the health of a DC-motor
by smell, hearing, or touch without even entering the motor. If something seems to be wrong,
a more detailed diagnosis may be necessary. A more detailed functional test might discover a
non-functional brush, which is replaced with one that fulfils the intended purpose in the
specific operational environment. Decisions about changed monitoring of different
components or systems may also be based on the diagnosis. If a motor is judged to experience
a failure event, the monitoring may be intensified by a shortening of the interval between
inspections, in order to be able to execute maintenance before a fault develops. Another area
where the expertise and training of the maintenance technician is crucial is fault localisation.
When a DC-motor is in a faulty state, actions are often taken to replace the motor, in order to
secure the dependability of the paper machine. However, it is of the utmost importance that
the primary fault, and not a secondary fault, has been localised. A primary failure is the failure
of an item, not caused either directly or indirectly by a failure or a fault of another item [5;
IEV 191-04-15]. A secondary failure is the failure of an item, caused either directly or
indirectly of the failure or fault of another item [5; IEV 191-04-16]. This is because latent
faults can be present if Maintenance Execution has been directed towards a secondary fault. In
order to achieve proper fault localisation, the interface between the DC-motor and other
systems must be understood. The motor is driven by a static current changer, which is a
complex system that converts Alternating Current (AC) to Direct Current (DC). Furthermore,
the speed of the motor is controlled by the feedback unit (i.e. a tachometer generator or a
pulse transducer). Hence, a fault in the DC-motor can actually be a secondary fault, while the
primary fault is located at the feedback unit or the static current changer. This example
highlights that the complexity of the system requires a deep understanding of technical,
operational, and maintenance aspects. The requirements placed on the maintenance technician
have increased to more than performing routine maintenance (defined as maintenance that
does not require special skills) to the ability to recognise and locate faults in complex systems.
Manual Functional Testing is also affected by the system’s maintainability. Hence, much of
the description about the impact of maintainability on Maintenance Execution is also valid for
Functional Testing. For example, when testing the function of the electrical brushes in a DCmotor, it may be difficult to reach them. This depends on the size of the motor, which can
range from fairly small, where it is difficult to access it with two fingers, to rather large where
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the technician can climb into it with a ladder. It may also be difficult to perform a function
check-out in order to detect if the maintenance was correctly executed, without causing
damage to the brush or nearby internal cables. This situation is further influenced by the
maintainability of the paper machine and the paper-mill. Functional Testing is also affected
by environmental factors such as dirt, grease, and oil leakage, which make it more difficult to
recognise and localise failures that might lead to future faults. The environmental aspect is
also emphasised in TPM (Total Productive Maintenance) [22].
4.4

Feedback

The fourth phase within the maintenance process is Feedback of information, see Figure 1.
This Feedback goes mainly from Functional Testing to Maintenance Planning and
Maintenance Execution. The information in these feedback loops represents the current health
of the system. However, there is also other important feedback from Maintenance Execution
to Maintenance Planning, which establishes the progress of the Maintenance Execution. The
actual progress should result in a follow-up and update of the original maintenance plan.
There should also be a feedback loop from the operative maintenance process to stated
maintenance objectives, strategies, and policies. This feedback loop should be applied in
order to validate maintenance documentation, such as maintenance manuals, and when
necessary perform changes. These changes should be recognised by both the operative
organisation and the Original Equipment Manufacturer (OEM). However, the feedback loops
that go outside the four phases of the proposed maintenance process are not covered in this
paper. All the feedback loops mentioned are critical in order to achieve continuous
improvement and continuous risks reduction in relation to the maintenance process. The
following paragraphs will describe some hazards related to the Feedback phase, see Figure 2.
In Total Productive Maintenance (TPM) and Reliability-Centred Maintenance (RCM),
modification, or continuous improvement, plays a central role. As described, modifications
are common when adapting the electrical brushes to fit the current operational conditions for a
specific electric motor. However, information regarding the changes must be transferred to
the maintenance documentation, which may be partly found in a Computerised Maintenance
Management System (CMMS). The approach to change the grade of the electrical brushes is
quite straightforward, but may result in poorer performance. Hence, it is very important to
monitor the result of the modification and feed this information back to the person that
performed the change, so that any necessary countermeasures can be taken before the
performance of the whole system is impaired. However, if the modification is actually an
improvement, the updated documentation enables it to be maintained the next time the brush
is exchanged. A related hazard is that maintenance decisions are based on old information
regarding the configuration of the paper-mill. Another aspect of incorrect information about
system status is constituted by safety issues in the Maintenance Execution phase. If the
system is not correctly understood by the maintainers, there can be losses due to isolation
problems, e.g. that the wrong part or incorrect subsystem is isolated before Maintenance
Execution. Hence, the aspect of reconfiguration management and lateral process alignment is
of most importance, especially when dealing with critical systems [11]. This requires the
modification process to give feedback to both the maintenance process and the operational
process, and vice-versa.
A critical hazard is an insufficient reporting system, which might lead to necessary
maintenance being neglected. Maintenance entrepreneurs have a responsibility to ensure that
the information regarding identified failures and defects is transferred to the maintenance
system (if in place) or passed on verbally to the manager in charge. This information should
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influence Maintenance Planning. Otherwise there may be aspects of overseen, or lack of,
maintenance that might endanger the fulfilment of critical stakeholder requirements. One
example is the cancellation of planned shutdowns, which the entrepreneur must be informed
about.

5 Discussion and conclusions
In this paper we have applied one process model of maintenance, in order to identify
maintenance related hazards. The model is based on a generic process view of maintenance
and consists of four interrelated activities of Maintenance Planning, Maintenance Execution,
Functional Testing, and Feedback (see Figure 1). The process model is intended to support
continuous improvement of and continuous risk reduction in maintenance activities. We have
also illustrated some maintenance executors’ perceived risks in relation to the four activities
of the maintenance process (see Figure 2).
By applying a process view of maintenance, it is possible to identify its stakeholders,
requirements and risks. This identification supports the management of both requirements and
risks, which should contribute to business prosperity through continuous improvement and
risk reduction.
It is also stressed that even though maintenance may be a solution to many problems, it
actually may introduce risks that must be assessed and managed properly. One way to do this
is to identify maintenance-related hazards in relation to the maintenance process. This
approach has been demonstrated in this paper. The proposed approach for continuous risk
reduction stresses that, even though the incidents and accidents may be manifested in
maintenance execution, the underlying hazards may actually be located in other process
phases. It is at these other phases that the conditions for maintenance execution are
established. One example is the need for proper information during maintenance execution. In
order to enable this, the requirements of the maintenance technician must be understood and
considered already in the design of the technical system, e.g. through testability and
maintainability. The maintenance technicians’ situation must also be properly understood in
order to plan the maintenance satisfactorily. This planning should include the maintenance
technicians’ requirements as regards time, resources, and information, and not only the
operative requirements. By adapting the resources and technical system to maintenance
requirements, the true hazards (or root causes) of maintenance are eliminated, and symptoms
(or immediate causes) such as human error during Maintenance Execution do not become the
focal point of the improvement efforts. Hence, the proposed process view can hopefully
contribute to a deeper understanding of underlying maintenance-related hazards, which
enables a cultural change from finding individuals to blame for accidents towards proactive
risk awareness.
It should also be noted that even in today’s industries, with information and communication
technologies, verbal communication still plays an important role on the operative level.
Teams working close to each other must communicate and share information to reduce the
risks in maintenance execution. It is at the interfaces between different maintainers that
hazardous situations occur, due to contradicting requirements of the maintenance task. These
hazards may partially be reduced through proper planning, as discussed in the previous
paragraph. However, independent of how good the maintenance planning is, unforeseen
events that impact the execution and that must be managed at the shop floor level will occur.
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Even though the system and process view of maintenance have been illustrated by examples
derived from the maintenance of DC-motors in paper-mills, it is believed that they are mostly
transferable to maintenance of other critical technical systems. One reason is that DC-motors
have a wide diversity of applications and can be found whenever there is a need of
transferring power into rotating movement, e.g. within steel mills, mining industry, marine
applications, and trains. The same basic principles as for the DC-motor are also applicable
when generating electricity from rotating movement, e.g. hydro power, wind mills, and steam
generators. Further on, independent of what kind of philosophies, theories, and technologies
are applied within an organisation, maintenance sooner or later comes down to maintenance
execution, which still requires human intervention. Another reason is that maintenance is an
approach that has generic characteristics independent of industrial application, and is more
dictated by the complexity and criticality of the systems and the relationship between
different stakeholders. For example, the authors have experience from projects related to
maintenance within both the railway and the aerospace industries, where the ideas presented
in this paper are considered to be applicable.
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Abstract
Purpose – The purpose of this study is to identify maintenance related losses, and their causes, in
order to describe different deviations in the maintenance process that contributes to incidents and
accidents at the Swedish Railway.
Design/methodology/approach – In this paper incident and accident reports from 666 derailments
and collisions at the Swedish Railway during 1988-2000, stored in a national database, are studied with
respect to possible maintenance related causes.
Findings – The railway is a complex technical system used for both freight and passenger
transportation. Maintenance is one way to achieve safety and dependability of the railway. However,
at the same time badly performed maintenance may also cause accidents. The study shows that
maintenance related causes represent 30 percent of all rail and track related incidents and accidents
represented in the database. About 80 percent of the maintenance related accidents happen during the
execution phase. The most common cause of maintenance related accidents is imperfect
communication and information between the maintenance personnel and the operators. Rule
violations, especially lack of permission to perform maintenance work on the track, are the second
most frequent causes.
Originality/value – Identiﬁes maintenance related losses, and their causes, on Swedish railways but
is of value to all concerned with transport maintenance and safety.
Keywords Railways, Maintenance, Sweden, Accidents
Paper type Research paper

Practical implications
Maintenance is important not only to ensure dependability and it is essential for
accident prevention. However, although maintenance is performed in order to increase
the safety, incorrectly performed maintenance causes extensive loss. In order to avoid
future losses one has to learn from history. In order to do so one has to analyse
historical data. However, the means for doing this analysis may be inadequate. This
paper presents a model that may be useful for the classiﬁcation and analysis of
different losses, in order to perform efﬁcient and effective preventive measures.
Further on, this paper identiﬁes different maintenance related losses, and their
corresponding causes, in a Swedish rail context. It is important to understand the
underlying causes of their occurrences, in order to know what to control, when
maintenance is outsourced.
The author would like to thank Johan Bäckman for access to the BOR database. The author
would also like to express his gratitude for the support given by Professor Bengt Klefsjö,
Per-Olof Larsson-Kråik, Ulf Olsson and Per Anders Akersten during this study. Finally, the
author would like to thank the Swedish National Rail Administration (Banverket) for ﬁnancial
support.
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The results may therefore be useful also for organisations outside the rail context,
who are about to outsource their maintenance operations.
Introduction
The railway is a complex technical system[1] used for both freight and passenger
transportation. The Swedish State Railways (“SJ”) was the only railway operator on the
Swedish rail network before 1988. Then the company was divided into an
infrastructure authority, the Swedish National Rail Administr ation (“Banverket”)
and the state-owned passenger trafﬁc operator (Bäckman, 2002). The Swedish Railway
Inspectorate was now created in order to supervise and promote safety within all
Swedish rail trafﬁc, and to investigate the accidents[2] that may occur. The Swedish
Railway Inspectorate is an independent governmental authority, but is associated with
the Swedish National Rail Administration (Swedish Railway Inspectorate, 2003).
The Swedish National Rail Administration has to see that passenger safety is
ensured and has therefore adopted a zero vision, meaning that nobody is killed or
seriously injured as a consequence of a trafﬁc accident (Banverket, 2003). Besides
safety aspects, derailments and collisions affect the surroundings and may give the
administrator and the operators a bad reputation. Therefore, maintenance[3] issues
have been prioritized during the last few years.
Normal operation of the railway will gradually impair the performance of the
railway system. Wear, dirt, corrosion and overloading are some contributing causes of
the degradation of the track and switches. Therefore, the management must determine
maintenance strategies and objectives to ensure the functioning of the railway system.
Both preventive and corrective maintenance actions are performed to maintain or even
increase the dependability[4] of the railway system.
Before 1988, maintenance work was performed only by the in-house maintenance
personnel at the Swedish State Railways. This changed when the Swedish National
Rail Administration decided to open up their maintenance to the free market in July
2001. Instead of conducting the work within their own organisation, entrepreneurs
were invited to bid for maintenance contracts at some sections of the track in 2002
(Banverket, 2003). The use of contractors to undertake important work is not a new
issue, and also it is not speciﬁc to the railways. It is common nowadays that companies
worldwide focus on their core business and contract out other functions as a mean to
achieve cost reduction (HSE, 2002). Although maintenance contractor’s involvement in
some cases may reduce the direct cost, it may affect the control by the administrator,
especially if proper information about system changes and repair is missing (Kletz,
1993). The involvement of maintenance contractors may therefore increase the need to
transfer adequate information and communication in order to control different risks
due to maintenance activities.
However, although maintenance is performed in order to increase the safety, badly
performed maintenance may reduce the safety and cause incidents[5] and accidents. A
study performed by Edkins and Pollock (1996) shows that rail and track maintenance
causes problems in Australia. Among 13 railway problem factors at the passenger
division, staff attitude was the most important cause to problems followed by
operating equipment and maintenance. At the freight division maintenance work was
the second most important factor contributing to the problems regarding quality,
consistency and delays.

In the United Kingdom, several accidents have occurred at Railtrack PLC[6] due to
the involvement of maintenance contractors. Some recent examples are the derailments
at Ladbroke Grove and Hatﬁeld discussed below (HSE, 2002).
In October 1999, a major derailment and collision occurred at Ladbroke Grove. As a
result of the collision 31 people died and 227 were taken to hospital. The investigators
of that accident expressed concern about the privatisation and the use of contractors.
Two major conclusions were drawn. Firstly, the process for the judgement of contracts
was not operated with due regard for training and preparation of the contract
workforce. Secondly, the managerial control of the work performed by maintenance
contractors and sub-contractors was inadequate. Therefore, there was a need for
improving the managerial control (HSE, 2002).
In October 2000, four people were killed in a derailment near Hatﬁeld. The accident
investigation showed that the immediate cause[7] of the derailment was a
fragmentation of the rail caused by neglected maintenance actions. The contractor
was recommended to review the procedures for the movement of managerial staff
within contractor organisations and the recruitment of the contractors (HSE, 2002).
These accidents indicate that inadequately performed maintenance operations and
routines may be an important cause of railway accidents. Accidents due to
maintenance work may occur when there are deviations from an ideal maintenance
process. The outcome of the process will differ from the desired result, when the steps
are biased due to different reasons, resulting in losses that may be manifested in
incidents and accidents. Holmgren and Akersten (2002) presents a discussion about
different deviations that may occur in the preventive and corrective maintenance
processes.
It is therefore important to identify the past deviations in the maintenance process,
manifested in incidents and accidents, in order to get a basis for improvement in order
to reduce the number of new undesired deviations in the future. As illustrated in the
examples, maintenance contractor involvement may increase the risks at the railway, if
not managed properly. The maintenance contractor situation thus requires higher
demands on the transfer of information in order to control different risks due to their
involvement.
Methodology
Data collection approach
This study is based on a database, created by Johan Bäckman, containing train
derailments and collisions at the Swedish railways. The database was created in
Microsoft Access and is called BOR. The database contains passenger train
derailments for the period 1988-2000 and passenger train accidents with passenger or
train crew fatalities for the period 1960-2000. The database contains the following ﬁve
different data sources with the total amount of 973 incidents and accidents (Bäckman,
2002):
.
BIS: The Swedish National Rail Administration has a computerised system
called BIS, containing different modules for track information and for accident
reporting from 1988 onwards.
.
JAS: The Swedish Railway Inspectorate has a database called JAS which
contains information from 1989 onwards. The criteria for the accidents to be
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.

.

.

reported in the database are either fatalities or injuries or material costs of at
least 100,000 USD.
INCIDENT: SJ has a database called INCIDENT. SJ has been reporting accidents
in that computerised database since February 1995, but the database was closed
in December 1997.
HÄR: The Swedish Railway Inspectorate administrated a database called HÄR
between 1994 and 1998. It contains accidents as well as incidents.
Sparre: A study conducted by Sparre on accident reports from the Swedish State
Railways containing collisions, derailments and ﬁres on the Swedish network
between the years 1985 to 1994 has generated data that have been included in
BOR.

Owing to the fact that the Swedish State Railways went through a major
organisational change, data before 1988 is excluded from this study based on BOR.
The database contains 666 incidents and accidents between 1988 and 2000, which were
used in the study.
Data classiﬁcation
In order to identify the maintenance related losses, all data represented in the database
must ﬁrst be classiﬁed. Thereafter, accidents and incidents are studied to identify the
maintenance related causes.
The analysis work performed by professional railway investigators has resulted in
accident reports with a description of the different causes of and consequences for the
railway related accidents and in cidents, which are stored in the database, used for this
study. The incidents and accidents have been classiﬁed based on the description of the
incidents and accidents in the reports, and seen in relation to the modiﬁed Loss
Causation Model (LCM).
However, there are additional problems with studying past accidents. There is, for
instance, an excessive reliance on accident reports, which are usually incomplete or
inaccurate, even when conducted by experienced accident investigators (Edkins and
Pollock, 1996). The BOR-database has, in this study, been analysed without
consideration of previous classiﬁcation, made with a different purpose in mind, to
avoid being biased, when searching for maintenance related causes. The accidents and
incidents have instead been classiﬁed into three iterative steps, based on the stated
causes and consequences. See Figures 1-3 for the three classiﬁcation steps.
The ﬁrst classiﬁcation is performed with respect to all railway accidents and
incidents reported to the database 1988-2000 (Figure 1).
The group track related causes are caused by or along the railway line including the
ballast, switches, sleepers and rail or objects placed on or near the track. The group
also includes work on the track such as maintenance and shunter actions.
The rolling stock causes are a collection of track bound vehicles such as trains and
trolleys, but the group also includes human error aspects when operating the vehicles,
such as driver error or when performing maintenance on the vehicles.
The group classiﬁed as insufﬁcient information does have a serious lack of
information of the causes and consequences in the accident and incident reports stored
in the database. This fact created some uncertainty in the data material and might
affect the validity of the results. This study aims at investigating the track related

causes, and by that reason, the rolling stock causes and those classiﬁed as insufﬁcient
information were excluded from the second classiﬁcation step.
In the second classiﬁcation step, track related causes were divided into maintenance
related causes, railway operation, sabotage and uncertain (Figure 2). This was mainly
done in order to identify maintenance related causes. The other groups, e.g. mainly
railway operation and sabotage, were created to gain comprehension of their
occurrences.
The group maintenance related causes consists of events caused by direct
maintenance execution and indirect maintenance impact, such as lack of proper
maintenance. Maintenance execution is, for example, repair work on the track or the
switches. Note that the vehicles used for the execution of maintenance tasks such as
rail adjustments are classiﬁed as track related causes due to the fact that they are on
the track to support the maintenance execution. When these vehicles are involved in
collisions it may be due to maintenance work, and not due to railway operation.
However, the causes to the accidents or incidents may be similar to driver error at
normal operation of the railway.
The group railway operation causes are collections of various other events that have
its origin within the normal operation of the track. One example of railway operation is
actions performed by the shunters to switch gears on the track. Another example is the
problem with snow, which is treated as normal operation, since snow is very common
in the northern parts of Sweden. Snow may cause the railway switches to malfunction,
due to the inability to close the switch when ﬁlled with snow, which in turn may cause
derailments or broken switches.
The group sabotage consists of accidents caused by objects which are deliberately
placed on, or, nearby the track with the intention to cause harm. Some examples of
such objects are bathtubs, sandboxes and snowmobiles. When classifying these
causes, some objects may have been left out of the group sabotage. These objects are,
for example, trees and rocks, which may have been placed on the track deliberately, but
appears as environmental causes.
The group uncertain contains various events with insufﬁcient information
presented with the description of the causes or the consequences in the database.
Although it has been possible to identify that the causes of the accidents are track
related, it is hard to draw further conclusions of data in that group with respect to the
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Figure 1.
The ﬁrst classiﬁcation of
the data aims at breaking
down the railway-related
accidents and incidents
between 1988 and 2000

Figure 2.
The second classiﬁcation
of the data is a further
breakdown of the
track-related causes
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purpose of this study. This uncertainty may affect the reliability of this study. All
groups except maintenance related causes have been excluded in the third
classiﬁcation step for the purpose of identifying the causes of the maintenance
related losses.
In the third classiﬁcation step, maintenance related causes have been divided into
maintenance execution and lack of maintenance execution (Figure 3).
The group maintenance execution is a collection of direct maintenance related
causes, which have their origin in relation to the execution of maintenance tasks at the
railway track. Examples of maintenance execution are repair of switches, adjustments
of the ballast and the rail. Other examples are collisions with track bound vehicles
which are used to support the maintenance execution.
The group lack of maintenance execution is a collection of various indirect events
caused by overseen maintenance tasks. Some examples are wear and tear at the
switches, and fragmentation of the rail. It is difﬁcult to pinpoint these causes in this
category to overseen maintenance planning or routines. However, due to the fact that
there is degradation, which has not been detected, there may be some kind of gap
between the maintenance planning and execution.
Data analysis models
British Rail[8] did use a model called REVIEW developed by Reason (1993) in order to
identify deﬁciencies in the managerial activities, which may result in accidents. The
model measures latent failures that have been common denominators in major
accidents. The model assumes that accidents arise from fallible decisions and line
management deﬁciencies, organisational policies and procedures. However, there are
other loss LCMs as well. In 1931, Heinrich presented a domino theory, which is a
precursor to more recent LCMs (Heinrich et al., 1980). Bird and Loftus (1976) presented
an LCM, based on Heinrich’s domino theory, but they updated Heinrich’s approach to
reﬂect the direct management relationship involved in the causes and effects of all
incidents that could result in losses, which are manifested in accidents. The steps in the
LCM are brieﬂy described in Figure 4. See also Akersten (2000) and Holmgren and
Akersten (2002) for a description of LCM applications in the maintenance domain.
The LCM model is designed to systematically identify the chain of events from the
incidents to lack of control that is leading to the losses. However, the author has
modiﬁed the LCM model, to reﬂect the reverse chain of events from losses, which are
seen as both incidents and accidents, to the lack of control, which initiates the LCM
(Figure 4).
The modiﬁed LCM model serves as a tool in this study, to analyse the data stored in
the investigated database and to identify the causes of the maintenance related
incidents and accidents. The focus is on the immediate and basic causes[9] due to the
fact that they initiate the loss producing chain of events that has its origin in

Figure 3.
The third classiﬁcation
aims at breaking down
maintenance-related
causes

inadequate managerial control. The category immediate causes, acts as the direct
trigger of maintenance-related accidents. However, the accidents directly initiated by
the front line operators are merely the inheritors of system defects created higher up
within the operating system (Edkins and Pollock, 1996). These deﬁciencies can be
found in the categories basic causes and lack of control.
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the Swedish Rail

Data analysis
The two groups, lack of maintenance and maintenance execution, which were created
at the data classiﬁcation, have been carefully studied in order to identify the causes to
the loss initiation chain, shown in Figure 5. However, the analysis of the maintenance
related losses, classiﬁed as maintenance execution and lack of maintenance, is then
structured according to the modiﬁed LCM, shown in Figure 4, in order to identify loss
producing events, which are deviations from the ideal situation in different steps in the
maintenance process. The modiﬁed LCM model illustrates the reverse chain of events
from the consequences to the lack of control.
The most abstract level in the model is lack of control, which can be related to the
maintenance management. It would be desirable to identify the causal connection from
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Figure 4.
The data analysis model
used for identiﬁcation of
causes of
maintenance-related losses

Figure 5.
The LCM, an updated
Heinrich model, reﬂecting
the direct management
relationship involved in
the causes and effects of
all incidents

JQME
11,1

12

the losses to the lack of control in all maintenance related accidents and incidents, but
due to the variety of the quality of the data, this is not possible. However, the causes
and effects have been studied in order to ﬁnd the immediate and the basic causes,
according to Figure 4.
The “ﬁve why” methodology has been used supplementary to the structure in the
modiﬁed LCM model to ﬁnd the immediate and the basic causes of the accidents and
incidents. See, for example, Tetsuichi and Kazuo (1990) for a description of the “ﬁve
why” methodology. The ﬁrst question is why the rail and track related incident or
accidents occurred. If the cause was maintenance related, a second question was asked
to identify if the cause was due to the execution of maintenance work or caused
indirectly by lack of maintenance work. The result of the ﬁrst two questions is shown
in Figures 6-8, and the results of the ﬁrst “two why” in Figure 9.
The third to ﬁfth why-questions expose the underlying, or basic causes, of the
maintenance related course of events, described in the database. These basic causes
have been identiﬁed due to the stated description of the causes and consequences of the
incidents and accidents. The results of this analysis can be found in the “third to ﬁfth
why” squares shown in Figure 9.
Results
The result of the ﬁrst three classiﬁcation steps shown in Figures 1-3 are shown in
Figures 6-8. The result is based on the distribution of the 666 railway related incidents
and accidents in Sweden during 1988-2000 stored in the database.

Figure 6.
The causes of the 666
railway-related accidents
and incidents in Sweden,
between the years
1988-2000, stored in the
BOR-database

Figure 7.
Different causes of the railand track-related
accidents stored in the
BOR-database. The
distribution and
percentages are related to
the rail- and track-related
accidents and incidents in
Figure 6

The result of the second and third classiﬁcation steps fulﬁls one purpose of this
study, namely to identify the maintenance related losses at the Swedish railway. The
result is shown in Figures 7 and 8.
The purpose of this study was also to identify the causes of the maintenance related
losses. These causes are structured according to the “ﬁve why” methodology, where
the ﬁrst two “why” identiﬁes the immediate causes in the modiﬁed LCM model and the
third to ﬁve “why” reveals the basic causes to the maintenance related losses. The
result of that classiﬁcation is shown in Figure 9.
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Discussion
The results show that 30 percent of the total number of track related incidents and
accidents in the database are maintenance related. Among the maintenance related
accidents, the execution of maintenance work is the immediate cause in 79 percent of
all maintenance related accidents and incidents. Only 19 percent of the accidents found
in the database are caused by neglected maintenance, such as wear and tear on the
track and switches. It is clear that most of the maintenance related accidents happen
during the execution phase. The most common basic cause of the maintenance related
incidents and accidents is imperfect communication and information between the
maintenance personnel and the train dispatcher or the operators. The defective
communication between the maintenance personnel and rail operators indicates the
need for better exchange of information between them. The future involvement of
maintenance contractors, especially foreign ones who may lack local knowledge,
increases the demands for communication and the transfer of adequate risk
information. Proper information must be communicated in order to maintain, or
increase, the safety level found today at the railways. The continuous improvement
work should focus on ways of achieving better communication between the
maintenance executor and the operator of the railway. Kletz (1993) describes the
importance of clearly writing or explaining what should be done and how it should be
done. Vague instructions for the recondition or overhaul of the broken equipment may
lead to losses, and to the skills of the maintenance personnel not being fully used.
Experienced personnel perform the required work acquired by experience, but
inexperienced personnel may possibly perform the work badly according to the
unknown demands of the system. This is an important aspect to consider when

Figure 8.
The causes of the
maintenance-related
accidents. The
percentages are related to
the maintenance-related
accidents and incidents in
Figure 7
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Figure 9.
A schematic description
based on the modiﬁed
LCM model, illustrating
the immediate and basic
causes of the identiﬁed
maintenance-related losses
at the Swedish Railway
network during the period
1988- 2000. The basic
causes precede the
immediate causes in the
loss causation chain of
events

maintenance work is to be bought from maintenance contractors without local
knowledge.
According to the modiﬁed LCM, the causes of the incidents and accidents can be
traced to the immediate, and in some cases the basic, causes. The information stored in
the used database has shortcomings because detailed information of the causes is
sometimes missing. Therefore, it is hard to ﬁnd what causes the lack of control, which
is the most abstract level of the maintenance management. However, the chain of
events can in most cases be traced back to the basic causes in the LCM. It is important
to remember that these immediate causes are the direct trigger of the accidents, but
these are in turn caused by the basic causes and lack of control of the operations, which
are managerial responsibilities.

Rule violations, especially lack of permission to perform maintenance work at the
track, are the second most dominating basic cause, as shown in Figure 9. Human error
due to various causes is a common trigger of maintenance related accidents. One way
of reducing the human error contribution in the accidents is to follow routines and
written procedures. It is, on the other hand, very difﬁcult to adopt a necessary but not
over-regulated permit-to-work system to ensure system safety. Kletz (1988) describes
some incidents involving a permit-to-work system and the lesson learnt when the
procedure does not cover all circumstances or when the permission has been
withdrawn without further notice to the maintenance personnel.
On the other hand, Lawton (1998) discusses the aspects of over-regulation and the
human reluctance to follow written procedures when they make it more difﬁcult to
perform the required work. Troublesome rules and routines may tempt the personnel
to take shortcuts in order to get the job done, when there is lack of time to perform the
work properly.
Some causes due to lack of maintenance have also been found in the study (Figures 8
and 9). Of these 16 accidents, the most dominating basic cause is defect switches. Other
basic causes are incorrect rail positions, rail fractures and broken sensors. This aspect
of indirect maintenance causes is twofold, either an explanation of natural degradation
is possible or overseen maintenance work. On the other hand, if some causes can be
explained by natural degradation, maintenance routines should cover these and ensure
rail safety.
Although not included in this study, an indication was given that maintenance
activities at the rolling stock also cause some accidents. These accidents were
demarcated in the ﬁrst classiﬁcation step, due to the purpose of this study. When
looking at the numbers presented, we must be aware that insufﬁcient data in the
database were deleted in the ﬁrst and the second classiﬁcation steps (Figures 1-2). This
underlines the importance of the clear reporting both incidents and accidents, with an
accurate and extensive description of the related causes and consequences.
Conclusions
In total, 666 derailments and collisions were reported at the Swedish State Railways
between the years 1988 and 2000 to the BOR-database. Among these derailments and
collisions, 263 were track related. Maintenance, direct or indirect, caused 77 of these
accidents. In this study, 61 of the accidents were caused by incorrect maintenance
execution. The execution of maintenance work is guided by the maintenance process,
which is found in the maintenance strategy. Different deviations from the desired
maintenance process will affect the outcome of the process creating losses, some
manifested in incidents and accidents, although other smaller deviations from the ideal
maintenance process may still remain hidden.
The most frequent cause of accidents during the execution phase is imperfect
communication and information between the maintenance personnel and the train
dispatcher or the operators. Rule violation is the second most important basic cause of
accidents during the maintenance execution. Bearing in mind that, if the procedure is
covered by the rulebook, deviations from maintenance procedures in a regulated
business will cause rule violations.
The Health and Safety Executive in the United Kingdom has listed the following
issues that may contribute to a major accident due to maintenance (HSE, 2003):

Maintenancerelated losses at
the Swedish Rail
15

JQME
11,1

.
.
.
.

16

failure of safety critical equipment due to lack of maintenance;
human error during maintenance;
incompetence of maintenance staff; and
poor communication between maintenance and production staff.

The result of this study conﬁrms three of the above four categories. Human error
during the execution was, in some cases, explained by the lack of proper information
due to communication issues. Another possible explanation of human error is,
according to Kletz (1993), lack of time, which may contribute to an increasing amount
of human error. In the case of railway maintenance, stress may occur when work
should be done during a short gap in the timetable when the track is available for
repair.
In some cases dealt with in this study, no explanation of human error can be found
other than unconscious slips and lapses, which contribute to human error. See Kirwan
(1994) for a description of slips and lapses. These are commonly called the “human
factor”. The category incompetence of the maintenance staff, as stated by HSE, has
only been found in one accident of the maintenance related causes. This may be
explained by the long experience and proper education the Swedish National Rail
Administration’s own maintenance personnel have. During the years 1988-2000
maintenance work has mainly been performed by Banverket Production, a division of
their own management. When maintenance is to be bought from contractors this can
change if unclear demands are stated in the maintenance contracts. Some fundamental
demands are already claimed in the TransQ, a joint prequaliﬁcation system for
suppliers to Scandinavian transport organisations in which the Swedish National Rail
Administrator is one of the participating organisations.
Further research
The increasing globalisation affects the national markets. The railways, which are
being opened up to foreign ownership are no exception. Competition is also increasing,
bringing changes in how to manage safety in the newly privatised railway companies
(Hale, 2000). The Swedish Rail Administrator has already begun to purchase
maintenance from contractors, and foreign ones will not be excluded in the future. The
maintenance contractor situation, especially with the involvement of contractors that
lack local knowledge, will further increase the need for transfer of adequate risk
information and requirements. Therefore, further research should focus on the
identiﬁcation of requirements for different stakeholders to the maintenance process
that affect rail safety. Different activities that affect lack of control and the basic causes
are important to focus on due to their pre-initiation of the accident sequences presented
in this paper.
It is the managerial responsibilities to design and evaluate the inquiries for
maintenance contracts. An interesting aspect to investigate is if these inquiries for
maintenance contracts cover, or clearly express, safety critical demands. In the future it
is important to focus on how to make the existing regulations clearer, not to create new
regulations. The reason for this is, according to Hale (2000), the railway industry
already has, together with the nuclear and the chemical industries, a long tradition of
extensive regulation. Accidents have, according to Hale (2000), traditionally been
analysed up to the point where it became clear that someone had broken a rule or that

there was no rule for this causality. It is therefore important to identify all the causes in
the loss causation chain of events, leading to lack of control, in order to prevent similar
occurrences in the future. If the investigation stops after the immediate causes, which
are merely triggers to the accidents, is a great possibility that the basic causes are still
present!
Notes
1. A system is a network of interdependent components that work together to try to accomplish
the aim of the system (Deming, 1994).
2. An accident is here deﬁned as an unplanned and uncontrolled event in which the action or
reaction of an object, substance, person, or radiation results in personal injury or the
probability thereof (Heinrich et al., 1980).
3. Maintenance is deﬁned as the combination of technical and administrative actions such as
supervision actions intended to retain an item in or restore it to a state in which it can
perform a required function (IEV191-07-01, 2002).
4. Dependability is here deﬁned as a collective term used to describe the availability and its
inﬂuencing factors: reliability, maintainability and maintenance supportability.
5. An incident is here deﬁned as an undesired event that can, or does, result in losses (Bird and
Loftus, 1976).
6. Railtrack PLC is now owned by Network Rail.
7. Immediate cause may also be called primary cause.
8. British Rail is now Network Rail.
9. Basic cause may also be called underlying cause.
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ABSTRACT
Railways are used to transport goods and passengers as an alternative to other types of transportation,
such as road and air traffic. A well-maintained track infrastructure is hence important and safety must be
guaranteed. The use of the infrastructure causes wear on the track. Maintenance is therefore required to
retain or restore the condition of the track. However, if this is not performed as intended, lack of
maintenance activities may cause accidents. It is, for this reason, important to identify maintenancerelated hazards, which then can be managed in order to avoid future accidents.
The aim of this paper is to study maintenance related accidents in order to identify and quantify causes
contributing to losses due to collisions and derailments on the Swedish railway. In this paper, 666
descriptions of accidents occurring on the Swedish rail system between 1988-2000 are studied. The
analysis is based on a modified version of the Loss Causation Model.
Among these accidents, 81 were caused by improper infrastructure maintenance. These were in turn
classified as being caused by ‘maintenance execution’ and ‘lack of maintenance’. The main causes for
accidents due to ‘maintenance execution’ were classified as ‘human error’ and ‘rule violation’. Different
types of ‘wear’ caused uncorrected faults at the ‘turnouts’ and ‘track’, which were classified as due to
‘lack of maintenance’.
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1. RAILWAY TRANSPORTATION, MAINTENANCE AND ACCIDENTS
Efforts being made towards a sustainable environment, with reduced emissions of carbon dioxide, require
‘environmentally friendly’ transportation. The choice of rail transport rather than other types of
transportation using fossil fuels, might be a good way to reduce the environmental impact. This is one
reason for increasing interest in investing in and enlarging rail traffic, in Sweden and other countries.
The competition from other means for transportation thus forces rail traffic to be safe, punctual and
economically efficient. Availability of the track is hence important and safety must be guaranteed. To
increase safety and punctuality different forms of maintenance are important.
Derailments and collisions result in financial losses, which include the cost of repairing the train and the
infrastructure. Severe collisions and derailments may also result in injuries and fatalities, either for the
train operators and travellers or other persons on or nearby the track, such as maintenance personnel or
third parties. Two such examples are the derailments at Ladbroke Grove (1999) and Hatfield (2000) in the
UK.
The collision and derailment at Ladbroke Grove, resulted in the death of 31 persons and left 227 persons
injured. Inadequate managerial control of the work performed by maintenance and sub-contractors was
one cause for this accident. The accident investigators pointed out the need for improving managerial
control. (HSE, 2001)
One year after the accident at Ladbroke Grove, another severe collision and derailment occurred in
Hatfield, which resulted in the death of four persons. According to the investigators, one cause
contributing to the accident was a fragmentation of the rail, which in turn was caused by insufficient
maintenance. (HSE, 2002)
In order to transform the Swedish rail traffic into a safe, competitive and economically viable alternative
for transportation of people and goods the Swedish Railway Administration was restructured in 1988
(Espling & Kumar, 2004). The Swedish Railway Administration was then divided into one organisation
responsible for infrastructure 1 management (Banverket) and a state owned train operator, which must
compete with other train operators on an open market (Banverket, 2005). The infrastructure management
became responsible for design and construction, as well as maintenance, including renewal and
modification of the track. Hence, the infrastructure management runs the day-to-day operation and
infrastructure maintenance together with long term development of the assets (Espling & Kumar, 2004).
The infrastructure management must manage the risks associated with maintenance to avoid economic
losses and serious accidents. There are different aspects to consider, including not only recognising
failures, before they cause punctuality problems and develop into faults that impair the safety of the
railway system, but also controlling maintenance execution. Therefore, it is important to identify the
causes of un-recognised maintenance needs or neglected maintenance, and the causes of biased
maintenance execution.
The aim of this paper is to study maintenance related accidents in order to identify and quantify causes
contributing to losses due to collisions and derailments on the Swedish railways. The analysis is based on
a modified version of the Loss Causation Model presented by Bird & Loftus (1976). The study
contributes with knowledge about the causes of maintenance-related accidents within a railway
infrastructure context. This will result in ways to manage maintenance hazards by a proactive approach.

1

Infrastructure consists of the railway track, turnouts (or points), overhead wires and signalling equipment. The
railway track consists of two parallel steel rails, which are laid upon sleepers which are embedded in ballast. In this
study the track also includes the ground or space from the rail to a distance at 2.2m on each side of the rails. A switch
is here defined as a mechanical installation provided at a point where the rail track divides into two tracks. Each
switch contains a pair of linked tapering rails that can be moved laterally into one of two positions. Overhead wires
are used to transmit electrical energy to trains at a distance from the energy supply point. (Wikipedia, 2005)
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2. TERMINOLOGY AND STUDY APPROACH
2.1 Empirical Data
In Holmgren (2005), a database containing 666 Swedish railway accidents, which occurred between
1988-2000, were classified in order to identify those caused by infrastructure maintenance. The data was
classified and divided in three steps, which are briefly presented below. See Holmgren (2005) for
description of the database used and details regarding that classification.
In the first step, the data was classified with respect to where in the rail system the accident cause
originated. Here the following three categories were created:
x
x
x

Infrastructure
Rolling stock
Incomplete information

The purpose of the first classification was to identify those accidents that had their origin in the railway
‘infrastructure’. The group ‘rolling stock’ consists of accidents related to the operation of, or caused by,
the track bound vehicles running on the track. The group ‘incomplete information’ consists of those
accidents, to which it was impossible to determine the cause or causes due to insufficient information in
the database. Accidents in this category may therefore have their origin from the rolling stock,
infrastructure or a combination thereof.
In the second step, the accidents in the group ‘infrastructure’ were further classified into the following
groups:
x
x
x
x

Maintenance
Railway operation
Sabotage
Incomplete information 2

In the group, called ‘maintenance’, all accidents caused by incorrectly performed maintenance or lack of
suitable maintenance of the infrastructure were identified for further investigation. The group ‘railway
operation’ consists of causes due to tasks included in the normal operation of the infrastructure, such as
shunting operations and snow clearing (common in the northern parts of Sweden). Snow cleaning may,
due to the definition of maintenance as “the combination of all technical and administrative actions,
including supervisory actions, intended to retain an item in, or restore it to, a state where it can perform
a required function” (IEV 191-01-07), be regarded as maintenance. However, the Swedish Railway
Administration treats snow cleaning as ‘railway operation’, even though its purpose is to ensure that the
railway is in a functional state. This is the reason for excluding those causes from the ‘maintenance’
group in the classification.
The group ‘sabotage’ consists of causes due to objects on the track that are placed there deliberately to
interrupt operation. Examples of such objects are sand boxes or snow mobiles. Here, a distinction is made
between natural causes and sabotage. A tree on the track, for instance, may be sabotage if it is placed
deliberately to cause harm but not sabotage if it is the result a windy day. The group ‘incomplete
information’ consists of those ‘infrastructure’ accidents, where further details could not be determined
due to the lack of information in the data.
In the third step, the accidents in the ‘maintenance’ group from the second step, were classified into one
of the following groups:
x
x

Maintenance execution
Lack of maintenance

2

In Holmgren (2005) the term ‘uncertain’ is used. To reach better consistency we prefer to use
‘incomplete information’.
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Here a distinction is made between the causes of the accidents linked to maintenance. If the accident is
caused by actions taken within the maintenance work to retain or restore the infrastructure, it is classified
as ‘maintenance execution’. If maintenance of the track is required, but not performed, the cause of the
accident is classified as due to ‘lack of maintenance’.
The discussion in the rest of this paper is mainly based on those accidents, which in the second step are
classified as ‘maintenance’ related.
2.2 Loss Causation Model for Data Analysis
In order to determine the hazards and to understand in what way they should be controlled, it is important
to understand how an accident comes about. There are several ways to illustrate this using different
representations of accident causation models; see Heinrich et al. (1980); Reason (1997); Groeneweg
(1998); Ridley & Channing (1999); Reason & Hobbs (2003) and Leveson (2004).
The accident causation model used as a data analysis model in this paper is a modified version of the Loss
Causation Model (LCM), developed by Bird & Loftus (1976). The modified LCM version is illustrated in
Figure 1. The Loss Causation Model by Bird & Loftus (1976) originates from the early ‘Domino Theory’
(Groeneweg, 1998).
Our modification means that the model excludes pre-contact ‘incidents’ situated between ‘immediate
causes’ and ‘losses’. Our model also emphasizes the causation route from the ‘losses’ to ‘lack of control’,
instead of the other way around in the original model. The modified Loss Causation Model is used to
structure the empirical data classified as ‘maintenance’ in the third classification step. The approach used
here is an analysis based on accidents that have already occurred. It is one way to identify and illustrate
why things went wrong.

Basic
Causes

Lack of Control

Inadequate
- system
- standard
- compliance

Ö
Õ

- Personal factors
- Job or system
factors

Immediate Causes

Ö Substandard
- acts or practices
Õ - conditions

Losses

Ö
Õ

Unintended harm or dangerous
events

Figure 1. The figure illustrates the data analysis model used for identification of the causes for
maintenance-related rail accidents. The analysis starts at the ‘losses’, with the intention to first identify
the ‘immediate causes’ and thereafter carry out deeper analysis of the accident descriptions to determine
the ‘basic causes’, in order to identify what to control to prevent future ‘losses’ manifested in accidents.
(Adapted from Bird & Loftus, 1976)
The data analysis starts at the ‘losses’, as illustrated in Figure 1. The ‘losses’ can be identified in the
accident descriptions. The ‘loss’ is the consequence of the accident which is manifested in material
damage, injuries and causalities. The losses are identified to determine the extent of each accident.
The ‘immediate causes’ in the model are the events or conditions that occur just before the accident.
However, ‘immediate causes’ can be seen as symptoms of causes, often of a more intangible nature, such
as personal and work place factors. For that reason, it is interesting to identify the ‘basic causes’ that lead
to such conditions or individual acts that are underlying factors for the ‘immediate causes’. The ‘basic
causes’ are also referred to as ‘root causes’ (Groeneweg, 1998).
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The most abstract level in the model is ‘lack of control’, which here is related to the maintenance
management. ‘Lack of control’ is the initiating event of the sequence that starts the domino chain, which
first enables the ‘basic causes’. The drawback of this representation is that, “... since fundamentally
uncontrollable factors were not considered, this model suggests that all accidents are avoidable if the
management exerts enough control” (Petersen, 1988). However, in a railway context, lack of control is a
significant cause, since the railway is highly controlled and regulated. These regulations aim to supervise
and control the execution of the maintenance jobs.
In order to identify what to control it is important to identify the relation between ‘losses’, ‘immediate
causes’ and ‘basic causes’. The causes in the LCM model represent hazards at different stages of the
accident sequence. These hazards must be identified and means to control them suggested, in order
achieve improved safety within rail infrastructure maintenance.

3. RESULTS OF CLASSIFICATION AND QUANTIFICATION
Based on the descriptions of the 666 accidents, 263 were classified as due to causes related to the
‘infrastructure’. Examples of information related to this category are different objects placed on the track;
geometrical deviations and wear of the track; shunting operations and maintenance work performed on
the track.
The accidents caused by the rolling stock, or their operation, are excluded. This group is not studied
further in this paper, due to the purpose of this study. However, there is an interaction between the
condition of the vehicles and the track, e.g. wheel-rail interface problems, see Granström (2005) and
Larsson (2005). Therefore, improper maintenance of the track bound vehicles may cause damage to the
rails, such as cracks and wear. Another interface of concern is the one between the overhead wires and the
pantograph 3 , which may impact on the infrastructure maintenance, see Granström (2005) and Lagnebäck
(2006). In this study, maintenance of overhead wires is included in ‘infrastructure’ maintenance, but the
impact of defective pantographs situated at the ‘rolling stock’ on the ‘infrastructure’ is not studied further
here. There may also be an interaction between the way the track bound vehicles are operated and the
need for corrective maintenance, for instance, intense breaking causing wheel flats or passing through
turnouts that are not in position. However, such interactions were not considered in the classification.
Of the 263 infrastructure related accidents, 81 were classified as caused by ‘maintenance’. Of these 81
maintenance-related accidents, 58 were classified as due to ‘maintenance execution’ and 23 were
classified as due to ‘lack of maintenance’. No distinction was made between corrective or preventive
maintenance tasks. See Figure 2. Some examples of causes in ‘maintenance execution’ are incorrectly
performed tasks, such as improper repair work and driver error while handling maintenance vehicles.
Here, the maintenance personnel has two roles, one as maintenance operators and the other as drivers of
maintenance vehicles. However, errors made by the train drivers were classified as related to the ‘rolling
stock’ in the first classification step, when they were related to freight or passenger trains 4 . The reason for
this is that such errors are made during train operation, and not during maintenance or transportation of
maintenance vehicles
‘Lack of maintenance’ may be expressed as neglected or overseen maintenance. For instance, the
infrastructure was in a state that required corrective maintenance actions to perform the required function
or in a state requiring preventive maintenance in order to avoid a fault. Maintenance inspections of the
infrastructure should be able to handle such degradation problems.

3

A pantograph is the name commonly given to the arms that collect current from overhead wires on electric trains.
(Wikipedia, 2005)

4

In rail transport, a train might be defined as a set that “consists of a single or several connected rail vehicles that are
capable of being moved together along a guide-way to transport freight or passengers from one place to another along
a planned route.” (Wikipedia, 2005)
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Figure 2. The figure illustrates the distribution of the 666 collisions and derailments on the Swedish state
railways 1988-2000. The events leading to lack of control of the maintenance operations derive from
various causes and results in either incorrect maintenance execution or lack of maintenance. The shaded
boxes illustrate categories that have been excluded from further studies in this paper.

4. RESULTS OF LOSS CAUSATION ANALYSIS
All identified causes for the 81 maintenance-related accidents, were classified as ‘maintenance execution’
and ‘lack of maintenance’. The classification was based on the descriptions of events contributing to the
accident. Hence the Loss Causation Model provided logic for classification of the different causes to
which different events were related, in order to describe the combination of causes leading to an accident.
In Figure 3, the causes are illustrated as dominos, starting from the right in the model at ‘lack of control’
and leading to different ‘losses’ or consequences at the left side of the model. In Figures 4 and 5, the
‘immediate causes’ and ‘basic causes’ are illustrated separately, in order to highlight possible
management actions that could reduce a ‘lack of control’.
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Losses

Basic
Causes

Immediate Causes

Lack of control

Incomplete information (35)
Collision (33)
Fatalities (2)
Derailment (10)
Injuries (44)
Collision and
Derailment (1)

Maintenance
execution
(58)

Collision (10)
Collision and
Derailment (4)

Turnout
(10)
Injuries
(4)

Derailment (23)

Lack of
maintenance
(23)

No consultation
(1)
Communication (9)
Biased
conversation (8)

Rule
violation
(14)

Fatalities (2)
Injuries (14)

Human
error
(44)

Track
(13)

Aspects of the
Maintenance
Process that
needs to be
addressed by
Maintenance
Management

Incomplete information (14)

Wear (5)
Incomplete information (5)
Wear (2)
Rail break
Incomplete
(3)
information (1)
Wear (2)
Position
Incomplete
(10)
information (8)

Track
degradation that
should be
addressed at
maintenance
inspections

Figure 3. The figure illustrates the loss causation chain of events starting from ‘lack of control’ and
leading to collisions or derailments, which in turn cause ’losses’ manifested in accidents causing injuries,
fatalities and economical harm.

Besides economical harm, the collisions and derailments due to ‘maintenance execution’ resulted in
‘losses’ consisting of four fatalities and 58 injured persons.
The 58 ‘maintenance execution’ accidents resulted in 43 collisions, five derailments and five cases with
both collisions and derailments. These cases resulted in four fatalities and 58 injuries. These accidents
were classified as being caused by ‘human error 5 ’ in 44 cases and by ‘rule violation 6 ’ in 14 cases, see
Figure 4. ‘Communication’ problems were classified as the cause for ‘human error’ in nine of the
accidents. Two types of communication problems were identified. In eight cases the communication had
been established, but interrupted or misinterpreted in some ways, classified as ‘biased conversation’. In
one case, necessary consultation was lacking completely, classified as ‘no consultation’. The other 35
cases of ‘human error’ could not be explained, due to the insufficient accident descriptions in the
database.
‘Rule violation’ was classified as the cause for 14 cases of incorrectly performed maintenance work.
Here, established rules existed, but were somehow ignored by the maintenance personnel. However, the
reasons for these rule violations could not be identified due to insufficient information in the database.

5

‘Human error’ is here defined as: “… occasions in which a planned sequence of mental or physical activities fails to
achieve its intended outcome, and when these failures cannot be attributed to the intervention of some chance
agency” (Reason, 1990).

6

‘Rule violation’ is here defined as deviations from safe and established procedures, standards or rules to control a
system (Reason, 1997).
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Figure 4. The figure illustrates the causes contributing to improper ‘maintenance execution’. The
‘immediate causes’ are the trigger events for the accidents. The ‘basic causes’ illustrates the underlying
reasons for improper ‘maintenance execution’.

The 23 accidents classified as ‘Lack of maintenance’, resulted in 23 derailments, see Figure 3. These
derailments resulted in ‘losses’ consisting of four injuries and economical harm. However, the magnitude
of these economical losses was not established within this study.
The 23 derailments were caused by defective ‘turnouts’ in 10 cases and by 13 cases of ‘track’
deficiencies. The ‘turnout’ problems were due to ‘wear’ in five cases. The other five cases could not be
further explained due to insufficient information provided by the database. The 13 track deficiencies were
caused by 10 cases of incorrect ‘position’ or alignment of the track. These alignment problems were in
turn caused by ‘wear’ in two cases, or could not be further explained in the other eight cases. The three
identified ‘railbreaks’ were due to ‘wear’ in two cases, one case could not be further explained due to the
limitations of the data.

Figure 5. The figure illustrates the causes contributing to ‘lack of maintenance’. The ‘immediate causes’
are here just the trigger events for the accidents. The ‘basic causes’ illustrate the underlying factors
leading to ‘lack of maintenance’.
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5. CONCLUSIONS AND DISCUSSION
When deciding about effective maintenance strategies, it is important to identify the causes of past
accidents and the hazards associated with maintenance execution. Analysis of past accidents defines the
areas that need special attention so that measures can be implemented for hazard reduction to achieve
safer operations due to improved maintenance.
Maintenance-related accidents within the Swedish railway accounted for about 30% of the infrastructure
related accidents between 1988-2000. Causes arising from aspects of incorrectly executed maintenance
and uncorrected faults within the infrastructure were identified. Different types of ‘wear’ caused
uncorrected faults at the ‘turnouts’ and ‘track’, which were classified as reasons for ‘lack of
maintenance’.
This study shows that improper infrastructure maintenance was one major cause for the derailments and
collisions. Of the 263 infrastructure related accidents, 81 (31 %) were caused by ‘maintenance’. These
results are largely in agreement with the conclusions reached by Reason (1997) that maintenance errors
play a dominant role in organisational accidents.
Some examples of other maintenance-related accidents are the chemical plant disaster at Bhopal (India,
1984), the Piper Alpha oil platform fire (North Sea, 1988), the Clapham Junction Rail Collision (U.K.,
1988) and the disaster at Philips petrochemical plant in Texas (USA, 1989).
Of the 81 identified maintenance-related accidents 58 (72 %) were classified as being caused by
‘maintenance execution’, and 23 (28 %) were classified as being caused by ‘lack of maintenance’. The
‘immediate causes’ of the accidents, due to ‘maintenance execution’ were identified and classified as
‘human error’ in 44 cases (76 %) and ‘rule violation’ in 14 cases (24 %). The ‘immediate causes’ of ‘lack
of maintenance’ problems could be pinpointed down to unrecognised faults at the ‘turnouts’ and ‘track’.
The only explanation that can be given, based on the available data, is different types of ‘wear’.
The identified causes represent hazards to the rail system due to the infrastructure maintenance. These
hazards may arise when there are deviations from the ideal situation in the maintenance process. See
Holmgren & Söderholm (2005) for a description of steps involved in a generic maintenance process.
The resolution of the available data does not allow deeper analysis of the causes. This results in a quite
generic explanation of the immediate and basic causes for ‘maintenance execution’ as well as ‘lack of
maintenance’. We can see that different forms of individual ‘errors’ or ‘violations’ have been committed
by the maintenance personnel. However, we can not explain, with support from the data, the reasons why
the execution of maintenance tasks and fault recognition has deviated from the ones intended in the
maintenance process. It is therefore of interest to discuss some reasons for uncorrected faults (resulting in
‘lack of maintenance’) as well as ‘human error’ and ‘rule violations’ (resulting in incorrect ‘maintenance
execution’), with support from theoretical propositions, and based on that, give suggestions of some
countermeasures that can be implemented within the Swedish rail context.
5.1 Aspects of lack of maintenance
‘Lack of maintenance’ may be due to a number of different causes. A reasonable assumption is that a
maintenance activity starts with recognition of a failure or fault that needs to be addressed if corrective or
condition-based maintenance strategies are applied. A failure on system level may require preventive
maintenance. A fault on a component level needs to be counteracted by corrective maintenance, but a
fault on a component level can be a failure on a system level.
A consequence of this is that ‘lack of maintenance’ may be caused by incomplete inspection of the
system, which in turn, may be caused by a lack of resources needed to recognise faults causing problems
within the infrastructure. A second possibility is that the motivation to perform these activities is lacking.
A third possibility is that the awareness of maintenance-related risks in the system is too low.
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These three possibilities correspond fairly well to the three basic factors important for system safety,
presented by Reason (1997): ‘commitment’ (motivation and resources), ‘competence’ and ‘cognisance’
(awareness of risks), that all play an important role to achieve a safe system.
5.2 Aspects of improper maintenance execution
5.2.1 Human error
A distinction can be made between errors having their origin in problem solving (what?) and the
development of a plan to solve a certain problem (how?), storage of the plan to be used (remember!), and
the execution of the plan (do!). (Reason, 1990)
Reason (1990, 1997) makes a distinction between different kinds of errors. One is when the plan behind
an action is incorrect (‘knowledge based’ mistakes). Another when the rule used to solve a problem is
incorrect (‘rule based’ mistakes) and ‘slips’ and ‘lapses’ that may occur due to failures in the execution of
an action or failures in the storage of a plan for the execution of an action. This distinction is important
because different types of errors will call for different solutions.
To counteract ‘knowledge based’ mistakes it may be necessary to design a system so that an operator may
form a correct mental representation or mental model of it. A correct mental model of the system will
make it possible for an operator to understand what may happen when a certain action is performed to
control the system. To counteract ‘rule based’ mistakes it is necessary to design a system in a way that
maximizes correct selection of appropriate rules to control the system.
‘Slips’, or execution failures, may be avoided if distracting information or disturbances are eliminated
during the process when the system is controlled. ‘Lapses’, or memory failures, may be avoided in the
same way as ‘slips’ and also by adding different memory aids to support the storage of a plan to control a
system. Here, a mental representation of the maintenance process may be helpful, to relate different
actions with the information needed at each step.
5.2.2 Rule violations
Hale et al. (2003) define a rule as “a correct or preferred way of carrying out a task in defined
circumstances to achieve a defined goal”. Violations to a rule may be either deliberate or not deliberate,
without awareness, such as driving too fast but being unaware of that.
‘Rule violations’ may be divided into ‘routine’ (corner-cutting or taking short cuts), ‘optimizing’
(violations motivated by more or less rational motives, such as thrill) and ‘situational’ violations (due to
insufficient recourses such as optimal tools, equipment and time necessary to get the job done). (Reason
& Hobbs, 2003)
Different violations require different preventive strategies. In the case of ‘routine’, or corner cutting
violations, it may be possible to either reinforce behaviour that follows established procedures or rules, or
to supervise behaviour and punish deviations from established procedures or rules. ‘Optimizing’
violations motivated by more or less rational motives, such as thrill, may be prevented by information and
supervision of behaviour. ‘Situational’ violations may be counteracted by providing adequate resources to
get the job done. Here the different demands of the rail system as well as the needs of the maintenance
operators must be considered. See Holmgren & Söderholm (2005) for a discussion about hazards linked
to maintenance execution. One recurring hazard was lack of feedback.
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6. FURTHER RESEARCH
One way to get more detailed information than available in the studied database is to study documentation
generated by the accident investigations. A selection of investigations, based on the identified accidents
from the database, would therefore be of interest to explain causes of ‘human error’ and the circumstances
preceding and enabling their occurrence. ‘Rule violations’ could also be further analysed, in the same way
as ‘human error’, in order to explain their occurrence.
The data provided in the database enabled analysis to identify the immediate causes for the accidents. It is
of interest to further identify underlying factors, the ‘basic causes’, for accidents.
The reasons for incorrectly executed maintenance tasks were classified as ‘human error’ and ‘rule
violation’. However, it was not possible to make a distinction between the different types of ‘human
error’ divided into ‘knowledge based’; ‘rule based’; ‘slips’; and ‘lapses’, due to lack of available
information in the database. In nine cases, it was possible to identify, ‘communication’ problems as likely
basic causes of ‘human error’. Furthermore, it was not possible to explain the causes for ‘rule violations’,
divided into ‘routine’; ‘optimizing’; and ‘situational’ violations and suggest countermeasures.
As the next step, an investigation has been started, to increase our understanding of the different types of
errors and violations committed by the maintenance personnel in the execution of different maintenance
tasks. The intention is to be able to suggest countermeasures in order to support a prevention of future
maintenance-related accidents and losses.
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ABSTRACT
Even though maintenance is intended to ensure safety and dependability of transportation systems, there
are several examples of when it has resulted in accidents with extensive losses. Similarly in the railway
sector, improper maintenance execution and lack of maintenance result in unwanted events such as
collisions and derailments. Traditionally, human failures have often been identified as contributory
factors in these accidents. However, human failure as an explanation for accidents is unsatisfactory, since
there are organisational and operational causes that lay the foundation for these failures. The main
purpose of this study is to identify causes contributing to human failures during maintenance execution, in
order to help prevent maintenance-related losses. Twenty-six investigations of severe railway accidents
and incidents within Sweden are analysed through a process approach supported by HAZOP-influenced
(Hazard and Operability studies) guidewords. This analysis describes causes contributing to human
failures and pinpoints them in relation to a generic maintenance process. The study also indicates that the
applied analysis approach facilitates the interpretation of existing accident investigations. Hence, the
analysis approach is also believed to be valuable when investigating future incidents and accidents, in
order to identify hazards contributing to human failures in maintenance execution.
Keywords: Maintenance Execution, Human Failures, Accident Prevention, Railway
1. Maintenance and Accident Prevention
Maintenance is used to ensure the safety and dependability of railway systems. However, insufficient
railway maintenance may result in collisions and derailments with negative consequences for humans,
property, and the environment. Two examples of severe maintenance-related accidents on the railways are
Ladbroke Grove in 1999 and Hatfield in 2000 [1, 2]. The collision and derailment at Ladbroke Grove
caused 31 deaths and 227 injuries. Inadequate managerial control of the work performed by maintenance
and sub-contractors was one cause of this accident [1]. The accident investigators pointed out the need for
improving managerial control. The collision and derailment in Hatfield resulted in death of four persons
[2]. According to the investigators, one cause contributing to the accident was a fragmentation of the rail,
which in turn was caused by not identifying and replacing a cracked rail, i.e. lack of maintenance.
In Sweden, 40 percent of 666 railway accidents with collisions and derailments between 1988 and 2000
were infrastructure-related, i.e. caused by deficiencies in the infrastructure, such as the track or overhead
wire, and not in the rolling stock. Of these infrastructure-related accidents, 30 percent were caused by
insufficient maintenance or human failures during maintenance execution. These 58 maintenance-related
accidents resulted in four fatalities, 62 injuries, and extensive economical losses. [3, 4]
Clearly, it is important to reduce the number of equipment failures that are being caused by improper
maintenance execution. When adopting effective maintenance strategies, it is important to identify the
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causes of past accidents and the incidents associated with maintenance execution. Analysis of past
accidents identifies areas that need special attention so that measures can be implemented for hazard
reduction to achieve safer operations due to improved maintenance.
In the investigations related to the maintenance-related accidents cited above, one common factor is
human failure. However, human error as an explanation for accidents is unsatisfactory, since there are
always organisational and operational aspects that lay the foundation for these errors [5]. Hence, errors
are consequences, rather than causes [6]. In other words, human errors are the result of a network of
actions and conditions which involve people, teams, tasks, workplace and organisational factors [7].
Hence, discovering a human error is the beginning of the search for causes, not the end [6, 8]. The
intention should be to identify and control hazardous conditions, instead of focusing on single causes of
accidents and trying to eliminate them [9]. The purpose of this study is therefore to identify causes
contributing to human failures during maintenance execution, in order to help prevent maintenancerelated losses.
2. Definitions and Study Approach
‘Human failures’ are defined as consisting of both ‘human errors’ and ‘rule violations’. ‘Human error’ is
defined as: “… occasions in which a planned sequence of mental or physical activities fails to achieve its
intended outcome, and when these failures cannot be attributed to the intervention of some chance
agency” [10]. ‘Rule violation’ may be defined as deviations from safe and established procedures,
standards or rules to control a system [6]. Hence, rule violation may be either deliberate or erroneous [6].
In this paper, rule violations are seen as deliberate actions, even though the outcome is unintended. If the
outcome is intended, the human action is classified as sabotage and excluded from this study.
Maintenance is defined as the combination of all technical and administrative actions, including
supervisory actions, intended to retain an item in, or restore it to, a state where it can perform a required
function [11].
An accident is defined as an unplanned and uncontrolled event in which the action or reaction of an
object, substance, person, or radiation results in personal injury or the probability thereof [12]. An
incident is defined as an undesired event that can, or does, result in losses [13]. The term loss is defined as
an undesired event that affects people or property creating physical or economic harm [14].
If the cause of a maintenance-related accident or incident is an action taken during maintenance work to
retain or restore the railway infrastructure, it is classified as caused by ‘infrastructure-related maintenance
execution’. The railway infrastructure consists of the railway track, points, overhead wires, and signalling
equipment. [3]
2.1 Empirical Data
In Holmgren [3, 4], a database containing 666 Swedish railway accidents and incidents, which occurred
between 1988 and 2000, were analysed. Out of these unwanted events, 58 were classified as caused by
infrastructure-related maintenance execution. The main causes for accidents and incidents due to
‘maintenance execution’ were classified as ‘human error’ or ‘rule violation’. However, only 27
investigations were accessible through the Swedish Rail Agency (Järnvägsstyrelsen). The reason for this
is probably the division of accidents and incidents into two different severity groups, of which only the
more severe events are reported to the Swedish Rail Agency. These 27 investigations have been analysed
in the study presented in this paper. Furthermore, it turned out that one of the investigations was not
maintenance-related, so the main analysis is founded on 26 investigations. The average number of pages
for the analysed investigations is 30, varying between 11 and 154 pages.
2.2 Data Analysis
The accident and incident investigations have been analysed using two complementary approaches. The
first approach is a generic maintenance process, as described by Söderholm et al. [15] and applied by
Holmgren & Söderholm [16], see Figure 1. The applied maintenance process is based on the four phases
of the Improvement Cycle (Plan-Do-Study-Act), as described by Deming [17]. The second approach was

2 (12)

the application of guidewords, similar to those used in Hazard and Operability studies (HAZOP), as
described by the Health and Safety Executive [18], see Table 1.
The process model was applied to illustrate contributory factors in the accidents’ ultimate loss in relation
to different maintenance activities, i.e. Maintenance Planning (Plan), Maintenance Execution (Do),
Functional Testing (Study), and Feedback (Act), see [15] for further details. The purpose of using a
generic maintenance process influenced by the Improvement Cycle in the analysis is to promote
continuous improvement, and hence continuous risk reduction by hazard elimination.
In order to pinpoint the causes in relation to the steps of the maintenance process, the classification
according to Table 1 was applied as a support. This classification was selected as a support in the analysis
since it was developed with the purpose to identify possible human failures.
It is also important to note that the analysis was performed from a Maintenance Execution perspective.
The reason for this is that the studied material consists of investigations of accidents and incidents, which
primarily are manifested during maintenance execution. However, the underlying causes of the incident
and accident may often be found in other maintenance activities, e.g. planning and testing [16].
Gap
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Figure 1. Maintenance as a process consisting of the four activities: Maintenance Planning, Maintenance
Execution, Functional Testing, and Feedback. These activities and their relations are associated to the
Improvement Cycle (Plan-Do-Study-Act), as described by Deming [17]. The activities are supported by
information and different resources, such as personnel, time, and material. From Söderholm et al. [15].
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Table 1. A classification of human failures akin to Hazard and Operability studies (HAZOP) guidewords.
[18]
Action Errors

A1 Operation too long/short
A2 Operation mistimed
A3 Operation in wrong direction
A4 Operation too little/much
A Operation too fast/slow
A6 Misalign
A7 Right operation on wrong object
A8 Wrong operation on right object
A9 Operation omitted
A10 Operation incomplete
A11 Operation too early/late

Checking Errors

C1 Check omitted
C2 Check incomplete
C3 Right check on wrong object
C4 Wrong check on right object
C5 Check too early/late

Information Retrieval Errors

R1 Information not obtained
R2 Wrong information obtained
R3 Information retrieval incomplete
R4 Information incorrectly interpreted

Information Communication
Errors

I1 Information not communicated
I2 Wrong information communicated
I3 Information communication incomplete
I4 Information communication unclear

Selection Errors

S1 Selection omitted
S2 Wrong selection made

Planning Errors

P1 Plan omitted
P2 Plan incorrect

Violations

V1 Deliberate actions
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3. Results
Some background information about the analysed incidents and accidents and the results of the analysis
are summarised in Table 2.
Table 2. The result of the classification of human failures according to the applied maintenance process
and the Health and Safety Executive (HSE) classification.
Accident or Incident*

Losses

Process Phase

Failure Classification

1
2
3
4
5
6
7
8
9
10
11
12
13*
14
15
16
17*
18
19
20
22
23
24*
25*
26
27
Summary of incidents and
accidents

F=0, I=0, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=2, M=Yes
F=0, I=3, M=Yes
F=0, I=8, M=Yes
F=0, I=0, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=5, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=No
F=0, I=1, M=Yes
F=0, I=1, M=Yes
F=0, I=0, M=Yes
F=0, I=0, M=No
F=0, I=0, M=Yes
F=0, I=1, M=Yes
F=0, I=0, M=Yes
F=0, I=5, M=Yes
F=1, I=0, M=Yes
F=0, I=0, M=No
F=0, I=0, M=No
F=0, I=2, M=Yes
F=0, I=1, M=Yes
I=29
F=3
M= In 22 cases out of 26

D/ADP
P/D
P/D/ADP
D/ADP
P/D/ADP
D/ADP
P/D/ADP
D/ADP
D/ADP
P/D/ADP
D/ADP
P/D
P/D/ADP
P/D
D/ADP
P/D/APD
D/S/ASP
D/S/ASP
D/ADP
D/S/ASD
D/ADP
D/ADP
P/D/APD
P/D/ADP
P/D/APD
D
D=25
P=12
APD=11
ADP=9
S=3
ASP=2
ASD=1

A3/I1
A2
A5/A9/R3/I4/P2
C1/R3/I3/I4
A9/R4/I3/I4/P2
R4/I2/I3
A10/I1/P2
A2/R3/R4/I1/I3/I4
A9/R4/I1/V1
A5/R4/I2
A3/A9/R4/I1
A9/P2
I3/I4
A9/I4/P2
A9/I1
A2/C1/I4
C2
C2
A2/I3/P1
A8/C2
A2/R4/I4
A2/V1
A8/A9/R4/I3
R4/I4
I1
A5
R4=9
I4=9
A9=8
I1=7
I3=7
A2=6
P2=5

Abbreviations
P: Maintenance Planning (Plan)
D: Maintenance Execution (Do)
S. Functional Testing (Study)
ADP: Feedback from Do to Plan
APD: Feed forward from Plan to
Do
ASP: Feedback from Study to
Plan
ASD: Feedback from Study to Do

A5=3
C2=3
R3=3

Country: Sweden
Abbreviations
Years: 1988-2000
Selection of investigations:
collisions and derailments related
to maintenance of railway
infrastructure.
Number of investigations: 26
Number of incidents: 4
Number of accidents: 22
Full investigations are accessible
through the Swedish Rail Agency
(Järnvägsstyrelsen).

I: Injury
F: Fatality
M: Material loss

See Figure 1 for the relationships
between different process phases.

A3=2
A8=2
C1=2
I2=2
V1=2
A10=1
P1=1
Abbreviations
See Table 1.

The majority (51%) of human failures in maintenance were related to information deficiencies, i.e.
communication errors (I, 34%) or retrieval errors (R, 17%), see Figure 2. These information deficiencies
were located in Feedback (Act) between different steps of the maintenance process, or within the
Maintenance Execution (Do) phase, see Table 2. The next largest group of human failures consisted of
action errors (A) with 31%, see Figure 2. These action errors are located in the Maintenance Execution
(Do) phase of the maintenance process. Thereafter, the groups are in descending order: planning errors (P,
8%), which are located in the process phase of Maintenance Planning (Plan), checking errors (C, 7%)
located in the Maintenance Execution (Do) phase, or violations (V, 3%). The checking errors are, in
addition to Maintenance Execution (Do), also connected to the process phases of Maintenance Planning
(Plan) or Functional Testing (Study) through Feedback (Act). The violations are all located in the
Maintenance Execution (Do) phase, but are also related to both the Feedback (Act) and Maintenance
Planning (Plan) phases, see Table 2.
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Classification of Human Failures

Violations (V); 2;
3%
Checking (C); 5; 7%
Information
Communication (I);
25; 34%

Plan (P); 6; 8%

Information Retrieval
(R); 12; 17%

Action (A); 22; 31%

Figure 2. Classification of human failures causing maintenance-related incidents and accidents on the
Swedish railways between 1988 and 2000.
3.1 Information Communication and Retrieval Errors
The 25 information communication errors were caused by unclear communication (I4, 36%), information
not communicated (I1, 28%), information communication incomplete (I3, 28%), or the communication of
wrong information (I2, 8%). The 12 information retrieval errors (R) were caused by incorrectly
interpreted information (R4, 75%) or incomplete information retrieval (R3, 25%). All information-related
errors involved more than one process phase through Feedback (Act) or feed forward. See Figure 3 and
Table 2.
Information Retrieval Errors (R)

Information Communication Errors (I)

Wrong information
communicated (I2); 2;
8%
Information
communication uncle
(I4); 9; 36%

Information
communication
incomplete (I3); 7; 28%

Information
retrieval
incomplete (R3); 3;
25%

Information
incorrectly
interpreted (R4); 9;
75%

Information not
communicated (I1); 7;
28%

Figure 3. Classification of human failures during railway maintenance execution related to information
communication errors (I), on the left, and information retrieval errors (R), on the right.
The most common cause of unclear information communication (I4) in the analysed investigations was
lack of conversation discipline, which in turn caused misunderstanding. One example of this situation was
when work-related communication was interrupted by a private telephone call. Another example was
when a guard, part of whose job is to warn for trains, did not communicate with flags or signal horn, since
this equipment was missing.
Human failures classified as information retrieval incomplete (R1) were all related to radio
communication. These communication failures could in turn be linked to technological or organisational
factors. The technological factor can be linked to poor audible quality, which in one case was caused by a
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known problem related to the terrain, which blocked good communication quality. One accident was the
result of incomplete information retrieval, caused by lack of conversation discipline.
Some examples of human failures classified as information incorrectly interpreted (R4) were related to
aspects of geographical location of track sections, vehicles, and personnel. A further example was
insufficient system knowledge, leading to wrong assumptions about how to use double tracks and on
which sections maintenance vehicles could be manoeuvred without disrupting normal operation.
Incorrectly interpreted information was also often related to lack of conversation discipline, e.g. no
repetition of communication, disturbed conversation (private telephone call), and conversation with
wrong persons (e.g. with local train dispatcher instead of central train dispatcher).
Another class of information communication errors was information not communicated (I1). One
example of such an error was a lack of conversation discipline, which led to missed information. Another
example was when the train dispatcher did not tell the maintenance driver that there was already another
maintenance vehicle on the track, which in turn led to lack of consultation. There are also examples of
when the wrong information was communicated (I2).
Another form of information communication error was incomplete information communication (I3). One
example was when only one instead of two parties was consulted. Another was no, or incomplete,
repetition of safety conversation, leading to severe misunderstanding. A third example was lack of
consultation leading to misinterpretation of each others’ positions leading to a collision. A further
example of incomplete information communication was when the driver of a ballast plough made an
unplanned stop without informing the train dispatcher.
3.2 Action Errors
After the information errors (I or R), actions errors (A) turned out to be most frequent in the
investigations. The 22 action errors were classified in the following groups in descending order: operation
omitted (A9, 36%), operation mistimed (A2, 27%), operation too fast or too slow (A5, 14%), operation in
wrong direction (A3, 9%), wrong operation on right object (A8, 9%), and operation incomplete (A10,
5%). All the action errors are located in the Maintenance Execution (Do) phase of the maintenance
process. See Figure 4 and Table 2.
Action Errors (A)
Operation
incomplete (A10); 1;
5%
Wrong operation on
right object (A8); 2;
9%
Operation omitted
(A9); 8; 36%

Operation in wrong
direction (A3); 2; 9%

Operation too
fast/slow (A5); 3;
14%

Operation mistimed
(A2); 6; 27%

Figure 4. Classification of human failures during railway maintenance execution related to action errors
(A).
The largest class of action errors (36%) was omitted operation (A9). A typical cause of these errors was
the omission of obstruction signs or short circuit devices on the track. Another example was a forgotten
communications radio. The second largest class of action errors (27%) was mistimed operation (A2). One
example of this was maintenance personnel on the track being hit by a train, but no explanation or
possible cause could be identified. Another example was maintenance personnel being supposed to ask
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for permission to start work when the train has passed. However, in some cases maintenance staff asked
for permission without having seen the train pass. A version of this situation was when maintenance work
was initiated before permission was given, while the train was still approaching. In the latter situation,
contributory causes were the absence of obstruction signs and short circuit devices, which should have
been put up by the maintenance personnel. A further example was when the driver of a ballast plough
made an unplanned stop on the track to clean the vehicle’s conveyor. The driver was obstructed by a track
survey car, which drove behind the ballast plough brake van. One contributing cause was the lack of
automatic brake lights on the plough.
Of the actions errors 14% were classified as operation too fast or too slow (A5). The most common factor
found within the investigations was maintenance vehicles travelling too fast. One example was a ballast
plough going too fast while performing track maintenance, leading to a collision with a track survey car,
an additional factor being a lack of local knowledge. Another example was when a maintenance vehicle
exceeded the speed limit on a track where the maximum speed had been reduced due to track geometry
problems.
In two cases the action errors were classified as operation in wrong direction (A3). One case was when a
maintenance vehicle performed a turn without checking the opposite track for clearance and collided with
a small track vehicle. In the other case, a mini digger was left at the wrong location after completing
digging for the day, in combination with the absence of a short circuit device, an insufficient
understanding of the meaning of double track, and omitted communication with the train dispatcher
before leaving the vehicle.
There were also two occasions where the action errors were classified as wrong operation on right object
(A8). One case was a ballast plough travelling too fast while performing track maintenance. Another
example was when the maintenance personnel isolated track at a wrong signal box, of which a
contributory factor was the absence of a short circuit device. In one case the action error was classified as
incomplete operation (A10), i.e. when no ballast was placed at the track on a section during maintenance.
3.3 Planning Errors
The human failures related to planning errors (P) are located in the Maintenance Planning (Plan) phase or
the Maintenance Execution (Do) phase of the maintenance process. Five planning errors (83%) are
classified as incorrect plan (P2), derived from the Maintenance Planning phase. One error (17%) is related
to an omitted plan (P1) during Maintenance Execution (Do). See Figure 5 and Table 2.
Planning Errors (P)

Plan omitted (P1); 1;
17%

Plan incorrect (P2); 5;
83%

Figure 5. Classification of human failures during railway maintenance execution related to planning
errors (P).
One example of incorrect plan (P2) was that the plan did not consider the plough driver’s lack of local
knowledge. Another example is when a person responsible for safety was not appointed in the plan. A
third example is that the plan did not include ballast operation (ballast inserted on track) before a train
was allowed to pass through, which would reduce the risk of sun curves. A further example of incorrect
plan (P2) was when the plan did not consider the fact that work could not be performed with short circuit
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device inserted since current was needed. Train protection comprised a point that had been turned
manually. However, had the track been short-circuited, the accident would have been avoided. In one case
the plan was omitted (P1), i.e. an unplanned action was performed.
3.4 Checking Errors
There are two classes of checking errors (C) identified in the analysis of the investigations: check
incomplete (C2, 60%) and check omitted (C1, 40%), see Figure 6. The checking errors are all related to
the processes phase of Maintenance Execution (Do), see Table 2. There are also connections to Feedback
(Act) or feed forward to other process phases such as Functional Testing (Study) and Maintenance
Planning (Plan), see Table 2.
Checking Errors (C)

Check omitted
(C1); 2; 40%

Check
incomplete (C2);
3; 60%

Figure 6. Classification of human failures during railway maintenance execution related to checking
errors (C).
There were three cases of incomplete check (C2). One example was when a contractor marked a checklist as “OK” even though ballast was missing. Another example of incomplete check was undetected bad
track geometry after adjustment and ballast cleaning. A third example of incomplete check (C2) was
when the wrong type of claws had been inserted into a switch.
There were also two cases when the check was omitted (C1). One case was when the maintenance
operator did not check that he was talking to the right person on the radio. The second case was when the
maintenance personnel received permission to start work on track. However, before giving the permission
the train dispatcher did not check if there was a train on track, which there was.
3.5 Violations
In the analysed investigations it was only possible to, without doubt, identify two rule violations, i.e.
deliberately actions (V1) where the outcome was unintended. The rule violations are located in the
process phase of Maintenance Execution (Do), but also involve insufficient Feedback (Act) to
Maintenance Planning (Plan). See Table 2.
One example of rule violation was when the track was intentionally not short-circuited in order “to get the
job done”, i.e. to be able to operate a level-crossing gate. If the gate had to be operated manually, it would
have taken a long time to perform the work. The second example was when a maintenance operator failed
to obey a direct order not to drive up on the track in order to turn a digger around. The maintenance
operator was subsequently run over by a train and died.
4. Conclusions and Discussion
The study presented in this paper has identified contributory factors in human failures during maintenance
execution leading to incidents and accidents within the Swedish railway between 1988 and 2000. The
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study shows that 51% of the human failures in maintenance are related to information deficiencies, i.e.
communication errors (34%) or retrieval errors (17%). These information deficiencies are located in
Feedback between different steps of the maintenance process, or within the Maintenance Execution
phase. The reason for information deficiencies within Maintenance Execution is that the focus of the
performed analysis was on maintenance execution. At the same time the accidents and incidents are
manifested in this process phase even though the contributory causes may be located in other process
phases. It can also be noted that the studied investigations often do not cover other phases of the
maintenance process.
Action errors are the second largest group of human failures (31%). These action errors are located in the
Maintenance Execution phase of the maintenance process. Thereafter, the groups are in descending order:
planning errors (8%), which are located in the process phase of Maintenance Planning, checking errors
(7%) located in the Maintenance Execution phase (and connected to Maintenance Planning or Functional
Testing through Feedback), or violations (3%). The violations are all located in the Maintenance
Execution phase, but are also related to the Feedback to Maintenance Planning. Hence, the process
approach highlights that human failures may occur at different phases of the maintenance process. The
further away in space or time, i.e. ‘blunt end’, a failure occurs, the more intangible it is. However, the
impact at the ‘sharp end’ (Maintenance Execution) may be significant. See Hollnagel [9] for a discussion
about ‘sharp’ and ‘blunt’ ends.
As discussed above, the study indicates different forms of individual ‘errors’ or ‘violations’ that have
been committed by maintenance personnel. This identification was supported by the HAZOP guidewords.
Hence, these guidewords provide an understanding of ‘what’ kind of errors had been committed.
However, it was not possible to distinguish between the different types of ‘human errors’ divided into
Reason’s [10] ‘knowledge based’, ‘rule based’, ‘slips’, and ‘lapses’, due to insufficient resolution of
available information in the studied investigations. Hence, in order to achieve a deeper understanding of
the human failures and to implement proper preventive measures, future investigations should preferably
be on a more detailed level.
In addition to the HAZOP guidewords-inspired classification, the performed analysis is based on a
generic process model. The process model provides an understanding of ‘where’ different causes
contributing to human failures are located. Hence, the combination of the guidewords and the process
approach provides information about both ‘what’ and ‘where’ aspects of causes contributing to human
failures. This combination gives a preliminary understanding about the network of contributory factors in
human failures during maintenance execution, i.e. ‘how’ the causes are interlinked with each other and
together contribute to human failures. Hence, the applied analysis supports the proposition that human
failures are consequences of a network of actions and conditions which involve people, teams, tasks,
workplace, and organisational factors, rather than single causes of accidents.
One thing that could be noticed when analysing the investigations was that the focus seems to have
changed over time. Earlier investigations (1989-1997) seem to have focused on finding someone
responsible for the accident, i.e. a ‘blame’ focus, while later investigations (1998-1999) seem to have an
MTO-influenced (Man, Technology, and Organisation) focus, see Rollenhagen [19]. The next step of
investigation development would be to have a deeper focus on human errors, as described by Reason
[10]. It is also worth noticing that the Swedish National Rail Administration (Banverket) has initiated a
special group, the task of which is to analyse incident and accident reports to obtain a holistic view of the
railway context and accordingly act more proactively in the future.
In summary, the findings of this study support a proactive risk management process. This is achieved by
indicating causes contributing to human failures during maintenance execution, as well as where in the
maintenance process these causes are located. Furthermore, the applied and described analysis approach
includes appropriate methodologies and tools that can complement the ones applied today within the
Swedish railway sector. Hence, continuous risk reduction is facilitated and maintenance-related losses
measured in fatalities, injuries, and economical consequences can hopefully be avoided in the future.
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