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EXECUTIVE SUMMARY

Thestorageof pressurizednaturalgasin largesteel-linedcavernsexcavatedin crystallinerockhas
beenunderdevelopmentin Swedenfor morethan10years.Unlike thecurrentstoragetechnology,
which relieson theexistenceof saltdomes(or thick salt layers),aquiferformationsanddepleted
oil �elds, the lined rock cavern (LRC) conceptprovides the option of greater�e xibility in the
managementof localandregionalgassupplies.With theprospectof this technologybeingusedin
thecommercialstorageof naturalgasin theUnitedStates,theU.S.Departmentof Energy, through
the NationalEnergy TechnologyLaboratoryin Morgantown, WestVirginia, initiated a technical
review of thefeasibilityof theLRC storageconceptandits currentdesignmethodology.

Theprincipal ideabehindtheLRC gas-storageconceptis to rely on a rock mass(primarily, crys-
talline rock) to serve asa pressurevesselin containingstorednaturalgasat maximumpressures
from about15 MPa to 25 MPa. Theconceptinvolvestheexcavationof relatively large,vertically
cylindrical caverns20 m to 50 m in diameter, 50 m to 115m tall, with domedroofsandrounded
invertsto maximizeexcavationstability andoptimizedeformationof componentsof cavernwall
(i.e., concreteandsteelliner) duringtheoperation.Thecavernsarelocatedat depthsfrom 100m
to 200 m below the groundsurface,andthey arelined with approximately1-m thick reinforced
concreteandthin (12-mmto 15-mm)carbonsteelliners.Thepurposeof thesteelliner, whichis the
innermostliner, is strictly to actasanimpermeablebarrierto thenaturalgas. Thepurposeof the
concreteis to provide a uniform transferof thegaspressureto therock massandto distributeany
local strainin therock mass(e.g.,from theopeningof naturalrock fractures)at theconcrete/rock
interfacemoreevenlyacrosstheconcreteto thesteelliner/concreteinterface.To furtherminimize
localcircumferentialstrainsin thesteelliner, aviscouslayer(� 5 mmthick) madeof abituminous
materialis placedbetweenthesteelandtheconcreteliners.

TheLRC developmenthasincludeda scaled(approximately1:9 scale)experimentof theconcept
conductedat the Grängesberg Test Plant in Sweden,with reportedpositive results(Stille et al.
1994).A full-scaleLRC demonstrationfacility is currentlybeingconstructedatSkallen,asitenear
thecoastalcity of Halmstadin southwestSweden.

TheLRC developmentshavebeenre�ectedin acurrentdesignmethodology. Thismethodologyis
a probabilistic,multi-stageapproach.Evaluationsof thepotentialfor a rock massto hostanLRC
facility aremadeatdifferentstages,with anincreasingdemandfor geophysicalinformationateach
stage.Theresultis anincreasinglyre�ned designin termsof probableloadsandmaterialresponse.
The methodologyis embeddedin two models: FLRC1 (Feasibility for Lined Rock Caverns1),
which is an initial procedurefor LRC evaluationsat an early stage;andFLRC2 (Feasibility for
LinedRockCaverns2),amoredetailedprocedurefor LRC evaluationsanddesignin laterstagesof
thedevelopment,whenmoresite-speci�cgeophysicalinformationbecomesavailable.TheFLRC1
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andFLRC2modelsrely onrock index propertiesandempiricalrelationsto estimatetherock-mass
mechanicalparameters(i.e.,stiffnessandstrength);limit-equilibrium, �nite-elementandanalytical
(homogeneousandisotropic)modelsareusedto estimatecavern location(i.e., depth),maximum
gaspressure,cavern deformations,andsteel-linerstrain. The methodologyemphasizestwo key
LRC designcriteriaassociatedwith (a)safetyagainstgrounduplift, and(b) amaximumoperating
(cyclic) strainrangein thesteelliner.

The �rst phasereview (Brandshauget al. 2001) of the lined rock-cavern storageconceptand
designmethodologyfocusedon thefeasibility of this technologyandtherobustnessof its design
methodology, primarily in thecontext of themechanicalresponseof therock massduringcavern
operation(i.e., for a pressurizedcavern). Thereview discussedin this reportis concernedmostly
with thesecondkey aspectof theLRC concept:thestructuralintegrity andconstructibilityof the
steelliner. Particularattentionwaspaidto theproductionpipe(nozzle)andtheconnectionbetween
theproductionpipeandthecavern.

Deformationandstressesin thecavernliner for themostcritical loadingconditionswereanalyzed
numericallyasthepartof this review. Theanalysiswasdonefor differentassumptionsconcerning
themechanicalbehavior of therock mass:(a) continuous(linearly elasticandelasto-plastic),and
(b) discontinuous(few discontinuitiesformingasinglewedgeor a largenumberof discontinuities
— joints). Thediscretenessof therockmasshasimportanteffecton thedeformationof thecavern
liner and,consequently, on thestrainrangesin thethesteelliner. Therefore,carefulconsideration
of discontinuitiesin therock massshouldbetakenduringthedesignprocess.An approachbased
onsmearingtheeffectof discontinuitiesin therockmassmayleadto non-conservativedesign.The
predictedmaximumstrainsandthestrainrange(particularlywhendiscontinuitiesarepresentin the
rockmass)arealsoverysensitive to theshearresistanceof thebituminouslayerbetweenthesteel
andtheconcreteliner. Theanalysisby theLRC teamof thecavernliner andtheproductionpipein
supportof designfor Skallenplant is basedon non-conservative assumptionsthat: (a) thefriction
anglein thebituminouslayerbetweenthesteelline andtheconcreteis zero,and(b) therockmass
behavesaslinearlyelastic,continuousmedium.

The analysesof the fractureandfatigueof the steelliner performedby the LRC teamappearto
bewell substantiatedandsuf�ciently conservative. However, somedetails(e.g.,�llet-welded pipe
foot) with largestressconcentrationfactorswerenot addressedin thereview documents,andthe
margin of safetyof the steelliner to fractureis probablymuchlessthanit appearsbasedon the
analysisof theLRC team.

The technicaldocumentationfor the Skallenplant containsa comprehensive setof performance
requirementsfor theoveralldesignof thesteelliner, requireddocumentation,materialrequirements
for the steelplateand �ller material,erection,welding and inspection. However, the technical
documentationneedsto berewritten to referenceappropriateU.S.codesandto avoid duplication.

TheLRC conceptseemsfeasiblefrom thestandpointof thestructuralintegrity of thesteelliner.
However, we recommendthatanalysisbeconductedpayingmoreattentionto details,particularly
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the effects of discontinuitiesin the rock massand the shearresistanceof the bituminouslayer
betweenthesteelliner andtheconcrete.
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1.0 INTRODUCTION

The U.S. Departmentof Energy (DOE), through the National Energy TechnologyLaboratory
(NETL) in Morgantown,WestVirginia,is participatingin theintroductionof new technologyto the
commercialnatural-gas-storagemarket in theUnitedStates.For morethan10 years,Swedenhas
beendevelopinga technologyfor storingpressurizednaturalgasin excavatedsteel-linedcaverns
in crystallinerock (Larssonet al. 1989;Tengborg 1989). Although existing undergroundspace
(e.g.,largesaltcaverns,aquiferformations,depletedoil �elds) is currentlybeingusedfor thesame
purposein theUnitedStatesandabroad,the�e xibility of thelinedrockcavern(LRC)conceptcould
contributeto moreef�cient managementof the local andregionalsuppliesof naturalgas. This is
particularlytruefor theNortheastandNorthwestregionsof theUnitedStates,wheresaltcaverns
anddepletedoil �elds do not exist. Thedevelopersof the technologyexpectthat50-mto 115-m
tall cylindrical caverns,20 m to 50 m in diameter, canbeconstructedin crystallinerock at depths
of 100 m to 200 m. The caverns,which are�tted with an impermeablesteelliner, areexpected
to provide continuousstorageof naturalgasfor maximumgaspressuresrangingfrom 15 MPa to
25MPa.

A scaled(approximately1:9)experimentof theconcepthasbeenconductedattheGrängesbergTest
Plantin Sweden,with reportedpositiveresults(Stille etal. 1994).A full-scaleLRC demonstration
facility currentlyisbeingconstructedatSkallen,asitenearthecoastalcity of Halmstadin southwest
Sweden.

With theprospectof introducingthis new gas-storagetechnologyto theUnitedStates,it is timely
for DOE/NETL to assessthe merits of the LRC conceptand examinethe detailsof its design
methodologyto ensureit is bothtechnicallyfeasibleandsafe.Therock mechanicsaspectsof the
LRC conceptanddesignmethodologywerethesubjectof aseparatetechnicalreview (Brandshaug
et al. 2001)availableat DOE's NETL Website www.netl.doe.gov. The following is a technical
review thatfocusesprimarily on thesteelliner/nozzlestructuralintegrity andconstructability.

2.0 TECHNICAL REVIEW : OBJECTIVES, STANDARD AND SCOPE

An earlierDOE-sponsoredLRC project(U.S.Departmentof Energy 2000)addressedthecurrent
state-of-the-artin theLRC concept,market datafor conventionalalternative storagein theNorth-
easternUnitedStates,identi�cation andselectionof two genericgeologicsites,conceptualdesign
for theLRC,costestimate,economiccomparisonof LRCtoalternatives,andenvironmentalimpact
andpermittingissues.Thecurrentlysponsoredprojectcomplementsthepreviouswork by adding
anindependentreview of theLRC storagetechnology. Thespeci�c objectiveof thecurrentreview
wasto evaluatesteelliner/nozzlestructuralintegrity andconstructability.

An independenttechnicalreview wasinitiatedwith ameetingbetweentheLRCdevelopmentgroup,
NETL andItascaConsultingGroupInc. (thereview team)in September2000.At thattime,theLRC
groupconsistedof EnergyEastEnterprises,Inc. (USA),GasdeFranceInternational,S.A.,Sydkraft
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AB (Sweden),andEnronNorthAmericaCorporation.At this meeting,severalpresentationswere
madeby theLRC groupwith regardto thetechnicalaspectsof thelined rock cavernconceptand
its designmethodology. Key aspectsof theLRC designwereidenti�ed (e.g.,safetyagainstground
uplift andmaximumsteel-linerstrainrange),andresultsfromapilot studyin Grängesberg,Sweden,
werepresented.

It wasclearthatin addressingthespeci�c review objective,two importantcomponentsof mechanics
areinvolved:

1. Rock Mechanics(becausea stablerock massis imperative to the successof the concept
duringboththecavern-excavationandstorage-operationperiods);and

2. StructuralMechanics(becausethestructuralintegrity of thesteel-linerandnozzle(production
pipe)assemblyis crucial to thecontinuousserviceof theliner asanimpermeablebarrierto
thestorednaturalgas).

Subsequentto the Septembermeeting,the review teamreceived a numberof review documents
from theLRC group.Thesedocuments(someof which containcon�dential information)provide
in-depthtechnicaldetailsof theLRC concept,thedesignmethodology, andtestresultsof thepilot
study. The�rst phaseof thetechnicalreview, which concernedrock mechanicsissues,wasbased
on theinformationin thereview documentsandon theinitial technicalpresentationsmadeby the
LRC groupat theSeptember2000meeting.After completionof the�rst phaseof thereview, the
technicalreview teamproceededto evaluatethesecondkey issueregardingtheLRC concept.The
secondphaseof thereview is basedon reportsanddocumentationprovidedfor the�rst phaseand
additionaldocumentationprovided to the review teamby the LRC groupduring the secondpart
of 2001. Thecompletelist of technicaldocumentationusedin thereview is givenin Section3.1.
Thereview discussedin this reportis concernedwith thestructuralmechanicsaspectof theLRC
conceptonly — speci�cally, issuesrelatedto thesteelliner (e.g.,evaluationof liner fatigue).

WhileanindependentcompleteLRCdesignanalysiswasnotperformedaspartof thisreview, some
analyseswereconductedthatevaluatedkey designcriteriaassociatedwith therock massandthe
steel-linerresponsefor LRC conditions.Theresultsof theseanalysesgenerallyagreedwith results
expressedin thereview documents.Theresultsshow importanteffectsfrom thepresenceof natural
rock fractureson local strainsin thesteelliner duringcavernpressurization.Sucheffectsarenot
accountedfor in thecurrentLRC designmethodology, becauseit regardstherock massonly asa
continuum.Whena rock massis representedasa continuum,thedeformationaleffectsof natural
rock fracturesaresmeared/averagedthroughoutthe rock mass.Although this is frequentlydone
in rock engineering,the importanceof thesteel-linerstrainin thecontext of theLRC designalso
warrantsevaluationusingmethodsthat accountfor local effectsassociatedwith the presenceof
explicit rock fractures.
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3.0 SUMMARY OF LRC CONCEPT AND DESIGN METHODOLOGY

For completenessof documentation,theLRC conceptanddesignmethodologiesarebrie�y sum-
marized.This summaryis constructedfrom thereview documentssuppliedby theLRC group.A
title list identifying thesedocumentsis providedbelow.

3.1 Title List of Review Documents

The following is a list of the review documents,provided to the review teamby theLRC group,
whichareusedasabasisfor review of thestructuralmechanicsaspectsof theLRC concept.

1. Report(con�dential) “CavernWall - DemoPlantDesign”,June2000;

2. Etuded'integrite d'un defaut dansun revetement(or, in English,Studyof the Effect of a
Defecton theIntegrity of aLiner), Framatome,May 2000;

3. DefectAssessmentof theLRCDemoPlantLining, DetNorskeVeritas,ReportNo.10172300-
1, RevisionNo. 1 May 2000;

4. DefectAssessmentof theLRCDemoPlantLining, DetNorskeVeritas,ReportNo.10460200-
1, RevisionNo. 2,April 2001;

5. Report(con�dential) “UndergroundGasStorage— StaticAnalysisfor theLiner, Connection
PlateandProductionPipe”,Ref.: K98 1101,GazdeFrance,November2001;

6. LRC NaturalGasStorageProject— Lining Works,STEELLINING, Document11.2;

7. Report(con�dential),“LRC DemoPlant,GlobalRockMassParametersfor theSkallenSite”;

8. Report(con�dential), “Rock MechanicsCriteriafor Locationof aLRC Storage”.

9. Designdrawingsfor theSkallenplantbySkandinavisk IndustriserviceA/S,providedto Itasca
ConsultingGroupby OlaHall of SyconEnergikonsult;

(a) PipeFoot,Drawing No. 669-021Rev. C

(b) Culvert – GeneralArrangement,Drawing No. 669-023Rev. A

(c) ShaftPipingatCavernTop– GeneralArrangement,Drawing No. 669-024Rev. C

(d) InstrumentationInsideCavern– GeneralArrangement,Drawing No. 660-025Rev. B

(e) ShaftTunnel– GeneralArrangement,Drawing No. 669-026Rev. A

(f) ConnectionPlate,Drawing No. 669-033Rev. A
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3.2 Summary of LRC Concept

TheprincipalideabehindtheLRCgas-storageconceptistorelyonarockmass(primarilycrystalline
rock)toserveasapressurevesselin containingstorednaturalgasatmaximumpressuresfromabout
15 MPa to 25 MPa. Theconceptinvolvestheuseof relatively large,vertically cylindrical caverns
20 m to 50 m in diameter, 50 m to 115m tall, with domedroofsandroundedinvertsto maximize
excavation stability. The cavernsare locatedat depthsfrom 100 m to 200 m below the ground
surface,andthey arelined with approximately1-m thick reinforcedconcreteandthin (12-mmto
15-mm)carbonsteelliners. Thepurposeof thesteelliner, which is theinnermostliner, is strictly
to act asan impermeablebarrier to the naturalgas. The purposeof the concreteis to provide a
uniform transferof thegaspressureto therock massandto distributeany local strainin therock
mass(e.g.,from theopeningof naturalrock fractures)at theconcrete/rockinterfacemoreevenly
acrosstheconcreteto thesteelliner/concreteinterface.To furtherminimizelocal circumferential
strainsin thesteelliner, a viscouslayer (� 5 mm thick) madeof a bituminousmaterialis placed
betweenthesteelandtheconcreteliners.

Pressurizationof thegasincreasesthegasdensity(i.e.,massperunit volume)andis key to making
thestorageconcepteconomicallyviable. An operatingcavern is expectedto go throughpressure
cycles from approximately3 MPa to 25 MPa during periodsof gas depletionand recharge, as
demanddictates,andmayhave a nominaldesignlife of 500cycles. For circumstancesin which
groundwateris present,thegaspressurealsoprovidesstructuralsupportto therelatively thin steel
liner, which is notdesignedto withstandexternalwaterpressure.

It is expectedthattheLRC conceptcanbeappliedto a varietyof differentrock typesandto rocks
of varyingstrengthsanddeformabilities.

3.3 Summary of LRC DesignMethodology

Thereview documentspresenttheLRC designmethodologyasa stochastic,multi-stagedevelop-
mentapproach.Evaluationsof thepotentialfor a rock massto hostanLRC facility aremadeat
differentstages,with anincreasingdemandfor geophysicalinformationin eachstage.Theresultis
anincreasinglyre�ned designin termsof probableloadsandmaterialresponse.Themethodology
is embeddedin two models: FLRC1 (Feasibility for Lined Rock Caverns1), which is an initial
procedurefor LRC evaluationsat anearlystage;andFLRC2(Feasibilityfor Lined RockCaverns
2), a moredetailedprocedurefor LRC evaluationsanddesignin laterstagesof thedevelopment,
whenmoresite-speci�cgeophysicalinformationis available.

Developmentincludesthefollowing stages.

1. Initial explorationuseslimited,generallyavailablegeologicalinformation(e.g.,fromsurface
observationsandany previousundergroundwork in thearea)asthebasisfor estimatingrock
massquality, which, in turn, is usedin theinitial model(FLRC1)to assessthepotentialfor
therockmassto hostanLRC facility.
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2. Increasinglydetailedsite characterizationis aimedspeci�cally at determiningthe bestun-
dergroundlocationfor the LRC. Detailsof the rock massareobtainedfrom corelogs and
other geophysical investigations. Rock index propertiesare determinedfrom rock cores,
anda “better” estimate(in termsof con�dence)of rock massquality is made.Estimatesof
maximumgaspressureandliner strainsaremadestochastically, usingtheprocedurein the
FLRC2model.Theseestimatesareusedasthebasisfor theinitial LRC design.

3. During theconstructionstage,additionalsitecharacterizationis conducted,andtheObser-
vationalApproachis usedto providethe“best” estimatesof likely cavernresponse.Thenew
estimatesin thisphasemayaffect the�nal LRC design.

TheFLRC1andFLRC2modelsrelyonrockindex propertiesandempiricalrelationstoestimatethe
rockmassmechanicalparameters(i.e.,stiffnessandstrength);limit-equilibrium, �nite-elementand
analytical(homogeneousandisotropic)modelsareusedto estimatecavern location(i.e., depth),
maximumgaspressure,caverndeformations,andsteelliner strain.Themethodologyemphasizes
two key LRC designcriteriaassociatedwith (1) safetyagainstgrounduplift, and(2) a maximum
operating(cyclic) strainrangein thesteelliner.

4.0 REVIEW OF KEY LRC DESIGN ASPECTS

Accordingto the review documents,LRCsareexpectedto operateat maximumgaspressuresof
15 MPa to 25 MPa. With thecavernslocatedat a relative shallow depthof 100m to 200m, this
generallymeanstherock masscouldbesubjectedto pressures4 to 8 timeshigherthanthein-situ
rock-massstresses.BecausetheLRC conceptrelieson therock (not thesteelor concreteliners)
to serve asthepressurevessel,anadequatecaverndepth(or rock overburden)is important. The
overburdenrockmassmustresistthemaximumcavernpressurein astablemanner. Thiskey aspect
of theLRC designwasevaluatedin the�rst phaseof thereview (Brandshaugetal. 2001).

For a given cavern geometry, the mechanicalresponseof the cavern wall to the LRC pressure
dependsonthesite-speci�ccharacterof therockmassandonthestructuralinteractionbetweenthe
rockmass,concreteliner, viscousbituminouslayer, andthesteelliner. In general,thegaspressure
will displacethe cavern wall radially outward, resultingin extensionalstrainsin the tangential
horizontalandverticaldirectionsin thesteelliner, concreteliner, andin therockat thecavernwall.
For a givenpressure,theamountof extensionalstraindependsmostlyon the rock massstrength
anddeformability, whichbecomeimportantattributesof theLRC design.Thecavernwall response
andits affecton thesteelliner strainareevaluatedin this section.

Note that the partsof this review requiringevaluationusingnumericalmodelshave considered
conditionsat theSkallendemonstrationplant,whichis currentlybeingconstructednearthecoastal
city of Halmstadin southwestSweden.
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5.0 MODEL OF CAVERN AND PRODUCTION PIPE

Thecavernwall andthesteelliner weresubjectsof the�rst phaseof thereview (Brandshaugetal.
2001).However, theconductedanalysesof stressesanddeformation(strain)in thedifferentcom-
ponentsof thecavernwall weresimpli�ed, assumingeitherplanestrainor axisymmetricconditions
of deformation.A three-dimensionalanalysisof thecavernandsurroundingrock masshasbeen
conductedasa part of the review discussedin this report. The objective wasto investigate the
effectof anisotropy andlocalizeddeformationsof therockmassonstressesanddeformationin the
concreteandsteelliners,particularlyin theproductionpipe(nozzle)andtheconnectionplate.

5.1 Model Description

Thethree-dimensionaldeformationandstressesin theliner of anLRC cavernandtheinteraction
betweenthecavernandthesurroundingrockmassweresimulatedusingtwo codes:3DEC(Itasca
ConsultingGroup, Inc. 1998)andFLAC3D (ItascaConsultingGroup, Inc. 2002). 3DEC is a
codewell-suitedto analyzethedeformationof a discontinuousrock mass.It representsthe rock
massasanassemblyof polyhedraldeformableblocksin three-dimensionalspacethatcaninteract
mechanicallyalongthe contacts— discontinuitiesin the rock mass(i.e., joints). The interfaces
betweenblocksin 3DEC follow anelastic-plasticstress-displacementrelation. Theconditionfor
a relativeslip of blocksalonganinterfaceis governedby aCoulomblaw. If thetensilestrengthof
thecontact,which is usuallyzero,is overcome,theblocksseparate,creatinga gapbetweenthem.
Thecontactsbetweenblocksarecreatedandlost automaticallyasa resultof their displacements.
Unfortunately, 3DEC doesnot have very robust logic for representingthemechanicalbehavior of
thin structuresthatbehaveasshells(e.g.,steelliner). A moredetaileddescriptionof 3DECandits
formulationcanbefoundin the3DECUser'sManual.

FLAC3D is a three-dimensionalnumericalcodefor simulatingthedeformationof continuousme-
dia. A numberof constitutive modelsareavailableto representthemechanicalbehavior of solids.
FLAC3Dalsohasabuilt-in logic for representationof differenttypesof structuralelements,includ-
ingshell/linerstructuralelements.Theseelementsarewell-suitedfor representationof deformation
andstressesin thesteelliner. Theshellstructuralelements,similar to otherstructuralelementsin
FLAC3D, caninteractwith the surroundingmedium,which is representedby three-dimensional
solid elements.Theinteractionis simulatedby thelinearly elastic-plasticcontactwith a slip con-
dition expressedby the Coulomblaw. If tensilestressacrossthe contactovercomesthe tensile
strength,theshell/linerdetachesfrom thesolidgrid, andagapappears.FLAC3Dcanhandlesmall
numbersof discontinuitiesin thesolid model,but it is not well-suitedfor simulatingproblemsfor
which it is essentialto includea largenumberof discontinuities.

Consideringtheadvantagesandlimitationsof 3DECandFLAC3D, theanalysiswasconductedby
couplingmodels,with the3DEC modelprimarily beingresponsiblefor predictingtherock mass
response,andtheFLAC3Dmodelbeingresponsiblefor predictingthelinerandthenozzleresponse.
Thecommonboundary(i.e.,couplingboundary)sharedby thetwo modelswastheoutsidesurface
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of the concreteliner. The couplingbetweentwo modelswasone-directional:the displacements
calculatedby the3DECmodelweretransferredasboundaryconditionsto theFLAC3Dmodel;no
informationwastransferredbackfrom the FLAC3D modelto the 3DEC model. The reasonfor
one-directionalcouplingwasthe fact that the 3DEC modelincludedboth the rock massandthe
liner, while theFLAC3D modelincludedthe liner only. Thus,theanalysiswasconductedin two
steps.

1. Detaileddeformationof therockmasswascalculatedusingthe3DECmodel,whichincluded
a concretelining in thecavernandin theproductionpipe. Thesteelliner wasrepresented
in a simpli�ed mannerinsidethe productionpipe only. The steelliner wasignoredinside
thecavernbecauseit hasvery little effect on thedeformationof thesurroundingrock mass.
Thepredicteddisplacementsof theoutsidesurfaceof theconcreteliner weretransferredas
boundaryconditionsto theFLAC3D model.

2. Detailedstressesanddeformationof thecavernsteelandconcretelinerswereanalyzedusing
the FLAC3D model. This modelalso includedan effect of the bituminouslayer between
theseliners in the form of a sliding interface. The concreteliner was representedusing
solid zones(5 zonesacrossthe liner thickness),while thesteelliner wasrepresentedusing
the FLAC3D shell structuralelements.As a resultof the initial andboundaryconditions
(i.e., insidecaverngaspressureandtheexternalconcreteliner displacementsfrom the3DEC
model),theFLAC3D modelcalculatedstressesanddisplacementsin thesteelandconcrete
liners.

5.1.1 3DEC Model

Thegeometryof the3DECmodelin horizontalandverticalcross-sections,with indicatedinitial and
boundaryconditions,is shown in Figure1. Thecavernis 53m high,with a36-mdiameter. Thetop
of thecavernis located107m below thegroundsurface.Themodelextendsonecavernsizebelow
andabove thecavernandtwo caverndiameterslaterallyfrom thecavernwall. “Roller” boundary
conditionswereusedonthebottomandtheverticalmodelboundaries.A stressboundarycondition
equalto thedeadweightof theoverburdenwasappliedto thetop modelboundary. Verticalstress
wasassumedto begravitational. Onehorizontalprincipalstressis equalto theverticalstress;the
otheris twice theverticalstress.Thegeometryof thecavernin the3DEC modelis shown in two
isometricviews(sideandtop) in Figure2. Theconcreteliner is representedexplicitly in the3DEC
model.Thesteelliner insidethecavernis neglected.Simplecalculationshowsthatstiffnessof the
15-mmthick steelliner insidethecavern is negligible comparedto thestiffnessof therock mass
andtheconcreteliner. However, thestiffnessof thesteelliner insidetheproductionpipebecomesa
signi�cant partof theoverallstiffnessandis takenintoaccount.Thesteelliner insidetheproduction
pipewasnot representedexplicitly in the3DECmodel. Instead,thegaspressureactinginsidethe
productionpipe wascorrectedbasedon the deformationof the pipe's insidewall [An analytical
solution(Timoshenko andGoodier1970)for apressurizedcircularring wasused.],accountingfor
theforcetakenby thesteelliner. This approximationwasusedin the3DEC modelin calculating
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Figure 1 Cross-SectionsThrough the3DEC Model

the rock massdeformation.The FLAC3D model,which is usedto analyzethe deformationand
stressesin thecavernwall (concreteandsteelliners),representsthesteelliner explicitly.

Thecavernundergoesdifferentloadingconditions(mainly dueto the �lling andemptyingof the
gasfrom the cavern) during its operation. For designpurposes,the different loadingconditions
needto be investigatedin order to determinethosethat arecritical with respectto stability and
operationof differentpartsof thestructure.Theanalysispresentedherewasdonefor oneloading
caseonly, thatwhich,amongthecasesdeclaredas“required” in Review Document5, resultsin the
maximumstressesin thesteelliner. (Someof thecasesdeclaredas“extended”casesin Review
Document5 result in larger stressesin the steel liner than Case2 consideredhere. However,
“extended”caseswerecharacterizedas“not necessarilyrealistic” and,therefore,not considered
in the analysispresentedin this report.) LoadingCase2 from Review Document5 includesan
isotropicgaspressureof 23MPainsidethecavernandtheproductionpipe,aconcretetemperature
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Figure 2 Viewsof theCavern in the3DEC Model

of 15� C, andasteeltemperatureof 30� C.Verticalpushof thegasat thewell headis neglectedin
this analysis.Evenvery small shearresistancebetweenthesteelliner andtheconcreteliner will
transfertheresultingforcefrom thesteelinto theconcreteandtherock massover a 100-mlength
of theproductionpipe.As a resultof this assumption,thecasesfor assumedzeroshearresistance
betweenthesteelandtheconcreteshow somecompressiveverticalstressesin theproductionpipe.
Thosestressesaresmallandinconsequential.Therefore,theassumptionis valid andconservative.

Theanalysiswasdoneassumingdifferentmaterialbehaviors for therock massandtheconcrete.
The list of all casesconsideredis shown in Table1. The basecase(Case1) is for the condition
of linearly elasticbehavior for the rock massandthe concrete,which areassumedto behave as
continua.Case2 assumeselastic-plasticconstitutive behavior for therock massandtheconcrete,
alsoassumedtobecontinuous.TheLRCteamanalyzedthecavernwall usingthesameassumptions
aboutrockmassbehavior asthoseusedin Cases1 and2.

Oneobjective of the analysespresentedin this reportwasto �rst establishagreementof results
for Cases1 and2 with correspondingLRC results.Subsequentanalysisof thecasesin which the
rockmasswasmodeledasadiscontinuum(behavior not investigatedby LRC team)wassupposed
to demonstratethesigni�canceandtheconsequencesof thecontinuumassumption.A numberof
differentconditionswereconsideredin thediscontinuumanalyses.Theeffect of a singlewedge
wasconsideredin Cases3 through10. Wedgesof differentsizesandlocationsaroundthecavern
wereassumedandanalyzed.All wedgecasesarelistedin Table1. Figure3 showsthegeometryof
thecavernandtheconsideredwedgesof therockmass.The�gure alsoshowsthejoint (joints that
createthewedges)traceson theconcretewall. (Thetracesoutlinethedifferentlycoloredregions
on theconcretesurfacein Figure3.)
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Table1 List of CasesAnalyzedwith 3DEC

Case Model Description

1 continuous, elastic rock mass
2 continuous, elastic-plastic rock mass
3 discontinuous rock mass, wedge No. 1
4 discontinuous rock mass, wedge No. 2
5 discontinuous rock mass, wedge No. 3
6 discontinuous rock mass, wedge No. 4
7 discontinuous rock mass, wedge No. 5
8 discontinuous rock mass, wedge No. 6
9 discontinuous rock mass, wedge No. 7

10 discontinuous rock mass, wedge No. 8
11 discontinuous rock mass, joints No. 1
12 discontinuous rock mass, joints No. 2
13 discontinuous rock mass, joints No. 3

Figure 3 Cases3 Through 10: Viewsof theCavern andConsideredWedges
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A large numberof joints were representedexplicitly in Cases11 through13 (Table 1). Three
mutuallyorthogonaljoint setswith joint spacingsof 5 m and8 m wereassumedin Cases11and13
respectively. Four joint setsat 7-m spacingwereassumedin Case12. Jointtraceson theconcrete
liner for 3 casesareshown in Figure4.

Figure 4 Cases11Through 13: Viewsof theCavern with Joint Traces

All casesof rockwedgesandjointingdiscussedherewereselectedarbitrarily. They donotrepresent
actualconditionsattheSkallenplantoratany otherpotentialLRCsite.Theobjectiveof theanalysis
wasto demonstratetheeffectof discretenessof therockmassonbehavior of thecavernwall. Also,
theeffectsof size,shapeandpositionof thewedgesareinvestigated.

Themechanicalpropertiesof therockmassandtheconcreteusedin theanalysisarelistedin Table2.
Propertiescorrespondto conditionsexistingat theSkalenplantaccordingto Review Document1.
Themechanicaljoint propertiesusedin theanalysis,listedin Table3, areselectedastypical joint
properties.They arenotbasedon testingor measurementsat theSkallenplant.

Table2 Material PropertiesUsedin the3DEC Model

Parameter Rock Mass Concrete

Bulk Modulus (GPa) 20 16.7
Shear Modulus (GPa) 15 12.5
Friction Angle (� ) 34 45
Dilation Angle (� ) 0 0
Cohesion (MPa) 13.4 9.6
Tensile Strength (MPa) 0 2.7
Density (kg/m3) 2400 2400
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Table3 Joint PropertiesUsedin 3DEC Model

Parameter Value

Normal Stiffness (GPa) 10
Shear Stiffness (GPa) 10
Friction Angle (� ) 30
Dilation Angle (� ) 0
Cohesion (MPa) 0
Tensile Strength (MPa) 0

Displacementsin cross-sectionscalculatedin the3DECmodelareshown for Cases1 (continuous,
elasticrock mass),2 (continuouselastic-plasticrock mass),4 (wedgeNo. 2) and13 (joints No. 3)
in Figures5 through8. Thesecasesareselectedfor presentation,astheir resultswerethe most
typical. The maximumdisplacementof the cavern wall for Cases1 and2 (continuous,elastic
andelastic-plasticbehavior of the rock mass)is in a goodagreementwith resultsobtainedusing
theplanestrainandtheaxisymmetricapproximationreportedin Review Document1, aswell as
in Itasca's reporton the �rst phasereview of the LRC concept(Brandshauget al. 2001). The
maximumradialdisplacementin themiddleof thecavernis 0.0115m and0.013m for Cases1 and
2, respectively (Figs.5 and6).

Figure 5 Case1:Displacements(m)
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Figure 6 Case2: Displacements(m)

Figures7 and8 show displacementsfor Cases4 and13,whichassumeadiscontinuousrockmass.
The maximumdisplacementsdo not occurnecessarilyin the middle of the cavern. Instead,the
location of the maximumdisplacementis controlledby the locationswherethe discontinuities
intersectthecavern. Themaximumdisplacementsaresigni�cantly largerthanthosepredictedby
thecontinuousmodels(i.e.,0.024mfor Case4,and0.044mfor Case13). However, largegradients
of displacementsresultingin strainconcentrations(virtually a discontinuousdisplacement�eld,
comparedto thesmoothdisplacement�eld in thecaseof assumedcontinuousrock-massbehavior)
appeartobethemostsigni�canteffectsin�uencingperformanceof thecavernwall and,particularly,
thesteelliner. Discontinuitiesin thedisplacement�eld arequiteobviousin Figures7 and8.

Figure 7 Case4: Displacements(m)
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Figure 8 Case13: Displacements(m)
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5.1.2 FLAC3DModel

Geometryof theFLAC3D modelis shown in Figure9. Themodelincludesthecavernwall (com-
posedof theconcreteandthesteelliners)only. During thesimulation,theoutsidesurfaceof the
concreteliner is movedaccordingto displacementscalculatedin 3DECfor theconsideredloading
caseandassumedbehavior of therock mass.Theconcreteliner is representedby �v e solid zones
(elements).The concretezonesbehave asan elastic-plasticMohr-Coulombmaterial. The steel
liner wasrepresentedwith two-dimensionalshell-typestructuralelements,which cancarry both
membraneandbendingforces.Thesteelliner in theFLAC3D modelbehavesasa linearly elastic
material.Theelasticconstantsof steelwereassumedto be:Young's modulus,E D 210GPa; and
Poisson'sratio,� D 0:3. An interfaceelementsimulatesthebehavior of thelow-friction bituminous
layerbetweentheconcreteandthesteelliner. Two conditionsof friction in thebituminouslayer
wereanalyzed:anupperboundcase,with a friction angleof 5� ; anda lowerboundcasewith a0�

friction angle.

Figure 9 Cavern GeometryandFLAC3DGrid

Predicteddisplacementsafterapplicationof 23-MPagaspressureinsidethecavernfor Cases1, 2,
4 and13areshown in Figures10 through13,respectively. The�gures show displacementvectors
in theverticalcross-sectionandcontoursof displacementmagnitudesonthevisiblecavernsurface
behindthecross-sectionplane.Two viewsof thecavernareshown in each�gure: oneof theentire
cavern,with a partof theproductionpipe;andtheotherof a detailof theconnectionbetweenthe
productionpipeandthecavern. Comparisonof Figures10through13with the3DECresultsshown
in Figures5 through8 con�rms that the displacement�elds weretransferredcorrectly from the
3DECmodelto theFLAC3D model.
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Figure 10 Case1: DisplacementVectorsandContoursof DisplacementMagnitude(m) in the
Concrete

Figure 11 Case2: DisplacementVectorsandContoursof DisplacementMagnitude(m) in the
Concrete
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Figure 12 Case4: DisplacementVectorsandContoursof DisplacementMagnitude(m) in the
Concrete

Figure 13 Case13: DisplacementVectorsandContoursof DisplacementMagnitude(m) in
theConcrete
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5.2 Deformation and Stressesin the SteelLiner

5.2.1 AllowableStresses

Analysisof stressesin theproductionpipeandconnectionplatewasconductedby theLRC group,
aspresentedin Review Document5,accordingto CODAP (theFrenchpressurevessels/exchangers
code).ThestresslevelsareassessedusingtheTrescacriterion:

� t D � 1 � � 3 � � a (1)

where � t = theTrescastress,
� 1 = themajorprincipalstress,
� 3 = theminorprincipalstress,
� a = k� y=1:6, allowableTrescastress,
� y = theyield stressof thesteel,and
k = thecoef�cient speci�ed in CODAP accordingto theloadingtype.

For thesteelliner in thecavernandtheproductionpipe,ak-coef�cient equalto3 (for theconditions
of displacement-controlledloading)is recommendedby CODAP. The analysisin Review Docu-
ment5 wasdoneassumingasteelyield stress,� y , equalto 267MPa. Consequently, theallowable
Trescastress,� a, is 500.6MPa. However, in otherreview documents(e.g.,Review Document1),
theyield stressof steelwasassumedto be355MPa,whichsuggeststhattheallowableTrescastress
shouldbe665MPa.

Thestressanalysisproposedby theASME Boiler andPressureVesselCode(1998a),SectionVII –
Division2,Appendix4, “MandatoryDesignBasedonStressAnalysis”uses“StressIntensities”,S
(nottobeconfusedwith thefracturemechanicsparameter, K ), thesameas� t de�nedin Equation1.

The tabulatedallowable stress,Sm, is 1/3 of the uniaxial ultimate tensilestrength. S from the
primarymembranestressmustbelessthanSm. S from localandbendingstressesmustbelessthan
1:5Sm (i.e., equalto 50%of ultimatetensilestrength).S from thelocal andbendingstressesplus
secondarystressesmustbelessthan3Sm (i.e.,equalto ultimatetensilestrength).

In theASME code,the stressdue to internalpressurein the steelliner shouldbe considereda
secondarystress.Thede�nition of primarystressis:

“A normalstressor a shearstressdevelopedby theimposedloadingwhich is nec-
essaryto satisfythesimplelawsof equilibriumof externalandinternal forcesand
moments.Thebasiccharacteristicof a primary stressis that it is not self-limiting.
Primary stresseswhich considerably exceedtheyield strengthwill resultin failure
or at leastin grossdistortion.”
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On theotherhand,thede�nition of secondarystressis:

“A normalstressor a shearstressdevelopedby theconstraint of adjacentpartsor
by self-constraint of a structure. Thebasiccharacteristicof a secondarystressis
that it is self-limiting. Localyieldingandminordistortioncansatisfytheconditions
which causethestressto occurandfailure fromoneapplicationof the load is not
to beexpected.”

In thecaseof theLRC, thesteelliner justcontainsthegas(preventsit from leaking),while theload
is carriedmostlyby thesurroundingrockmass.Therefore,thestressis “self-limiting” accordingto
ASME andwouldbeconsideredsecondarystress.Therefore,S from all stressesmustbelessthan
theultimatetensilestrengthof thesteel,or 490MPa. This is muchlessthantheallowablestress
underCODAP. Thesteelliner is underdisplacement-controlledloading— in which case,strains,
fractureandfatiguearebettermeasuresof the limiting conditionin the steelliner. Fractureand
fatiguearediscussedin moredetailin Section6.0. Provisionsof CODAP with regardto allowable
stressesseemto bemorereasonablethanASME Boiler andPressureVesselCodefor theLRC-type
of structure.

Notethatall thecalculationspresentedherearebasedontheassumptionof linearlyelasticbehavior
for the steel liner. Consequently, becausethe stress–straincurve for steel is highly non-linear
for stresslevels larger than the yield stress,calculatedstresseslarger than the yield stress(and
particularlylargerthantheultimatetensilestress)arenotcorrectrepresentationsof stresslevelsin
theliner.

5.2.2 Case1: Continuous,ElasticRock Mass

The membraneforcesin the steel liner for Case1 (which assumescontinuous,linearly elastic
behavior of therockmass,andnegligible shearresistancein theinterfacebetweentheconcreteand
thesteel)areshown in Figure14. (Thetangentialverticalandhorizontalstressescanbeobtained
from the membraneforcesby dividing themby the thicknessof the steelliner.) The maximum
horizontalstressis approximately135MPa;themaximumverticalstressis 90MPa. Themaximum
strainof 0.05%in thehorizontaldirectionin themiddleof thecavernclearly indicatesconditions
correspondingto high-cycle fatigue.Themajorandminorprincipalstressesin theproductionpipe
(shown in Fig.15)arewithin acceptablelimits: theTrescastressis approximately200MPa,which
is lessthantheallowablestress.Theforcesandstressesin thesteelliner andtheproductionpipe
for thesameconditions— but assuminga5� friction anglein thebituminouslayer— areshown in
Figures16 and17. Themaximumverticalstressis 180MPa at thetransitionbetweenthevertical
wall and the invert. The correspondingstrain is 0.07%. The horizontalstressin the middle of
theheightof thecavernis 115MPa. Thecorrespondingstrainis 0.055%.Thesestressandstrain
levels arewithin the limits for high-cycle fatigue. However, the plot of principal stressesin the
productionpipe(Fig. 17) shows thatthecompressive (vertical)stressat thetransitionbetweenthe
steelliner thicknessof 15 mm and25.4mm is of the orderof 450 MPa. The high compressive
stressesaregeneratedasaresultof averticalpushof theproductionpipeby thecavernwall, andthe
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shearresistancein theinterfacebetweenthesteelandtheconcrete,to theverticalmovementof the
productionpipe. Suchhigh stressesin thesteelindicatepotentialbuckling problemsandwarrant
detailedanalysis.ThemaximumTrescastress,adifferencebetweenthemajorandminorprincipal
stresses,is 550 MPa, larger than the allowablestressof 500.6MPa, but lessthanthe 665-MPa
allowablestressfor steelwith a yield stressof 355MPa (accordingto theFrenchCODAP code).
Note that this Trescastressexceedsthe490-MPa limit thatwould beallowableundertheASME
code.

Figure 14 Case1: Forces(MN) in theSteelLiner

Figure 15 Case1: Stresses(MPa) in theProductionPipe
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Figure 16 Case1, 5� Friction AngleBetweenSteelandConcrete:Forces(MN) in theSteel
Liner

Figure 17 Case1, 5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ProductionPipe
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5.2.3 Case2: Continuous,Elastic-PlasticRock Mass

Thestressesin thesteelliner of thecavern(Membraneforcesareshown in Fig. 18.),assumingno
friction betweenthesteelandtheconcrete,are150MPa in thehorizontaldirection(in themiddle
of theheightof thecavern)and110MPa in thevertical direction(in the invert). Themaximum
strainin thehorizontaldirectionis 0.06%.Thestressesin theproductionpipe(Fig. 19) show that
themaximumtension(and,at thesametime, theTrescastress)is approximately340MPa,which
is lessthantheallowablestresses(discussedin Section5.2.1). If a friction angleof 5� is assumed
betweentheconcreteandthesteel,themaximumtensilestress(and,at thesametime, theTresca
stress)is approximately490MPa,whichis alsolessthantheallowablestressfor steelof 500.6MPa
accordingto theCODAP code,andequalto theallowablestressaccordingto theASME code.

Theresultsof theanalysesfor Cases1and2weresupposedtobecomparedwith theresultsreported
byGazdeFrance,in Review Document5. However, becauseof someoverlysimpli�ed assumptions
usedby Gazde France,the resultsarequite different. The interactionbetweenthe cavern liner
andthesurroundingrockmasswasnotcorrectlyaccountedfor in theanalysisreportedby theLRC
groupin Review Document5. Consequently, in their analysisfor loadingCase2, which is also
consideredin thereview discussedin this report,thesteelliner insidetheproductionpipedetaches
from theconcrete.This is certainlyanunexpectedeffectconsideringthattheloadingcaseinvolves
23-MPa gaspressureinsidethe cavern andthe productionpipe. The estimatesof stressesin the
productionpipeobtainedby theLRC group,therefore,areincorrect.

Basedon theresultspresentedin thissection,it appearsthattheassumption(Review Document5,
p. 4) of a 0� friction anglein the interfacebetweenthesteelandtheconcreteis non-conservative
with regardto stressespredictedin theproductionpipe. Theanalysisdemonstratestheimportance
of theshearresistanceof thebituminouslayer, particularlyfor stressesin theproductionpipe. If the
friction angleof thebituminouslayeris assumedto be5� , thestressesin theproductionpipecould
be(dependingon theyield stressof thesteelandthedeformability/strengthof therockmass)over
thetolerancelimit. (Theanalysispresentedin this reportusesa 5� friction anglein the interface,
which is certainly, accordingto Review Document1, conservative.) Therefore,besidesensuring
thatthebituminouslayerhasverylow shearresistanceduringconstruction,theanalysisshouldtake
accurateaccountof theshearresistance.Oneoptionwouldbeto considerthetime-dependentshear
deformationof the bituminouslayer (creep)with regard to the time scaleof pressureoscillation
insidethecavern.
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Figure 18 Case2: Forces(MN) in theSteelLiner

Figure 19 Case2: Stresses(MPa) in theProductionPipe
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Figure 20 Case2, 5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ProductionPipe
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5.2.4 Case4: DiscontinuousRock Mass,WedgeNo. 2

Case4 (discontinuousrockmass,wedgeNo. 2) resultsin themostunfavorablestressconditionsin
thesteelliner comparedto all other“wedge” caseslisted in Table1 andshown in Figure3. The
majorandintermediateprincipalstresses(Theminorprincipalstressis zero.) for Case4 (noshear
resistancein theinterfacebetweenthesteelandtheconcrete)dueto gaspressureinsidethecavern
areshown in Figures21 (in theconnectionplate)and22 (in theproductionpipe). Themaximum
Trescastressis approximately200MPa,which is lessthanthelimit.

Figure 21 Case4: Stresses(MPa) in theConnectionPlate

Figure 22 Case4: Stresses(MPa) in theProductionPipe
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However, if shearresistancedueto the 5� friction angleis assumedin the interfacebetweenthe
steelandtheconcrete,thestressandstrainconditionsaremoresevere,asshown in Figures23and
24. ThemaximumTrescastressin theconnectionplateis 514MPa; themaximumTrescastress
in the productionproductionpipe is 632 MPa. Both stressesexceedthe allowableTrescalimits
of 490MPa (theASME code)or 500.6MPa (theCODAP code)but arestill lessthanthelimit of
665MPa accordingto theCODAP codefor a 355-MPa yield stress.Themaximumstrainin the
connectionplateis 0.21%.

Figure 23 Case4, 5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ConnectionPlate

Figure 24 Case4, 5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ProductionPipe
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5.2.5 Case13: DiscontinuousRock Mass,JointsNo. 13

Case13 (discontinuousrock mass,joints No. 2) resultsin themostunfavorablestressconditions
in thesteelliner comparedto all other“joint” caseslisted in Table1 andshown in Figure4. The
calculatedstressesin the cavern, connectionplateandthe productionpipe for the casewith no
friction resistanceareshown in Figures25 through30. ThemaximumTrescastressin thecavern
andtheconnectionplateis 465MPa. ThemaximumTrescastressin theproductionpipeis of the
orderof 700MPa,which is certainlyover thelimit evenfor thecaseof 355-MPayield stress.

Theresultsfor the5� friction anglein the interfaceagain show muchlarger localizedstrainsand
stresses.For example,themaximumTrescastressin thecavernliner is 766MPa. Themaximum
strainis0.31%,whichisstill in thedomainof high-cyclefatigue,but closeto thelimit for low-cycle
fatigue.ThemaximumTrescastressin theproductionpipeis 670MPa, morethanthelimit for a
355-MPayield stressfor steel.

Jointing conditions(for both wedgeand jointing cases)are selectedarbitrarily. However, the
consideredcasesrepresentconditionsthatarecertainlypossibleatpotentialfutureLRC sites.The
analysisshows that thoseunfavorableconditionscanleadto high stress/strainsin the steelliner,
particularlyinsidetheproductionpipe. Stressesinsidetheliner of theproductionpipefor Case13
are larger than the allowable stresseseven if no shearresistanceis assumedin the bituminous
layer. Conditionsbecomeworsefor the5� friction anglein thebituminouslayer: almostall cases
consideringa discontinuousrock masspredictTrescastressesin thesteelliner of theproduction
pipe above the allowable limit. However, even the maximumstrainsfor the most unfavorable
conditions(discontinuities,friction) remainwithin thelimit of thehigh-cycle fatigue.

It is clearthattheeffectof discontinuitiesonthedeformationof thesteelliner shouldbeconsidered
carefullybothduringtheconstructionandthedesign.Discontinuitiesshouldbeconsideredexplic-
itly andasaccuratelyaspossiblein the analysis.Any otherapproach(e.g.,continuum,smeared
cracks)canleadto eitherunsafeor overly conservativedesign.
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Figure 25 Case13: Stresses(MPa) in theCavern

Figure 26 Case13: Stresses(MPa) in theConnectionPlate
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Figure 27 Case13: Stresses(MPa) in theProductionPipe

Figure 28 Case13,5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
Cavern
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Figure 29 Case13,5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ConnectionPlate

Figure 30 Case13,5� Friction AngleBetweenSteelandConcrete:Stresses(MPa) in the
ProductionPipe
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5.2.6 Effectof CyclicLoading

Thestrainrangeduringoperationcycling wasinvestigated.Fivecyclesof gaspressureoscilations
between23MPaand3 MPaweresimulatedin thenumericalmodelfor Case4 (discontinuousrock
mass,wedgeNo. 2). The calculatedevolution of cavern deformationduring the �rst 3 cyclesis
shown in Figure31. As expected,asigni�cant portionof initial wedgedisplacementis irreversible.
Consequently, themaximumstrain(0.21%in the�rst loading)is 0.186%or lessin thesubsequent
loadingcycles.Sincetheresidualgaspressurein thecavernis 3 MPa,strainrangein theloading-
unloadingcyclesfollowing the�rst cycle is 0.144%or less.

It appearsfrom theseresultsthat the effect of discontinuitiesin the rock masson the maximum
stress/strainin the steel line is reducedsigni�cantly during subsequentcycles comparedto the
effect in the�rst cycle. Thereasonfor this is theirreversibility of asigni�cant portionof theinitial
deformation(during the �rst loading)of discontinuitiesin the rock mass. Basically, the blocks
settlein placeduringthe�rst cycle.
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Figure 31 Case4: DisplacementVectorsandContoursof DisplacementMagnitude(m) Due
to First 3 LoadingCycles
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6.0 FATIGUE AND CRACK GROWTH

This sectionsummarizesthe�ndings from thereview of thedocumentsreferencedin Section3.1
regardingthefatigueandfractureof thesteelliner for aproposedLinedRockCavern.Theobjective
wasto review the�tness-for-purposeevaluations(describedin thereview documents)andto exam-
ine theliner with respectto codesthatwill governtheconstructionandoperationof a LRC in the
UnitedStates.Theprimaryconcernregardingtheliner is fracturefrom crack-likeweldingdiscon-
tinuities,or propagationof thesecracksby low-cyclefatigue(A cavernwill undergoapproximately
500cyclesin its lifetime.), eventuallyleadingto leakingof theliner or fracture.

It is understoodthat the liner is madefrom low-alloy structuralsteelplates12 mm to 15 mm
thick with aminimumspeci�edyield strengthof 355MPaandaminimumCharpy requirementof
30 Joulesat -40� C. Accordingto Review Document1, theplatesarejoinedwith completejoint
penetrationgrooveweldsbackgougedandweldedfrom thesecondside.

Thereis onespecialweld(thelastweldaccordingto page95of Review Document1) thatwill have
to be madefrom onesideonly andwhich will have a backingbar remaining. This weld will be
locatedin anareaof lowerstraindemand(accordingto Review Document1) and,therefore,is not
critical andwill notbediscussedfurther.

The constructiondrawings (Review Document9) alsoshow several potentiallyimportantdetails
thatarenotdiscussedin thereview documents,suchasDetailA in Drawing No.669-024Rev. C of
Review Document9, shown in Figure32,whichis atransitionfrom a324-mmdiameterpipeto the
liner. However, thedetailthatappearsmostcritical is DetailD in Drawing No. 669-025Rev. B of
Review Document9, shown in Figure33,which includesapipefoot andagusset-plateattachment
�llet-welded to theliner. Thisdetailwill haveastressconcentrationgreaterthan4, andthereforeit
is essentialthatthis locationat thebottomof theliner alsois a locationof reducedstressandstrain
ranges.

Theinternalpressureontheliner, accordingto Review Document2, rangesfrom 3 MPato 20MPa.
Theminimumtemperatureat themaximumpressureis 10� C.Accordingto page5 of Review Doc-
ument1, thenominalmembranestrainrange(notconsideringtheeffectof thestressconcentrations
at the details)is estimatedto be in the rangebetween0.1%and0.2%. (In many otherplacesin
thereport,lower strainranges— typically 0.1%or less— arediscussed.)This is approximately
equalto the yield strain,which is 0.17%. Therefore,it is realistic to expect the peakstressto
equaltheminimumspeci�edyield strength,355MPa. Thestressrangeof 218MPa (e.g.,Review
Document1, p. 98) wasusedin thefatigueanalysis.Thestressrangewasderived(Review Docu-
ment1,p.94)from the98-percentilestrainrangeof 0.089%,obtainedfrom theprobabilisticdesign
approach.
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Figure 32 Detail of Transition From theProductionPipeto theLiner
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Figure 33 Detail of thePipeFoot
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6.1 Initial DefectSize

The weldswill be 100%inspectedwith ultrasonictesting,and10% randomlytestedwith radio-
graphictesting.In addition,thesurfacesof theweldswill beinspectedusingeithermagnetic-particle
or dye-penetranttechniques.Despitethis rigorousweld testing,theweldswill befabricatedwith
thetypical minor defectsanddiscontinuitiesthatarepresentin all welded-steelstructures.In the
UnitedStates,the resultsof the inspectionwill likely beevaluatedby thestandardsof American
Welding Society(2000): AWS D1.1 , “StructuralWelding Code- Steel”. AWS D1.1 is widely
appliedasa workmanshipstandardfor new constructionof a variety of steelstructures.Welds
with defectsanddiscontinuitiesthatdo not meetthestandardsof AWS D1.1mustberepairedand
retested.Therefore,theworst-case�a wsfor considerationin the�tness-for-purposeevaluationare
thetypesandsizesof defectsthatareacceptableaccordingtoAWSD1.1. Everydetailof thestruc-
ture shouldbe evaluatedwith respectto brittle fracture,fatigueandcrackgrowth, assumingthat
worst-casedefectis presentright after theinspection,althoughit is very likely that themaximum
discontinuitiesin mostmembersarefar smaller. Table4 summarizestheworst-casedefectsizes.

Table4 Summaryof Worst-CaseDefects

Type of defect Relevant AWS provisions Maximum defect size

Undercut Table 6.1 0.25 mm in primary member
Crack at attachments 5.26.1.4 0.025 mm
Buried defects 15 mm thick Figure 6.1 10 mm
Buried defects 12 mm thick Figure 6.1 8 mm

Undercut — Thestandardsfor acceptanceof weld undercutarefoundin Table6.1of AWS D1.1.
For transversebutt weldsin primarytensionmembers,theundercutmustbelessthan0.25mm.

Crack at Attachments — Therequirementsfor cracksareprovided in Section5.26.1.4of AWS
D1.1, which statesthatcracksmustberepaired.Theworst-casedefectsizeis theoreticallyzero,
becausecracksarenot allowed in AWS D1.1. However, it is conceivablethata crackaslargeas
thesurfaceroughnessfor a torch-cutsurfacecouldbetolerated.Therefore,theworst-casedefect
sizefor acrackatanattachmentin Table4 is assumedconservatively to be0.025mm.

Buried Defects— Thestandardsfor acceptanceof burieddefectsby ultrasonictesting(UT) are
givenin Section6.13ofAWSD1.1. Table6.2ofAWSD1.1presentsthecriteriafor staticallyloaded
non-tubularconnections.For thethicknessof theliner (lessthan20-mmthick) thedB ratingof any
indicationsmustbe:

1. greaterthan+8 for long indicationsgreaterthan50mm;

2. greaterthan+7 andnotmorethan50mm long;

3. greaterthan+6 andnot to exceed20mm long;
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4. greaterthan+5 for any length.

On many occasions,thesectionindicatedashaving a rejectabledB ratingwill becoredout of a
grooveweldfor destructiveexaminationandcharacterizationof theactual�a w. Figure34showsthe
resultsof many of theseinvestigationsplottedin termsof thedB ratingversusthelargestdimension
of theactual�a w size.TheAWSD1.1rejectionlimits for butt weldsof variousthicknessesarealso
shown in the �gure. It canbeseenthat theAWS criteriaarevery conservative. For the liner less
than19mm thick, the+5 dB ratingensuresadefectsizelessthan1 mm in diameter.

Figure 34 Actual DefectSizeFrom DestructiveExaminationsof CoresFromWeldsWith UT
Indicationsof VariousdB Ratings

BecausetheAWS acceptancecriteriafor UT arenotquantitative in termsof thesizeof thedefect,
it is usefulto examinetheacceptancecriteria for radiographictesting(RT). It is assumedthat the
UT acceptancecriteriaarecalibratedto achieve aboutthesamequality level astheRT acceptance
criteria. The RT acceptancecriteria are given in Figure 6.1 in AWS D1.1, and they vary with
thicknessof the weld. The appropriateworst-casedefectsfrom Figure6.1 in AWS D1.1 for the
thicknessesof thecritical membersconsideredfor LRC aregivenin Table4. Thevaluesin thetable
representthelargestdimensionacrossthedefect.(Thedefectsareusuallyelongatedfollowing the
weld beads;thedimensionin Table4 is thetotal lengthof this defect.)Theburieddefectsshould
bemodeledasperfectlyroundcrackswith diametersaslargeastheworst-casedefectdimension
in Table4, which is certainlyconservative. It canbeseenthat theseacceptancecriteriaaremuch
moreliberal thanthedestructive testingof theUT indicationsshown in Figure34.
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Accordingto thediscussiononpage107of Review Document1, theweldsshouldbeinspectedto
“LevelBV, stringentrequirementsaccordingto ISO5817”. Consequently, themaximumremaining
defectwould be a 3-mm diameterburied defect. In analysesof crack propagation in Review
Documents2 and 3, an initial semi-circularsurfacecrack with a depthof 3 mm and a surface
lengthof 6 mmis assumed.Thisassumeddefectsizeis twicethesizeof the3-mmdiameterdefect
discussedin Review Document1 andis alsosurface-breaking,which makesthis assumptionvery
conservative. In Review Document3,athrough-thicknesscrackof 3mmin lengthisalsoevaluated.
As canbeseenby comparisonof theseassumptionsto theAWS maximumallowable�a w sizesin
Table4, theassumedsurfacecracksizeis veryconservative.

Theburiedcrackswereneitherevaluatednor discussedin thereview documents.A buriedcrack
somewhatlargerthandefectsdiscussedin Review Document1 is possibleaccordingtoAWSD1.1.
However, burieddefectsaremuchlessseverethanedgecracksandarenotexpectedto beanissue
with regardto thefatigueandfractureof thesteelliner.

6.2 Fractur eMechanicsAnalysis

Welddefectscandevelopinto cracksandpropagateby fatiguewhensubjectedto repeatedloading
andunloading.The liner will besubjectedto up to 500 largestressranges,approximatelyequal
to the yield strength. Using establishedfracture-mechanicsprinciples,acceptableinitial crack
sizecanbe de�ned asa cracksize that will not propagate to the critical size in the lifetime of
the structurebeingconsidered.Thesetypesof calculationsarereferredto as�tness-for-purpose
analyses,indicatingthat,althoughacomponentmayhavedefector discontinuity, it canbeproven
thatit is �t for itsde�nedpurpose(lifetimeandanticipatedloading).TheBritishStandardsInstitute
(1999)publishedadocumententitled: “GuideonMethodsforAssessingtheAcceptabilityof Flaws
in Metallic Structures”(BS7910),which outlinesa detailedprocedurefor a �tness-for-purpose
analysis. BS7910is applicableto a broadrangeof structures,including the liner, andhasbeen
usedfor decades.It is recommendedthattheliner beevaluatedusingtheestablishedproceduresof
BS7910.Theresultof thisevaluationwouldbethemaximumallowabledefectsize.If thisallowable
defectsizeis greaterthantheworst-casedefectsizeallowableunderAWSD1.1(Table4), thenthe
structuralcapacitywill notbeaffectedby thedefects.

Thecalculationsin BS7910arebasedonlinearelasticfracturemechanics(LEFM).Thecalculations
involve the stress-intensityfactor (K ), which characterizesthe stress�eld at notchesor cracks.
Crack-like notchesandweld defectsare idealizedascracks,andthe term crackwill be usedto
includecrack-like notchesandweld defects.TheappliedK is determinedby thesizeof thecrack
and the nominalgross-sectionstressremotefrom the crack. BS7910presentssolutionsfor the
appliedstress-intensityfactor, K , for a varietyof geometries.Thefollowing discussionoutlinesa
few usefulsolutionsandexamplesof their applicationto weldedjoints.

In general,theappliedstress-intensityfactoris givenas

K D Fc � Fs � Fw � Fg � �
p

� a (2)
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wheretheF termsaremodi�ers on theorderof 1.0,speci�cally:

Fc is thefactorfor theeffectof crackshape,

Fs is thefactor, equalto 1.12,thatis usedif acrackoriginatesata freesurface,

Fw is a correctionto accountfor a �nite sizeof a structurebecausethebasicsolutionswere
generallyderivedfor in�nite or semi-in�nite bodies,and

Fg isafactorfor theeffectof non-uniformstresses,suchasastressconcentrationorabending
stressgradient.

A stressconcentrationfactor(SCF)is de�ned astheratio of thepeakstressnearthestressraiser
to the nominalgross-sectionstressremotefrom the stressraiser. SCF is often usedin fracture
assessmentswhenthecrackis locatedneara stressraiser. For example,if a crackis locatedat the
edgeof oneof the�llet-welded attachments,theSCFwill bebetween4 and5. SCFis includedin
Fg. Thestressintensityfactorhasunitsof MPa�m1=2.

Thefracturetoughness,calledK “critical” or K c, is a materialpropertycharacterizedin termsof
theappliedK at theonsetof fracturein simpli�ed small testspecimens.Thefracturetoughness,
K c, is considereda transferablematerialproperty— i.e., fractureof structuraldetailsis predicted
if thevalueof theappliedK exceedsK c.

6.3 ToughnessTesting

In theUnitedStates,theCharpy testis theacceptedwayof specifyingtoughnessfor structuralsteel.
It is ouropinionthatthefracturemechanicstestingdescribedin Review Document4 is notrequired
in orderto ensureadequatetoughnessof thesteelliner plateor �ller metal.TheCharpy testensures
acertainlevel of toughness.

Theliner couldbedesignedin accordwith theAmericanInstituteof SteelConstruction's (AISC)
“Load andResistanceFactorDesignSpeci�cationfor StructuralSteelBuildings” (2000).Current
AISC speci�cationsrefertoAmericanSocietyfor TestingandMaterials(ASTM) speci�cationsfor
structuralsteel,suchasA36(2001a).Withoutsupplementalspeci�cations,thesesteelspeci�cations
donot requiretheCharpy testto beperformed.Therefore,theCharpy V-Notch(CVN) impacttest
mustbespeci�edby thepurchaserof steelasasupplementalrequirement.

ASTM A673 (2001b)hasspeci�cationsfor the frequency of Charpy testing. The H frequency
requiresasetof threeCVN specimensto betestedfrom onelocationfor eachheator about50tons.
Thesespecimenscanbetakenfrom a platewith thicknessup to 9 mm differentfrom theproduct
thicknessif it is rolled from thesameheat.ThePfrequency requiresasetof threespecimensto be
testedfrom oneendof every plate.Thesteelspeci�cationsfor thesteelliner shouldrequireCVN
testingat theP frequency.
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Due to variability in the cooling rateandresultantmicrostructureandgrain size,toughnessof a
weldmetalcanvarywidelydependingonmanufacturer'scerti�cation,weld-procedurequali�cation
testing,andthefabricationof thestructure.Thetoughnessis dependentonpropershieldinggasand
�ux to reduceimpurities. Therefore,weldingproceduresmustbemonitoredto control toughness
as well as to avoid defects. Typically, higher heatinput decreasescooling rate and toughness.
Quali�cation testsareoftencarriedoutonplates25-mmthick. Theproceduremaythenbeapplied
tothinnerplates,wherecoolingrateswill decreaseandthetoughnessmaybelowerthanquali�cation
testsindicate.Therefore,it is recommendedthattheweld-procedurequali�cation tests,including
the CVN tests,be performedperiodically for every welderon the job usingplatesof the same
thicknessof theliner.

6.4 Estimation of Toughness

A widely acceptedcorrelationfor thelowershelfandlowertransitionregionbetweenK c andCVN
is creditedto BarsomandRolfe (1987):

K c D 11:5 �
p

CVN (3)

whereCVN is given in J, andK c is given in MPa�m1=2. (A differentconstantis usedfor English
units.) Figure35 shows K c datafor a variety of brittle materialsthat have causedfracturesof
steelstructuresin the past(BarsomandRolfe 1987). Datafrom the web/�angecoreregion of a
W14� 605 “jumbo” wide-�ange columnsectionareshown. This materialin the coreregion of
jumbosectionsmadein thepasthadunusuallylow toughnessandcausedseveral fracturesin the
early1970s,whentheshapeswereusedastensionchordsin trusses.Thelower-boundCVN energy
for thecoreregion rangesfrom 4 J to 14 J. Usingthecorrelationof Equation(3), thescatterband
for thepredictedK c rangesfrom 23 MPa�m1=2 to 43 MPa�m1=2. Thescatterbandfor K c basedon
theCharpy datais shown in Figure35with measuredK c datafrom fracturemechanicstests.These
datashow that the correlationof Equation(3) is conservative, as the actualK c rangesbetween
45MPa�m1=2 and50MPa�m1=2.

Alsoshownin Figure35areK c datacalculated,usingEquation(3), fromtheCVN datameasuredfor
severalbrittle weldsthatcausedfracturesin thepast.Oneexampleis thebrittle self-shielded�ux-
coredarcweldsthatwereusedin moment-frameconnectionsprior to theNorthridgeearthquake
in 1994.Anotheris thebrittle weldsthatcauseda fracture,in January1986,of a steelbox section
supportinga roof at theWolf Trap OutdoorPerformingArts Centerin Virginia. It happensthat
thevaluesof CVN andK c for thesebrittle weldsalsofall within thescatterbandfor “lower-shelf”
brittle-fracture-pronematerials,asshown in Figure35. Thelowerboundsof theCVN andK c data
arenot sensitive to temperatureor strainratebecausethesematerialsdo not undergo a transition
at temperaturesof interest.This similarity in thedatasuggeststhata theremaybea lower-bound
valueof thefracturetoughnessthatcanbeassumedfor brittle ferritic weld metal,structuralsteel
andtheheat-affectedzone(HAZ). Thelower-boundfracturetoughnessre�ects theworsteffectsof
temperatureandstrainrate.For theseconditionsandmaterials,thelower-boundfracturetoughness
is about50MPa�m1=2. Becausethedatain Figure35arecharacteristicof themostbrittle steeland



TechnicalReview of theLRCConceptandDesignMethodology: SteelLiner Response 41

Figure 35 FractureToughnessData for a Numberof Brittle MaterialsThat HaveCaused
Fracturesin thePast

weld metalthat have ever beenusedin the past,a minimum fracturetoughnessof 50 MPa�m1=2

canbe conservatively assumedfor the steel,weld metal, andHAZ in the liner as well. Using
Equation(3), it canbeshown that50MPa�m1=2 correspondsto aminimumCharpy valueof about
19 J at the lowestanticipatedservicetemperature.BS7910hasa slightly differentcorrelationfor
the useof Charpy to predict fracturetoughnessthat alsodependson the thicknessof the plate.
UsingCVN equalto 19J,thecorrelationin BS7910givesafracturetoughnessof 58MPa�m1=2 for
sections10-mmthick,and50MPa�m1=2 for sections25-mmthick. Thus,thiscorrelationessentially
givesthesameresult.

As discussedpreviously, thesteelfor theliner shouldhaveaminimumCharpy requirementof 30J
at-40� C.ThisrequirementcorrespondstoaK c of 63MPa�m1=2. However, theminimumoperating
temperatureat maximumpressureis 10� C, sotheCharpy at this temperaturewould beexpected
to bemuchgreater. Onpage4 of Review Document2, experimentalvaluesof 65J(corresponding
to K c of 93 MPa�m1=2) arediscussed.Furthermore,thereis a strainrateshift thatwould make the
K c valuemuchgreaterthanwould beobtainedfrom Equation(3). In Review Documents1 and3,
K c wastakenas80 MPa�m1=2. In Review Document2, K c wastakenas127MPa�m1=2, but the
maximumappliedK wascomparedto 0.7 timesK c, or 90 MPa�m1=2. Theseassumptionsseem
entirelyreasonableandconservative. However, it shouldbeensuredthatthesteelplateusedtomake
theliner meetstheseminimumrequirements.Thenew dataon fracturetoughnesstestingprovided
in Review Document4 supporttheuseof a critical fracturetoughnessashigh as244MPa�m1=2.
However, thesehigh valuescharacterizeparticularsteelandweld material. Thereis no reasonto
believe thatthesamematerialswill beusedin theUnitedStates.
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6.5 Critical DefectSize

Slightlydifferentapproachesareusedin thereview documentsfor calculatingthecritical �nal crack
size.Becausethereis noequivalentU.S.standard,it is recommendedthatfractureassessmentsbe
conductedin accordancewith BS7910,whichis widely acceptedin theoil andgasindustryaswell
asin many otherindustries.Thereview documentsuseafailure-analysisdiagramapproach,which
basicallyaugmentstheLEFM approach,to includea checkof possibleplasticlimit load. This is
essentiallythesameastheapproachin BS7910.

However, thereis an inconsistency in calculatedcritical defectsizesaspresentedin the review
documents.Theresultsobtainedin Review Documents1 and3 conculdethata through-thickness
crackof 10.5mm,aswell asasurfacecrack9.1mmin lengthand4.6mmdeep,couldbetolerated.
Thecritical defectsizesreportedin Review Document4 arelarger: 5.4-mmcritical crackdepth,
10.8-mmsurfacelength,and98.5-mmcritical lengthof thethrough-thicknesscrack.Theincreased
lengthof critical defectreportedin Review Document4 is supposedlyaconsequenceof thelarger
fracturetoughnessused(i.e., K I c D 244 MPa�m1=2 comparedto K I c D 80 MPa�m1=2 usedin
Review Documents1and3). Assumingthatthecriticaldefectsizeiscalculatedbasedonaugmented
LEFM, the increasein thecritical defectsizeshouldbeproportionalto thesquareof the ratio of
fracturetoughnesses.Consequently, the increasein the critical lengthof the throughthickness
crackfrom 10.5mm to 98.5mm seemscorrect.However, theincreasein critical lengthof surface
cracksfrom 9.1mmto 10.8mmwhentoughnessis increasedfrom 80MPa�m1=2 to 244MPa�m1=2

seemsunreasonable.

Review Document2 alsodescribeda tearinginstability analysisusinga J-Rcurve. This is a more
sophisticatedanalysis,andshowedthataslightly largercracksizecouldbetolerated.However, the
tearinganalysiswasbasedononlyestimatedlower-boundmaterialproperties,soit isnotnecessarily
expectedto bemoreaccurate.

6.6 SecondaryStressesin Fractur eAssessments

BS7910requiresthat any secondarystress,suchasweld residualstress,alsobe includedin the
calculationsof thestressintensityfactor, K . In this case,theappliedK might beashigh astwice
thevaluecomputedusinga peakstressequalto the355-MPa yield stressof theplate,becausethe
residualstresscouldalsobeashighas355MPa. This requirementof BS7910is notconsideredin
thereview documents.

In termsof stress,thisapproachseemsoverlyconservative. However, thesimpli�ed Level1 fracture
analysisprocedurein BS7910actuallyisderivedfromastrain-basedprocedureknownastheCTOD
designcurve. This designcurve wasderivedempirically from full-scaletestson wide plateswith
transversebutt welds. In this procedure,the strainsfrom primary andsecondarystresseswere
addedtogetherto calculatethestraindemandon thewide-platetests.Althoughit is conservative
andbasedon thelowerboundto thesefull-scaletests,it is consistentwith thedata.Therefore,the
otherapproachesthatdid not includesecondarystressesaresomewhatinsuf�cient in this regard.
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Notethatalthoughresidualandothersecondarystressesshouldbeincludedin thefracturepartof
theassessment,they arenot supposedto beincludedin theplasticlimit loadcalculations.This is
dueto secondarystressshakedown asthe plastic limit load is approached.Therefore,including
residualstresseshasaneffect on thepotentialfor brittle fractureonly, andit is appropriateto be
asconservative aspracticalwhenit comesto avoiding brittle fracture.Residualstressesandother
secondarystressesshouldnotbeincludedin theassessmentof low-cycle fatigue.

It is clearthatsecondarystressesshouldbe includedin thefractureassessment.However, taking
the full valueof theplateyield strengthasanestimateof theresidualstressis very conservative.
BS7910hasprovisionsfor moresophisticatedanalyses(Level 2 andLevel 3) wheremorere�ned
estimatesof theresidualstressareused.However, theseapproachesrequirematerialpropertiesfor
theactualsteeland�ller metalbeingused.Beforethematerialsaredelivered,K is estimatedfrom
theCharpy requirements,andonly theLevel 1 procedureis appropriate.It is believedthat,despite
themoreconservativeassumptions,theLevel 1 procedurewill still show thatthemaximumdefects
allowedbyAWSD1.1areacceptableandwill notpresentasigni�cant risk of fracture.

6.7 Low-CycleFatigue

Thereareseveralapproachesusedin Review Documents1,2 and3 to assessthepossibilityof crack
formationby low-cycle fatigue. Review Document1 begins with a classicalstrain-life equation
(Mansonequation,developedfrom tensiletestdata)thatsuggestsanallowablestrainrangeof 2%
for 500cycles.Then,alower-boundstrain-liferelationisexaminedthatsuggestsanallowablestrain
rangeof 0.5%for 500cycles. Next, Review Document1 treatstheproblemwith thehigh-cycle
fatigueS-Napproach,usinganS-Ncurve for intersectingbutt welds.ThisS-Ncurvehasafatigue
strengthof 80MPaat2 million cycles.For theelasticstressrangeof 219MPa,thisapproachgives
alife of 39,000cycles.Althoughnotusedthiswayin Review Document1, thisapproachcouldalso
beusedtopredictanelasticstressrangeat500cycles,whichwouldbeabout1270MPa. Thiswould
correspondto astrainrangeof about0.6%.Althoughthisapproachseemsmuchdifferentthanthe
strainlife equations,it givesa resultthat is approximatelythesame.A slightly moreconservative
approachcouldbe taken if the �let-welded attachmentsareconsidered.TheS-N curve for these
details(AWS Category E) hasfatiguestrengthof 56 MPa at 2 million cycles. This S-N curve
predictsanelasticstressrangeat 500cyclesof 890MPa. This would correspondto a strainrange
of about0.4%. In additionto theweldedattachments,thisdetailcategorywouldalsoincludewelds
with backingbarsorevenseverelycorrodedareasof theliner, sothesewouldalsohaveanallowable
strainrangeof 0.4%. It is alsoworthwhileto comparetheseanalysesto thefatiguedesignrulesof
theAmericanSocietyof MechanicalEngineers(ASME),Boiler andPressureVesselCode(1998b),
SectionVIII, Division 2 - Alternative Rules. The appropriateS-N curve, Figure5-110.1,shows
an allowableelasticstressrangeof 1380MPa for 500 cycles,correspondingto a strainrangeof
0.67%. TheASME approachprovidesfatiguestrengthreductionfactors(FSRF)for the welded
details,which areanalogousto stressconcentrationfactors(SCF).The butt weldsshouldhave a
FSRFof about3, leadingto an allowablestrainrangeof about0.22%for 500 cycles. Note that
this is muchlessthatthe0.6%allowablestrainrangecomputedusingthehigh-cycleS-Ncurvefor
intersectingbutt welds.The�llet-welded detailshaveaFSRFof about4.5,leadingto anallowable
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strain rangeof only about0.15%for 500 cycles. Again, this is much lessthan the high-cycle
S-N curveswould allow andshows thattheASME approachis moreconservative in this rangeof
cycles.Theallowablestrainrangeof 0.15%is very closeto theestimatedmaximumstrainranges
in theliner and,therefore,maybeof concern.Thiscalculationalsoshows theimportanceof these
�llet-welded details,whichcandramaticallyreducetheallowablestrainrange.

6.8 FatigueCrack Initiation Propagation

TheParisLaw (ParisandErdogan1962)relatingtherangein stress-intensityfactor(1K ) to fatigue
crack-growth rate(da=dN) is usedin BS7910.TheParisLaw is expressedas

da
dN

D C � .1K /m (4)

where a = cracksize,
N = numberof cycles,
C = anexperimentallydeterminedcoef�cient,
1K = stressintensityfactorrange,and
m = materialconstant.

BS7910givesthe valueof C andm for steelin a marineenvironmentequalto 1:65 � 10� 11 and
3, respectively, for a in metersandK in MPa�m1=2. This is slightly largerandmoreconservative
thanthevaluesusedin Review Document2. However, Review Document3 usedtheASME crack
growth-ratelaw that,at20MPa�m1=2, gaveagrowth rate7 timesfasterthantheratein BS7910.In
any case,themaximumcrackextensionwasabout1.3mmon thesurfaceand0.5mmthroughthe
thicknessfor the355MPastressrangeand500cycles.

7.0 STANDARDS OF CONSTRUCTION

Review Document6 is a comprehensive setof performancerequirementsfor the overall design
of the steelliner, requireddocumentation,materialrequirementsfor steelplateand�ller metal,
erectionandwelding,andinspection.With adaptationfor usein theUnitedStates,it is suf�cient
to providea reliablelevel of quality thatwill ensurethatthestructurecanperformasexpected.

Muchof thematerialin Review Document6 is duplicationof whatwouldbeprovidedby reference
to othercodesandspeci�cations,asexplainedbelow. Themainproblemis thatit is written for use
in SwedenandreferencesSwedishstandards.It will needto be rewritten to referenceandavoid
duplicationwith appropriatestandardsin theUnitedStates.Theprimaryissuesthatneedadaptation
are:
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1. designcode;

2. availablematerials(steelplateand�ler metal);and

3. constructionpracticeandweldingprocedures.

7.1 DesignCode

The LRC DemoPlant is not a typical structure,andit is not clearwhat codeor standardwould
governthedesign.Theapplicablecodeor standarddependson thelocationandgoverningfederal
and/orlocal regulations.

AmericanPetroleumInstitute(API) standardsmayapplybecausethepurposeof thecavern is to
storenaturalgas. Thesteelliner is essentiallya pressurevesseland,therefore,couldpossiblybe
designedby theASME Boiler andPressureVesselCode(1998b). However, theASME Boiler
andPressureVesselCodeis very prescriptive andassumesthat the structurebeingdesignedis a
conventionalpressurevessel.The liner is quitedifferentfrom a conventionalpressurevessel,as
the steelliner actsin combinationwith the concreteandrock to withstandthe internalpressure.
(Actually, thesteelliner only providesthetightness;thepressureis carriedby therockmass.)Also,
theASME Boiler andPressureVesselCodeallows for speci�c materialsonly, whereasthereare
bettermaterials,not recognizedby theASME Code,thatshouldbeusedasasteelliner.

Oneadvantageof theASME Codeis thatit doeshaveexplicit criteriafor low-cycle fatigue,which
is expectedto bethelimit statefor theliner. TheASME Boiler andPressureVesselCodecriteria
areknown to bevery conservative, andthey would only allow a strainrangeof about0.22%for
500cycles,which couldbeexceededin theliner, dependingon theassumptions.As discussedin
Section6.0,therewereseveralotherlow-cycle fatigueanalysesperformedby otheragenciesusing
othercriteriathatgavemuchmoreliberal results.

Furthermore,theASME Codeapproachassumesthatthestrainrangeis theexpectedservicestrain
range,which is very easyto predictfor a conventionalpressurevessel.In contrast,theestimated
strainrangesfor theliner areextremevaluesbasedonconservativeassumptionswith a low proba-
bility of occurrence,andtheexpectedservicestrainrangeis likely to bemuchless.

It is alsopossiblethat liner couldbedesignedin accordancewith theAmericanInstituteof Steel
Construction(AISC) "LoadandResistanceFactorDesignSpeci�cationfor StructuralSteelBuild-
ings" (2000). Many different typesof large steelstructuresare designedin accordwith AISC
speci�cations,includingindustrialandprocessstructures.In orderto havemaximum�e xibility in
thedesignandtheacceptanceof thedesign,it is recommendedthat,theAISC designspeci�cations
becitedin lieu of theASME Boiler andPressureVesselCodeif thereis achoiceandit is required
to citeadesignspeci�cation.
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7.2 Available Materials

Theselectionsof thesteelplate,�ller metal,andweldingprocedureareprobablythemostcritical
aspectsof theconstructiondocuments.Therequirementsfor thesteelplateand�ller metalproperties
arevery goodandaregenerallymorestringentthanwhat would be consideredgoodpracticein
the United States. However, mostof the alloys mentionedfor the steelplatewould be dif�cult
to obtain in the United States. On the other hand,thereare a numberof good gradesof steel
and�ller metalthatareavailableandaredescribedby ASTM standards.For example,steelplate
and�ller metalusedin cold regionsfor gastransmissionpipelines,offshorestructures,ships,and
evenbridgesprovideexcellentductility andtoughness.Therefore,it is recommendedthatthesteel
plate,�ller metal,andweldprocedurebeselectedafterconsultationwith thematerialsuppliersand
quali�cation testingof full-scaleweldmentsby theowneror a third party.

Therequirementsfor thesteelplateproperties,includingminimumCharpy requirementof 30 J at
-40� C, areappropriate.As explainedin Section6.0, this requirementshouldprovide a suf�cient
level of resistanceto fracture.In general,whenmakingthedecisiononthematerials,thelargerthe
expectedCharpy valuefor theplateand�ller metal,thebetter— aslong asthecostpremiumis
not toogreat.However, thespeci�cationof a larger“normal value” for theCharpy is meaningless
in theUnitedStatesandshouldbeeliminated.

It is recommendedstronglythattheyield-to-tensilestrengthratiobelessthan0.7. Thisrequirement
is notcoveredin presentASTM steelspeci�cations,but it is critically importantfor ductility in the
plasticrange. In addition,it is recommendedto includemaximumlimits on theyield andtensile
strength.Thesemayhave beenimplied by thereferencedSwedishmaterialstandards,but this is
not alwayscoveredby ASTM standards.Sincetheloadingis strain-controlled,thestrengthof the
platedoesnothaveto meetany minimumstandards.Becauseof ageneralinverserelationbetween
strengthandductility andtoughness,thelowerthestrengthof thesteelplate,thebetter. If maximum
strengthis limited,thenhardnessrequirementsarenotneededandshouldnotbeincluded.Typically,
hardnessis not speci�ed in theUnitedStatesandcouldcausesomeproblems.

Theremaybesomechangesrequiredfor the�ller metalspeci�cations.The�ller metalshouldbe
requiredto have at leastasstringentCharpy propertiesasthesteelplate. Generally, thelargerthe
toughnessof theweld metal,thebetter, asdefectsusuallyarelocatedin thewelds. In bridges,for
example,theCharpy requirementsfor theweld metalaremorestringentthattherequirementsfor
thebasemetal.

It isalsoimportant,in orderto reducethepotentialfor fracture,thattheweldmaterialdoesnotyield.
Therefore,thereshouldbeanexplicit requirementthatthestrengthof the�ller metalovermatches
the strengthof the baseplate. It is recommendedthat the ultimatestrengthof the �ller metal is
largerthantheultimatestrengthof thesteelplatebyamarginof atleast70MPa. (Theyieldstrength
of �ller normally is not speci�ed in the United States.The overmatchingrequirementmay have
beencoveredby referenceto theSwedishweldingspeci�cations.)
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It may be impossibleto �nd a weld �ller metal with a yield-to-tensilestrengthratio as low as
0.7. Becausetheweldmetalhasvery low carboncontent,it hasaninherentlyhighyield-to-tensile
strengthratio. If theweld-metalyield strengthexceedstheultimatestrengthof thesteelplate,the
weld shouldnever yield. Therefore,theyield-to-tensilestrengthratio of the �ller metaldoesnot
affect theductility of theliner, andthis requirementshouldbeeliminated.

Thechemistryrequirementfor thesteelplateshouldalsobeeliminated.Theproducersshouldbe
free to provide the optimumchemistrythat meetsthe minimum Charpy requirementsandother
properties.Speci�cationof cold deformationpropertiesis not customaryin theUnitedStatesand
is notnecessary. Weldbendtestsshouldberequiredfor theweld-procedurespeci�cationtestsand
shouldensurethatthesteelalsohasadequatebendductility.

As mentionedin Section7.1, the issueof materialsselectionis relatedto the issueof the design
speci�cations,becausethedesignspeci�cationsmaylimit thematerialselections.Forexample,the
ASME Boiler andPressureVesselCodeallowsonly speci�c materialsto beused.TheAISC design
speci�cationsalsohasa list of approvedmaterials.However, many of thesespeci�cations,suchas
ASTM A36, arevery liberal andwould allow whatever materialsareselectedto bein compliance
with this speci�cation.

7.3 Construction Practiceand Welding Procedures

The requirementsin the review documentsfor constructionpracticeandwelding proceduresare
very thorough. An advantageto referencingthe AISC designspeci�cation is that it references
theAISC “Codeof StandardPracticefor SteelBuildingsandBridges” includedin theManualof
SteelConstruction. This Codeof StandardPracticeincludescommonlyacceptedstandardsfor
fabricationanderectionof structuralsteel.TheAISC speci�cationsreferto theAmericanWelding
SocietyAWS D1.1 (2000),“StructuralWeldingCode– Steel”. AWS D1.1 is widely appliedasa
workmanshipstandardfor new constructionof avarietyof steelstructures.

The weldswill be 100%inspectedwith ultrasonictesting,and10% randomlytestedwith radio-
graphictesting.In addition,thesurfacesof theweldswill beinspectedusingeithermagnetic-particle
or dye-penetranttechniques.Theseinspectionrequirementsaresuf�ciently stringent,but reference
shouldbemadetoAWSSD1.1for acceptancestandards.

Many of therequirementsin thereview documentsduplicateAISC andAWS D1.1speci�cations.
Therefore,theconstructiondocumentsshouldberevisedto referenceappropriateU.S.weldingand
constructioncodesandavoid thisduplication.
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8.0 CONCLUSIONS

Thereview presentedin this reportis thesecondphaseof thereview of theLRC concept.The�rst
phase(Brandshaugetal. 2001)focusedmainlyonrockmechanicsissues:(a)safetyagainstuplift,
and(b) effectsof deformationof therock masson thestrainrangein thesteelliner. Theobjective
of thesecondphase(describedin this report)is mainly to review thestructuralmechanicsissues
of theLRC concept.However, themainideaof theLRC conceptis thatthestructureandtherock
mass“work” together. Therefore,therock mechanicsandthestructuralmechanicsaspectsof the
conceptcannotbeseparatedeitherduringthedesignor in thereview.

Thesecondphaseof thereview considered,in moredetail,thesteellining, bothinsidethecavern
andinsidetheproductionpipe(thenozzle).Thethree-dimensionalanalyseshave beenconducted
to investigatestrainsandstressesin thesteelliner. In particular, theeffectof discontinuitiesin the
rock masson strainsandstressesin thesteelliner wasexamined.(Discretenessof therock mass
wasneglectedby theLRC teamin their analyses.)Theanalysisof thepotentialfor brittle fracture
andfatiguein thesteelliner wasreviewed.Theproceduresandcriteriausedin fractureandfatigue
analysisby LRC teamareconsideredwith regard to the U.S. codesthat could be applicableto
potentialLRC plantsin theUnitedStates.Standardsof constructionandtheircompliancewith the
governingU.S.standardsandcodeswerecritically reviewedaswell.

Theanalysisshowed that,with regard to stressesandstrainsin thesteelliner, both in thecavern
andin theproductionpipe,two factorsarecrucial:

1. shearresistancebetweenthesteelliner andtheconcreteliner, and

2. themodeof deformationof the rock mass(i.e., predominantlyuniform, continuousor dis-
placement�eld characterizedby largegradients,almostdiscontinuous).

The analysisshowed that the strainsin the steelliner arewithin the limits of high-cycle fatigue.
However, for themostunfavorableconditionsof deformationof therockmass(jointedrockmass),
andanupperboundof shearresistancein thebituminouslayerbetweenthesteelandtheconcrete,
the maximumstrain is 0.31%. The allowable strain range,accordingto the ASME Boiler and
PressureVesselCode,is 0.22%for 500cycles(numberof pressurecyclesexpectedfor theLRC
in theUnitedStates).Theanalysishasshown that,in cyclesfollowing the�rst one,themaximum
strainwill decreasecomparedto themaximumstrainin the�rst loadingcycle. Also, thestrainrange
is expectedto belessthanthemaximumstrain,becausetheresidualgaspressurein thecavernwill
be3 MPa. Therefore,it is expectedthatthestrainrangewill bewithin — but very closeto — the
limits of theASME Boiler andPressureVesselCode. TheASME limits for �llet-welded details
areevenmorestringent:0.15%strainrangefor 500cycles. Thepipefoot is �llet-welded for the
cavern invert. If the rock massis assumedto behave ascontinuum,the strainsat the bottomof
thecavernarerelatively small, lessthanthe0.15%strainrangelimit. However, theanalysisthat
assumesthediscontinuousbehavior of therockmassshows thatthelocationsof thelargestrainin
the steelarevery muchcontrolledby the locationof discontinuitiesin the rock massaroundthe
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cavern. It is possiblethata discontinuitythatcancauserelatively largesteelliner straincanexist
nearthe�llet-welded detail. Therefore,discretenessof therockmassmustbeconsideredcarefully
in theanalysisof theliner strains.

Theeffectof discontinuitiesin therockmassonthesteellinerstrainsreducesastheshearresistance
in theinterfacebetweenthesteelandtheconcretegetssmaller. Theanalysispresentedin thisreport
for 5� friction anglein the bituminouslayer overestimatesthe shearresistanceand,therefore,is
conservative. However, theanalysis,asreportedin Review Document5, for a zerofriction angle
in theinterfaceis certainlynon-conservativeandunderestimatesthestressesandstrainin thesteel
liner, particularlyin theproductionpipe(thenozzle).As a functionof theshearresistancein the
bituminouslayer, the stressesin the productionpipe in the areaof transitionfrom the cavern to
the pipe exceedthe allowableTrescastresslevels undercertainconditions. In somecases,large
compressive stressesaregeneratedthatwarrantanadditionalbuckling analysisnot conductedby
theLRC team(accordingto thereview documents).

The analysesof fractureandfatigueperformedin the review documentsappearto be well sub-
stantiatedandsuf�ciently conservative. However, theseanalysesdo not addressthe �llet-welded
detailssuchasthepipefoot andgussetplate,shown asDetail D in drawing No. 669-025Rev. B
(Review Document9). Preliminaryestimatesarethat thegasstoragefacility shouldstill besafe,
evenincludingtheeffectsof the�llet-welded attachments.However, theASMEBoilerandPressure
VesselCodewould only allow a strainrangeof 0.15%for the�llet-welded details,which is close
to theestimateof themaximumstrainrange. Thus,the largesafetymargin thatwasapparentin
the calculationsin Review Documents1 through3 may not be very large, andthe safetyof the
facility maybemoresensitive to theassumptionsusedto obtainthemaximumstrainrange. It is
recommendedthatthedetailsbeanalyzedfurtherusingtheacceptedproceduresin BS7910.

The review documentsprovide a comprehensive setof performancerequirementsfor the overall
designof the steelliner, requireddocumentation,materialrequirementsfor steelplateand�ller
material,erection,weldingandinspection.Thetechnicaldocumentationfor potentialLRCprojects
in theUnitedStatesneedsto berewrittento referenceappropriateU.S.codesandspeci�cationsand
to avoid duplicationof theprovisions.It is notclearwhichU.S.standardshouldgovernthedesign.
It is our recommendationthat theAISC designspeci�cationsbecitedin lieu of theASME Boiler
andPressureVesselCodeif thereis achoiceandif it is requiredto citeadesignspeci�cation.

TheLRC conceptseemsfeasiblefrom thestandpointof thestructuralintegrity of thesteelliner.
However, we recommendthatanalysisbeconductedpayingmoreattentionto details,particularly
the effects of discontinuitiesin the rock massand the shearresistanceof the bituminouslayer
betweenthesteelliner andtheconcrete.
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