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INTRODUCTION

RockBcourfbccursBvhen@herosiveapacityPofvater@lowingverAtExceeds@he
abilityPoffthelrockPtolresist. BT ypicalBenvironmentsfarePovertopping@damsfand
spillways,BplungelPpoolsPandstillingPbasins,fbridgePpiersPandZhbutments,Zcoastal
protectionBtructures,@Binlined@ock@unnels,Btc.

Assessment@fockBcourfeedsBound@omprehension@fhe@rosion@haracteristics
ofturbulent®lowsPleadingoscour.PBimilarly,AtEisPhecessarytoPinderstandfthe
failure@mechanisms@®fAock.Fluvial®ErosionbfFrockPasAtZhppears@n@heFicinity bbf
engineeringl structures? mainly® occurs@ following® threel physicalfmechanical
processes:

1. rockblock@emoval@pressuresinfoints@rBhearflow),
2. rockBnassfracturing@suddenly@rirogressively),
3. rocklock@brasionflongferm).

EachPofftheselprocesses@hasllitsPlownltimeZcaleBoffloccurrence,lrangingBfrom
instantaneous@o@ong@erm.BVhile@ertainBhort@ermBActionsthave®een@ather@vell
described@nMiterature,Boundssessment@®{PmediumPandAong@erm@luvialBctions
onfracturedProckBAsGtillAnfFtsFnitialZphasesbffdevelopment.fTheirfrelevancelto
scour@lepends@®n@he@haracteristics®f@hefurbulent@low@nd®n&heBhape@And&he
protrusion@fhe®ockMlocks.HForBmall®ized @ocky@naterial, Bhear@lowisEenerally
predominant,Gustlikefor@REranular@iverbed.&or@arge®izedArregular@ock®locks,
however,®he®hape,MimensionsPandBprotrusionbf@helocksBignificantly@mpact
theHailure@process.Dynamic@vaterPpressuresbbuildipat@he@vaterfrockBAnterface.
ThelhssessmentPbffthelfluctuatingPpartPbfZtheselpressureskinsidefjointsEbetween
blocksis@ARkeyMactorBor@ppropriateodeling@f@ockBcour.

MECHANISMS®OFMROCKBCOUR

Rockblock@emoval

RockPimayPfailPbyPremoval EbfEdistinctblocks.EThisPmaylPhappenbyPupliftP(quasil
verticalBejection),Bby@horizontal@displacement,Zor@byllallcombinationBof@both

movements.Flow&urbulencels&hereby®df@litmost@mportance,BbecauseBhearBtress

basedPronceptsibftenPrannotZexplainhowllargelblocksPranbelremovedZorZhow

turbulentflow@anbreak@fipblocksd@ntoBmallerieces.BVhich@ne®ffheMovements

willbbe@nost@lausible@epends®n@heBize,@imensions@ndprotrusion@f@heblocks




comparedZtoPthePsurroundingProckPimass.PTheselparameters@directly@definelthe
relevancelbfthePfollowingPpressureforces@thatPmayliftfthelfblock?(BollaertPand
Hofland,2004):

1. static@iplift@orces =[{density)
2. quasiBteadyfipliftBorces® =@{block@rotrusion,@ocalflowrelocity)
3. turbulent@pliftBorces =@ Jturbulent@ressurefluctuations)

Upliftdf@AFock®block@naybe@stimatedAn@ABimple@nannerby@efining@t@ach@ime
instant®helupliftPpbressure@orcesPonhelblock,Hogether@vithfthelresistant@orces
definedPbythePmasskbffthelfblockPhnd PbyPeventualZhearPandBinterlocking®orces
between@heblock@nd@heBurroundingfnass.During@ime@eriods@orBvhich@helhet
forcefalance@®n&helock@emainsBositivedlift),helock@villBtart@o@nove.fhis
uplift@mpulsionAs@ransformedfnto@n@iplift&elocityBivenBo@heblock.Finally,@he
uplift@elocity@sAransformedfntofanPuplifttheight.fThefhetPhplift@orce@s@hereby
assumed@ndependent®f@he@novement®{@helock,Bmovement®hatBprogressively
increaseshe®olume®fhefointbetweenthe®lock@ndEheBurrounding®nass.

InPreality,EPblockPmovementPhand PupliftPZforcesParePhighlyrorrelated.FZExperimental
researchl@lisBactuallyPlongoingPlatPthe@SwissPFederalPInstitutePlof@Technologylin
Lausannelto@lsolvePthisPlcomplexPcorrelation.ZAnFartificial BrockPblockPhasfbeen
equippedBwithPpressurePandlaccelerationBsensorsftoldetectPtheldirectlrelation
between®helpressures@®verfandMinder@heblockPandfAts@letailedPmovements.fThe
blocklisbeing@mpactedby@Ahigh@elocity@AirAvaterfet.

Figure@ Allustrates@he@ressurefluctuationsver@ndBinder@block@t@Abridgedier
founded®n@ock.fThelressures@n@he®ockBFointstare@hereby@omputedbyziEwol]
phase®ransient@Bvave@ropagation@nodel,based®n@hefpressuredluctuations@t@he
jointBntrancesbetweenheMlocks.
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Figure@.®ressurefluctuations@ver@nd@inder@fockblock@t@bridgePierBoundation

Rockinassracturing
RockBmayPRalso@fail@byRsuddenlorflprogressive@hydraulicBfracturing,Zwhichlis
mathematically@describedby@he®heory®@flfinear@lasticfiracturefnechanics.

BrittleAractureB®ccurs@Bvhen@heBtressAntensitydin@he@ock@nass)zit@heEdgesmf
closed®ndPfracturesllisPgreater@thanfthelin®itulfracturePtoughnessfoffthelrock
(Bollaert,22002).BThelstressesinducedBbylPwaterBpressuresatlfractureltipsare
governedPbythellgeometryPloffthePfractureBandPthelstabilizingPsupportfoffthe
surroundingBrock.BThellinBituffracturetoughnesslloffthellrockPdependsflonfithe
mineralogicalZtompositionBffthe@ock,theAnBituBtress@ieldPandheAinconfined
compressivel strength® (UCS)® orf tensile@ strength @ of the® rock? mass.? Hence,
independentPofflthelfracture@patterns,Bsoftflsedimentarylrocks@ZwilllbeEmore
vulnerablelPtoPfracturelpropagationZthanPgraniticPorbasalticProcksPfor@example.
Figure@2Bpresents@thelllaboratoryPneasured@fracture@toughnessPlofflallrangelof



different@ocks.f'hese®alues@re@dapted@oAnBitu@onditionsBy@ccounting@or@he
confiningBressure Sc..ZABeneral@xpression,Aindependent@®{@he@ype@{@ockBnass,
haseenProposedbyBollaertf2002):
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Figure®R.Fracture@oughnessXK. ofdifferent@ypes@ffock@Bollaert,2002)

BrittleBfracturingPbreaksPupthelrockPmasskintolfdistinctPblocks,Zorfthelhlready
existingPblocksPintoBmallerPpieces.EDuringlreal Aifelfloods,tbrittlefracturingBmay
occur@uring®eak®pressurefulses@®ntering@he@ock@racturestt@hebottommfEhe
plunge®ool@riocky®@iverbed.

Second,PprogressiveAracturinglbffrockPbccursBvhenftheBstressfintensitiesPdohot
exceed@heAracture®oughness.fPPrototype@caled@aboratory®eststhave@®hownhe
presence®fBevereir@vater@ransient@ressure@vavesAnside@ockFoints@Bollaert,
2002;BollaertB:Bchleiss,2005).hesefvill, Bn@he@nedium@rAong@erm,Bropagate
anPexistingPfracturelbylfatigue,BdependingPonftheZhumberfandPthelintensityZof
pressurePpulses@nside.fThisHailure®ypefs@hus@imeependentPand RakesZhnlend
whenBfracture@formation@isBcompleted.ZAnFexamplelflof@scourBbyllprogressive
fracturing@s@hownhtlFigureB HollowingfthePPMFReventPatlhhighthead USPHam
(Bollaert,2006).
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FigureB.®MFRcourformation@ownstream®fl S@amByprogressivefracturing

Rockblockpeeling®ff
Peeling@ff@flocksAs@Bpecific@ombination®fboth@uasiBteady@orces@nd brittle
or@fatiguelfracturing.@ThelphenomenonftypicallyPoccursBincaseBoffthinEnear?
horizontal®ocklayers.mhe@estabilizing@orces@rehot@ue@o@low@urbulence@lone,
buthrePprincipally@enerated bbyhlocalHlowRleviationPlueohlprotrusionof®he
blockPlong®helbottom.FThisFHlowleviationPgeneratesPragfandAiftForcesfbnlthe
exposed@acestbfhelblock,BEvhichPareBgovernedbby@heelative@mportancef@he
protrusion®f@heblock@ndby®hedocalBuasiBteady@lowRFelocity@AnAts@Ammediate
proximity.

ThelorrespondingressuresPmay@levelopbbrittleBbrAatigue@racturing®f@heFoint
between@heblock@nd@hefinderlying@ock.An@ase@he@xposeddlockAs@etached@r



almostPdetached,Pholfurther@racturingistheededZtoBupliftthePblockPbylbressure
fluctuations@nteringfhterally@nto@hefbint.

Rockfnass/block@brasion
Finally,BrockPmayPalsoBcourbylhbrasion.Bcourbbylhbrasionanbccur@f@hefluid
interacting@vith@he&ockAs@brasive@noughlelativeo@helesistance®fferedby@he
rockZolrauseAtAolscour@nlhfayerbbyRAayerfashion.fThelprocessfisPenhanced by
surface@veathering@®f@he@xposed@ock@nd,because®fAts@engthy@imeBcale,Bften
neglected@ompared@ofhe@therfailure@nechanisms.

Summaryffailurenechanisms
Figure@Bummarizes@hefnostfertinentfailureMechanisms@ffractured®ockinEhe

vicinityPbfPhydraulicBstructures,PdistinguishingPbetweenlinstantaneousZhndZtimel
dependent@rocesses.

Instantaneous processes Timeldependent processes
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Figure@.@Principlefailure@echanisms@ffiractured @ock@ttydraulicBtructures



ROCKBCOURMPREDICTIONMODEL

TheBEComprehensivelScourfModel?(CSM)EhastbeenPdevelopedbylBollaert?(2002,
2004),ased®dn@EFastBeriesDfBrototype@caled@urbulent@ressure@neasurements
inBartificially@createdBrockPjoints.ZI TheBmodel@isBphysicstbasedZandFusesthe
aforementionedfailure@nodes@o@evelophefollowingBcourprediction@nodules:

1. DynamicBImpulsionB(DI)Emodule:PnetPupliftZandFimpulsionPonlsingleProck
blocksPasPhlfunctionPbfPdensity,Pdimensions,ZshapePandtimelevolutionPbf
instantaneousforces®n@heblock.

2. ComprehensivelFractureBMechanicsB(CFM)@module:BbrittleBlorBprogressive
fracturel propagationf as@ al function of pressure fluctuations,? fracture
geometry,And@eomechanical@haracteristics@ffock.

3. QuasiBteady@mpulsionQSI)Enodule:Beeling@ffflocks@long@hinfayers@s
affunction®f@ayer@hickness,Brotrusion,Block@imensions@ndBhape,And®f
local@flowBRrelocitiesfear@hefnterface.

Module@ Asfhot@ime@ependent,®BvenAfBome@imeAsthecessary@n&eality@or@hese
processes@Bo@ccur.Module2As@ime@dependent.ModuleB As@itherAnstantaneous@r
time@lependent.fTheBcour@omputationstareferformed®nliAayerbyAayer@block
byblock)BasisfAn@achfnodule.fTurbulent@ressurefluctuations@re@hereby@ised@s
boundary@Bconditions.FAfterPbreakAipFandBupliftPofPallayerloffblocks,Zturbulent
pressures@re@utomatically@dapted@ndRipdatedfor@hefextlayer.

ThelPmodelBisFlinPprinciplePapplicablePtoPany@kind FofEfractured BrockZland Bflow
environment,rovided@hat@lowRurbulence@ane@eadily@efinedZit@helAnterface.
Current@evelopments@nd@pplications@xistfor@Blunge@ools,@hutes,Btilling®asins
andbridgeier@oundations.

CONCLUSIONS

ThebBbrinciple@ailure@nechanisms@ffractured@ock@mpacted By@urbulent@lows@Are
outlined.BTheselhreBignificantlyAifferentPBfrom®helfraditional Bbhear@tresstbased
erosionfrinciples@pplied @nfhydraulics.Based®n@FastBeriesDf@xperimental@ests
atBPnearBprototypelscalelland BcomplementaryPnumerical@modellingBofPlturbulent
pressureluctuations@enerated@tEhe@vater@ockAnterface,A@omprehensiveBcour
modelthasbeen@evelopedfncorporating@hefnain@nechanisms®fBcour®{fractured
rockPinPalphysicstbasedPimanner.ZThefmodelBromputeslrockBscourZwithtimelbf
flooding@andPdeterminesPthePultimate@scour@ depthl for@eachl of thefailure
mechanisms@Andfor@Any&ind®ffiractured @ock.BWhen@alibrated Based @nBhast@lood
events@nd@elatedBcourformation,@hefnodelGsparticularlyBuitedBofredictButure
scour@volutionfastFunction®fFutureFlood@vents,HorZiny&kind BfEurbulent@low
environment.
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