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Physical processes ofirockiscour formation
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Griffith (1920)
Irwin (1957)
Paris et al.
(1961)

stress field
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stress singularity

= f (pressure distribution)
= f (in-situ stress field)
1yn = T (pressurization rate)
(a/W) = f (geometry fissure) planar, ...
= fracture toughness value
- literature
- tests

Grady & Kipp (1980)
Haimson & Zhao (1991)
Zhao & Li (2000)

Zhao (2000)

Zhang et al. (2000)




Experimental facility at EPFL,1Switzerland
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Comprehensive Scour Modell(CSM)i(Bollaert,12002)

- use of dynamic pressures at plunge pool bottoms

- computation of transient pressures inside rock mass

- comparison with resistance of rock mass against fracturing

- computation of net uplift pressures on single rock blocks

- comparison with resistance of blocks against uplift

Z
New engineering model
for evaluation of ultimate scour h
and time evolution of scour formation —

Modules:
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0 Falling jet impact

9 Diffusive 2-phase shear-layer

e Bottom pressure fluctuations
Progressive joint break-up

oy 9 Dynamic ejection blocks

G Transport/mounding

Cmaxpd, Dpc1 f(:’ CI

1. falling jet
2. plunge pool
3. rock mass

- hydrodynamic forces in rock
- resistance criteria of fractured rock

\

Falling
Jet
module

Plunge
> Pool
module

Rock
>~Mass
module




AquaVision engineering
~~Design and cons i raulic,

geotechnic and environmental engineering

Falling jetlandiplunge poolimodules
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RockImassimodule:IHydrodynamic forces

1.) Maximum dynamic pressure C™2 in a closed-end joint 241
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2.) Characteristic amplitude of pressures Dp, in a closed-end joint
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1. Stress Intensity at crack tip T
= Cmax A/ P xXa xf g—— 1 15 2 B¢ 5
W g 1E-04 +——+——+—+++++ : —

2. Fracture toughness of rock
Kims.7 =A-(1.2t01.5)-T + (0.054:s.)+B

1.E-05

1.E-06

— --gabbrom =12.2

crack propagation rate [m/cycle]

3. Instantaneous crack propagation (C™max ) - — granite m = 11.9
I<I > I‘<| ins 1.E-08 - ——dolerite m = 9.9
/ —— marble, limestone m = 8.8
4. Time-dependent crack propagation (Dp,, f.)) LEOO YT sandstone m = 4.8
sandstone m = 3.0
KI < KI ins 1.E-10
da
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Mostirelevantimodellparameters forlpractice: 1. UCSIstrength ofirockimass
2. Initialldegree ofifracturing ofirockimass
3. Floodidurations
4. Amplificationifactor G' (air/tightness)
5. Initialljetlturbulencelandibreakiupljeti(RMS)
Applicationlto KaribalDam (Bollaert,i2005):
500 1.E-03
- —UCSStrength = 175 MPa, Pe = 0.25 InfluenceloflUCS[strength
F e o o —— -UCS Strength = 125 MPa, Pe = 0.25 on[lfatigueﬂparameters
‘ -- O--UCS Strength = 50 MPa, Pe = 0.25
é . ] —+&- -UCS Strength = 25 MPa, Pe =0.25
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Completelparametric analysis can be found inl:
Bollaert)(2005):1« ThelinfluencelofiGeomechanic andiHydrologic Uncertainties oniScour at LargelDams:ICaselStudy ofiKaribailDam »,
73rdlAnnual MeetinglofllCOLD,[Teheran,llran
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HighlHead!Dam

1000mihigh concrete gravity dam
dlservicelspillway gates
3lemergencylspillway gates
100intermediate outlet works (3mixi4.5m)
combination oficrest flows +ijetiflows
concrete lined stilling basinifloor
1100milonglbyd75Imiwide,lwith endusill
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Stilling Basin

Stilling Basin

1 concrete lined stilling basinfloor
1100milonglbyl75imiwide,lwith endisill
1 concrete slabs 15mixi15m,01.5mithickness
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RockImasslproperties (inisitu)

rr 7

Right Wing Dam

Joint Set1 | Joint Set 2 Joint Set 3
Js1 Js?2) (Js3)
Orientation
Strike N38-55E N71-90E N30-80W
Dip 37to55 NW | 64-87 SE 60-80NE
Spacing 10’ to 40’ About 1’ About 1’
Pers stance 100’ plus 5 to40’ 3 to 30
Termination N/A JS1 JS1 and JS2
Waviness Planar to Planar to Planar to stepped
wavy wavy
Smoothness Smooth to Smoothto | Smooth to very rough
slightly rough | rough
Aperture Tight tovery | Tightto Tight to very tight
tight very tight
Infilling Quartz, minor | Occasiond | Occasionaldrontoxide,some
iron oxide, iron oxide, | grout
sand, some sand day,
grout some grout
Wall rock dteration None None None

(after URS, 2001)

(Courtesy of J. Darling, USACE 1997)

Explanation of Ssmtds
nanmn

Wing Wall | Penstock Fault
Surface Joints

anne! Fault
— bsidiary Fault

Ae ] e ik 20 47

Retaining Wall "E*

i o
if o g b ELA,
! | susidiary Faut fi\

21

Sierralgranitel/lquartzidiorite

0 Unconfined CompressivelStrength ~1130IMPa
0 erosion resistant competent rock

1 3Imainfjointisets

0 surfacelweathering oftthelrock

1 faults andineariverticalishear zoneslofi>11mithickness
0 blocky shape,lheight >lside length
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RockImasslproperties (CSMimodel)
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Parameter Symbol| Unit VALUE
Type of rock - - granite
Unconfined Compressive Strength UCS | MPa 131
In-situ stress ratio Ko - 0
Joint wave celerity for break-up c m/s 150
Amplification factor G - - 2
Fracture e
: Number of joint sets N; - 3
Mechanics
Typical maximum joint length L m 1
Initial break-up of joint P - varies
Form of joints - - varies
Fatigue sensibility my - 10
Fatigue coefficient Cs - 1.00E-07
Ratio height/side length of block hy/l, - 0.25
Dynamic
Y Density rock g |kdg/m 2650
Impulsion
Joint wave celerity for uplift C m/s 100
Single-edge (SE) >
y
AR %
‘ W b, '
.5 4 vy a—
| 7 J ! 2 7 A Zan Ib
il E y
eV ==
g i — —
M [ — 1




Laboratory modelitestsl(USBR,IDenver)
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1/36imodel 1/17imodel
0 mainifunctioning ofijetiflows andihydraulic jump I detailed functioning offjetiflows
indstilling basin 0 detailed 2Dihydrodynamic pressurelfield onislab
0 pressurelfluctuationsionislabs andisidewalls 0 inputitoltransient numerical modelling of
0 2Dthydrodynamic pressurelfield onlalslab concrete slab uplift andidesignioflanchors
0 flowiturbulencelandlerosion potential inistilling

basinlandlinidownstream rocklbed channel a fa

e s

P Pe Rs R Ps

(Bollaertletlal.12007,lpaper submitted tolthe
JournaliofiHydraulic Engineering,JASCE)
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Determination ofi2Didynamic
surfacelpressurelfield

1 mean values
1 RMSlvalues
1 extreme values
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Steps:

1. Failure oflonelorimorelconcrete slabs
2. ApplicationlofiFracturelMechanics Modell(CFM)
3. Analysis ofidamiandistilling basinistability
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ApplicationlofiScour Modeli(servicelgates)
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ApplicationlofiScour Modell(emergencylgates)
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1.

Forfalfloodidischargelofi3,3000cms,Ipassingithroughithelupperiandilowerttiersiofitheloutletiworks, onlyiminor
scouriforms alonglthelslopedi(upstream)ipartlofithelstillinglbasinibottom.

Thislscourtformslalmosticompletely withinithelfirstifewidaysiofithelevent.
Subsequentiscouriformationitakesimuchimoreltimeltolhappen.iNoldangeriforidamistabilitylisiapparent.

Scour formation(followingi8,5000cms throughithelemergencylspillwaylgatesiresultiniscouridepthslioflabouti260
31imiafteriveryllongitimeslofidischargel(hundredslofidays)i(FracturelMechanicsiModel) .IThisIscourionlyiforms
locally [directlyinextitolthelleftisidewalliofithelstillinglbasin,lbutimaylextendideeperithanithelconcretelslabsliof

thelstillinglbasin.

ApplicationiofithelDynamiclimpulsioniModellindicateslalscourtholeloflabouti40imideep.iThisimodel,lhowever,
assumesifullylbrokenluplrockiatiallidepthslandlisifaritooliconservative.

Hence,litmaylbelstatedithat,iforlanlemergencyifloodithroughlthe emergencylspillwayigates,Inolsignificant

scourwilliformiintoltheldownstreamiconcretelplateaulduringlthellifetimelofitheldam.INevertheless,llocaliminor
scourimaytformiandigenerateldamageltolthelplateau.

Designloficoncrete slabs ofistilling basinican be found in:

Bollaertl(2004). “Alnewlprocedureltolevaluateldynamiclupliftioficoncretelliningsiorirockiblocksliniplungelpools”1Symposium
HydraulicslofilDamslandiRiveriStructures,[Teheran,llran,lpp.01251132.



