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1.Introduction
&y, Safety of dams during flood events

‘\v}-\‘ A :
5

)
Design criteria

4 Project fildod: typically 1°000-years flood
0 Safety check flood: 10’000 years flood
or PMF

High-velocity jets and scouring 5"2

€ at concrete dams*wheresspillways are combined
with the dam structure = "™

. @ Gated or ungated crest spillways*tatli.dams only)

® Chute spillways followed by a sﬁfj *-L,;é\f. "

# Orifice spillways o .‘




1.Introduction

High scour potential at high concrete arch dams
in narrow valleys,

Example of Khersan Ill Dam Proj?ct in Iran

f

Spillway facilities:

- Two-bay chute flip bucket spillway
4°240 m3/s (at PMF Eligdd El. 1426.30)
ENT

- Uncontrolled crest spi@ 32360 m?/s
(at PMF Flood El. 14&30) it

S Two bottom outlets 395 rﬂ:
\\;‘b tRAMT flood El 1426.30’@
N
: x\ P%[_F ~ 8’000 m>/s

.,'




ﬂ,_ 1.Introduction

SRS g ngh scour potential at high concrete arch dams
In narrow valleys,

Example of Khersan Ill Dam Pr01¢ct in lran




Karun 111, 205 m, Iran







= 1.Introduction
- . Tendency of today’s spillway design

-

‘

l Increasing of the unit discharge of high-veloaty Jets‘
leavmg spillway structures

Gated chute flip bucket spillway:200 to 300 m’/sm
Uncontrolled crest spillways: 70 m’/sm 3%
R = T o

Gated crest spillways® s up to 120 mS3/sh : |

Low level orifice spillways:™8==300 to 400 m>/sm
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Kariba on Sambezi, 140 m




500

KARIBA . (Zambie . Zimbabweé )
9000 m?3i/s

KARIBA

Downstream View
Section across the Plunge Pool







. 1.Introduction

"-—‘ o\
\S “‘,1\ By

W=y The challenge of dam designers

3\
Practical design questions:

> What will be the evolution and extent of scour
downstream of the dam at the jet impact zone?

> Are the stability of the valley slopes and the
foundation of the dam itself endangered?

»> Is a tailpond dam required to create a water cushion
and how does it affectthe scour depth?

¢ N
> Is a pre-excavation of the rocky TiNpagbed required
> S Tin o

.. and/or has the plunge pool to be¥ing ‘;\_

B

- . \‘\.
S

» Is the powerhouse operation influenced ; fq‘ rmation?

Y
g LR




| 2. The scour process
P 'Physmal processes In rock scour formation

-

A\

free falling jet behavior in the air and aerated jet
impingement

plunging je‘t' behavior and turbulent flow in the . @ raiing jet impact \
plunge pOOl .\ Difiusive 2-phase shear-layer

) ; Bottom pressure fluctuations
pressure fluctuation at the water-rock interface 5 Progressive joint break-up | Falling

Jet

propagation of dynamic water pressures into | @) Dynamicejectionblocks 1y gue
fOCk jOill ts Transport/mounding

hydrodynamic fracturing of closed end rock ,
joints and splitting of rock in rock blocks ¥ Plunge

Pool
module

ejection of the so formﬂqu blocks by
dynamic uplift into the plungey

break-up of the rock blocks by the ballmilling
effect of the turbulent flow in the pllhl%e Tod

formation of a downstream mound and >
displacement of the scoured materials by sedint Tent
- transport

13
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2. The scour process
Jet behavior in the air

Jet trajectory

- Location of jet impingement
L N
Ballistic equations for ideal jet '

Prototype jets

- Air drag

- Disintegration of the Jet in the air
_ Initial flow aeration In aschutes
- Spread of the jet during fall R
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2. The scour process

Jet behavior in the plunge pool and
pressure fluctuations

- air entrainment when jet plunges into the pool
(40 to 60,% at 30 m/s)
'Y
- high-velogity, two-phase turbulent shear
. layer flow and macroturbulent flow

- shear layer flow produces severe pressure
fluctuations at the water-rock interface

- dynamic pressures aretifferent for developed

jet impact (more severe) an c gjet impact
Ul EI( y &

N

:'»'\

» not every water cushion has a rete
. on the scour formation

15
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e \; , %_draulic model tests Karun III
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iy 2. The scour process
o -,\Physical processes in scour formation
Impact jet types ‘

2

f

» Core jetimpact: YID <4 + 6
4

» Developed jet impact: Y/D > 4 = 6

Core Large eddies

Plunge pool

F1ssure




2. The scour process
e Propaggtion of dynamic vyater pressures into.
\ rock joints, hydrodynamic fracturing and uplift

> transient flow in joints is governed by JJ‘ (L
the propaga‘}ti‘on of pressure waves @ @
N

Jet impact
> closed-end rogk joints 7y continuous

. T energy
- reflection and superposition source
“..of pressure waves
- hydrodynamic loading at the

tip of the joint

> open-end rock joints
- pressure waves will brea
the remaining rock brldges-::,.
= dynamic uplift will eject the
rock blocks into the macro-

Hydraulic model tests
. turbulent plunge pool flow

A Karun II1
Lo, B, e 17
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s 2. The scour process
Ball milling effect of the turbulent flow in the plunge
pool and formation of a downs{ream mound

rock blocks taken up by the ,
macroturbulent eddies

s, further break-up by the ball-milling "’ % ;

éffect

downstream displacement by flow

- -

deposited on the mound’ox arried S
¢

away by sediment transport e _. ,, #
.
o ux

mound may limit scour depth but
--also raise the tailwater level




3. Scour evaluation methods
General overview

LCH Research LCH Research LCH Research
Manso, 2006 Federspie& 2011 Duarte, 2014

\ \ \ non-linear

! j ] interactive
LCH Research j | Fully coupled dynamics
Bollaert, 2002 § | 3-phase my

oscillations,
resonance

pressure
@ differential

McKeogh & Elsawyfll 980, Bih 1984,

@ turbulence

May & Willoughby 1991 |

& Rinaldo 1992, Liu &
. Fiorotto & mm:din 2000 @ jet diffusion

Franzetti & Tanda 1987, Puertas

& Dolz 1994, Ervine et al. 1997

Xu Duo Ming 1983, Cui Guang
Tao 1985, Franzetti & Tanda 1987 : Agnandale 1995
; Arnandale et al.[1998 ' rock aeration

Lewis 1996 } 1 Spurr 1 @ , pool aeration

All?enson et al. 1948, Cola 196%, Beltaos & Poreh & Hafez 1967, Hein et al’ 1993 jet aeration
Rajaratnam 1973, Hartung & Hausler 1973 ' libn 1985/B0rmann’ & Julieh 199
1 |Yuditskii 1963, Gunkd . J®_© ?&

Mason 1989( &al. 1965, Reinius 19
- »

hydrostatic

[ Fahlbusch 1994, Hoffmans 1998

Whittaker & Schleiss 1984, Cmpll’ initiat. rock 1D pOOl 3D
formulas  motion index joint geometry block net

Mason & Arumugam 1985

ROCK




3. Scour evaluation methods
Existing scour evaluation methods

- Empirical approaches based on laboratory and field
observation.s
~‘
- Analytical-empirical methods combining laboratory and
field observations with some physics

- Approaches based on extreme values of fluctuating
pressures at the plunge pool bottom

@ - Techniques based on time-mean and instantaneous

pressure differences and accounting for rock
characteristics TN e
o

- Scour model based on fully transient W BaLessures in

> rock joints B S

N




3. Scour evaluation methods
Empirical formulae

Mason & Arumugam (1985)

26 sets from prototype data

4’7 from model tests

K = (6.42 — 3.10H"1Y)
v=10.30

w=0.15

x = (0.60 — H/300)

y = (0.15 — H/200)
z=10.10

scour depth below initial bed level

~Tomstang,
specific dischiRgge
fall height -t,‘ o
tailwater depth’ “ \‘}‘ ggelrom initial bed lem’
characteristic sedimeénpgsize or rock block diameter d

- .
. .
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3. Scour evaluation methods
Semi-empirical equations

Laboratory and field observations

are combined with some physics:
|

initiation of motion of the bed material by shear stress
energy conservation equations

_ geomechanical characteristics

“angle of impingement of the jet
steady-state two-dimensional jet diffusion theory
aeration effects

-
Hydrodynamic and geomieshanical characteristics

. are combined in AnnandaleZ;
. " \
“Erodibility Index Method S8




R 3. Scour evaluation methods

) g _Approaches based on extreme values of
\ fluctuating pressures at the plunge pool
bottom "g

\,\A

Maximum pressure dlfferences of T:OU=MilSutimes the incomi&:‘
- “kinetic jet energy b 5

2 \‘ *

e
- e
N -




3. Scour evaluation rﬁethods

Vﬁ»\& ~Techniques based on time-mean and
Instantaneous pressure differences and
accounting for rock characteristics

Instead of maXimum pressure differences,
time-averaged or instantaneous pressure
differences are considered

Fluctuating pressures have to be known at
the plunge pool bottom but also inside the
rock joints
T
Pressure field underneath tl;e concilte slabs
».or rock blocks is assumed constalft- SNMasurface
| of the element and equal to the pressu " }‘ kL ance

of the joints, i.e. at the surface L




3. LCH-EPFL approach

wy Scour model based on
‘fuIIy transient water pressures injrock joints

Transient water pressures in rock joints due to i
high-velocity jet impact (Bollaert, 2002): '

> reflection and superposition of pressure
waves
» resonance pressures

» (quasi-instantaneous air release and
re-solution due to pressure drops

» pressure wave celerity hfg y'ilsbluenced
by free air bubbles in the joinfs,tﬁ "

, > net uplift pressures of 0.8 to 1.6 tim "»‘-\&\‘ -
the'incoming Kkinetic energy N

mprehenswe our
N _

A




4. New LCH-EPFL approach

Comprehensive Scour Method
Dynamic water pressures it 1ocR joints

: o e
‘ ) Sy
W
.\A\' Aoy’
T

—
N

Pressure at pool bottom (a)
Pressure at joint end (d)

m]
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C 4. New LCH-EPFL approach
w:.:‘ Comprehensive Scour Method
Modules of the approach




Comprehensive Scour Method
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4. New LCH-EPFL approach

Comprehensive Scour Method
\ Parameters of « plunge pool « module

> YID; (diffusion of jet in the water)

5
» mean dynamic pressure coefficient

(C,.) in jet axis
» dynamic pressure fluctuation (C’,)
In jet'axis

» mean dynamic pressure coefficient
(C,.) in radial direction

- tion
» dynamic pressure fluctuationyes, .)
' in radial direction - _

1-1‘-
» influence zone Ax of |
dynamic pressure fluctuation

. "‘\.




The plunge pool module

Mean dynamic water pressures

core jet
impact

X

D g

— Franzetti & Tanda (1987) circular jet
-- Ervine et al. (1997) circular jet

Cola (1965)
Hartung & Hausler (1973)
Beltaos & Rajaratnam

\\ (1974)

S Cuig.T. etal. (1985)
\\ Ruertas (1994)

developed S~

jet impact

D, Y
=38-4'(1_0‘i)' 7 forY/Dj > 4-6

oo =0.85 for Y/D; < 4-6

, B = volumetric air-to-water ratio

10
YID,[]




The plunge pool module

Fluctuation of dynamic water pressures

<1
1-3
3-5
>5

0.000220
0.000215
0.000215
0.000215

-0.0079 0.0716 0.000
-0.0079 0.0716 0.050
-0.0079 0.0716 0.100
-0.0079 0.0716 0.150

— Ervine et al.
— —Ervine et al.

deveTOde\
jetimpact ~ _

(1997): best fit
(1997): extremes

8 10 1
Y/D;[]

»
AR JET STASILITY
\ \ «<

A

[ TE% < Tu

- 0.3
-ozsc
- 02 ™

[-]
- 0.15

N . ~3%<Tu<s5%f 0.1

L. 1% <Tu<3%F 0.05
- Tu<1%

0 2 4 6 8

™7 T Y

T AL L LA L]

— 0

10 12 14 16 18 20 22 24

YiDi[]




The rock module

g ‘Main parameters

5
.
.

Hydrodynamic parameters
1.) Maximum dynamic pressure coefficient C™2* (closed Lnd fissures)
2.) Characteristc amplitude of pressure cycles ap, (closed end fissures)

2
3.) Characteritic frequency of pressure cycles f_(closed end fissures)

-

4.) Maximum dynamic impulsion C™MaX on rock blocks (open end fissures)

Geomechanical parameters
1.) Properties of rock joints

—
2.) Rock type and strength¥eampression and tensile
strength, fracture persistenCeosamg toughness,

permeability, density,..) 'x""‘." :

3) In-situ conditions (natural stresse
. valley, geology,...)

S,




The rock module

O

o.\F'.\ ¢ o o o
W Hydrodynamic pressure peaRs inside rock fissures

1.) Maximum dynamic pressure C™2*, at the end of a closed fissure

q).v? ' q).\/?
max[a] Y‘ 2g Y(pa+ pa) 2g

H_/

C oo : :

T~ 412/, for Y/D; <8 Stress intensity factor

=20 for 8 S Y/D; S 10
I =40-20v/D, for 10 < Y/D,

K, =

I'*=.8+20v/D, for Y/Dj <8
=3 for 8 < Y/D; <10
I =28 207/, for 10 < Y/D,

——EL fora/c=0.2; ¢/W=0.1
24 1 T B ELforale=10;0W =01
! B ELfora/c=02;c/W=05
O ELfora/c=1.0;¢c/W=0.5
1 -o-se (Brown)

1 —4A—CC (Irwin)

~
~
N

8 1 0 1 2 14 1 6 1 8 20 1 T T T T T T T T T
YD, [-) 0 01 02 03 04 05 06 07 08 09 1
alBorc/W [-]




" : The rock module
wos Comprehensive Fracture Mechanics(CFM)

Semi-elliptical joints (EL) Single edge joint (SE) Center crack joint (CC)

Owater

Brittle fracture (C™Max,)).
K, >[Kis (fracture toughness)

K.r =(0.105to 0.132)T+(0.054c,.)+ 0.5276

K, ucs= (0.008 to 0.010)UCS+(0.0545,)+ 0.42

K. [MPa.m"4]
N

Crack propagation by fatigue (Ap,, f.)): :::” - y = 0.0068x + 0.4207

R’ =0.6476
0 I |
m, 40 80 120 160 200 240 280 320
C,-(AK,/K,) Unconfined compressive strength UCS [MPa]

r

K| < K| ins] (fracture toughness)




‘ ; The rock module

) SR @)’”‘”mc uplift pressures acting on rock blocks -
Dynamic Impulsion (DI )

Atpulse

~ j(F -F, -G, -F,)-dt=m-V,,

pulse

[

Atpulse
F, and F_: forces acting

in upward and downward direction

G,=V-(y,-v, )=x; -z, - (y, —yw) : «*'® G,: immerged block weight

F... shear forces along the joint
VAtpulse - \ 2 g hup sn J J

Maximum net impulsion:

lup = PupBtup = Cup Tup (V2LJ/gC) =|C(V2LJgc) [m.S]
Pup = Cyp - V429 C.p: Net uplift pressure coefficient (close to 0.35)
V2/2g: T,p : Time coefficient

incoming kinetic energy

2
L:: Length of fissure C, =0.0035- {;] —0.119- [;]4- 1.22

c: water hammer velocity : :
100-200 m/s ) J

Mty =T,y 2LdC




4. New LCH-EPFL approach

Scour model based on
\fully transient water pressures inrock joints

Influence of the scour hole geometry — lateral cf‘gnﬁnement of
water jet (Manso, 2006):

Real scour
‘geometry

rgeometry and dyhamic

» \
‘ A
3 s
- - "
.
v .




Influence of the scour hole geomé‘try — lateral
confinement of water jet (Manso, 2006):

G ——— o

Pool

Fissured
rock mass

Parameters

» Jet velocities 7.
*- Pool depth Y/D

» Diameter of sco

- . \'\~
e




‘ : Influence of the scour hole geome‘try — lateral
sy

e confinement of water jet (Manso, 2006):

Qy \\-J

Mean pressure coefficent Cp At pool bottom, below jet axis
t/D=28,¥V>17 m/s

1.20

aV2 1.00 -

—

2g 0.80

0.40 -

0.20 -

0.00
0

%». _Shallow pools N Deep pools
S N

38




Influence of the scour hole geome‘try — lateral
confinement of water jet (Manso, 2006):

Eressure fluctuations: lateral evolution of scour
At pool bottom, below jet axis t/D = 2.8 <«

0.40 0.40
& Dc/D=inf, Flat Bottom

0O Dc/D=5.5, t/Dc=2.8, FC

0.35 1 F LA : — Erv?ne etal. (1997):minirT1a 0.35 1 N a rrOW ] . (1997yminima

0.30 4 R — Ervine et al. (1997): maxima 030 | 1 SHIFT . (1997): maxima
7 e 3 * |

0254 .7 .7 0.25

' S g Bollaert et al. (2002) Cp' Bollaert et al. (2002)

0.20 .. forflat pools: 0.20 .. for flat pools:

0.15 { % T uss 015 { ~ “Tu>5%
0.10 { C - 3<Tu<5% 0.10 { ) b 3<Tu<5%
005 | . 1<Tu<3% 0.051{ v T 1eTuss%

=Y Tu<t ] —Y._ Tu<1
0-00 - T T T T T T T T T 0-00 - T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Y/D Y/D
0.40 0.40
. A Dc/D=11, t/Dc=5.6, SC . © Dc/D=16.5, TC
0.35 - |nte rmed |ate — Ervine et al. (1997):minima 0.35 W|de — Ervine et al. (1997):minima
0.30 — Ervine et al. (1997): maxima 0.30 | — Ervine et al. (1997): maxima
) SN ) Bollaert et al. (2002) Cp' i Bollaert et al. (2002)
. forflat pools: 0201 - . forflat pools:

(R 015 { Tu>5%

T 3<Tu<5% 010 / s - 3<Tu<5%

] T1<Tu<3% 0.05 + / 1<Tu<3%

Tu<1

—¥_ Tu<
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L ateral confinaement

DDc=16."
tV/O=2.7
Y/DOi=11.4
Q=50 /s

V=123 nNvVs

Aeratead vortex within confinament




Lateral confinement

DD=16.7
t/Oi=2.7
Y D-~¢ 1
Q=50 I/s

V=12.3 nvs

OSCILLATIONS
WITHIN CONFINEMENT




3. Scour evaluation methods
General overview

LCH Research LCH Research LCH Research
Manso, 2006 Federspie& 2011 Duarte, 2014

\ \ \ non-linear

! j ] interactive
LCH Research j | Fully coupled dynamics
Bollaert, 2002 § | 3-phase my

oscillations,
resonance

pressure
@ differential

McKeogh & Elsawyfll 980, Bih 1984,

@ turbulence

May & Willoughby 1991 |

& Rinaldo 1992, Liu &
. Fiorotto & mm:din 2000 @ jet diffusion

Franzetti & Tanda 1987, Puertas

& Dolz 1994, Ervine et al. 1997

Xu Duo Ming 1983, Cui Guang
Tao 1985, Franzetti & Tanda 1987 : Agnandale 1995
; Arnandale et al.[1998 ' rock aeration

Lewis 1996 } 1 Spurr 1 @ , pool aeration

All?enson et al. 1948, Cola 196%, Beltaos & Poreh & Hafez 1967, Hein et al’ 1993 jet aeration
Rajaratnam 1973, Hartung & Hausler 1973 ' libn 1985/B0rmann’ & Julieh 199
1 |Yuditskii 1963, Gunkd . J®_© ?&

Mason 1989( &al. 1965, Reinius 19
- »

hydrostatic

[ Fahlbusch 1994, Hoffmans 1998

Whittaker & Schleiss 1984, Cmpll’ initiat. rock 1D pOOl 3D
formulas  motion index joint geometry block net

Mason & Arumugam 1985

ROCK




i _ 4. New LCH-EPFL approach

p ‘e:..,:.
S Scour model based on
\fully transient water pressures injrock joints
Interaction of a rock block with dyn@mic pressures'

A A f
K

\ PhD Research Project
09.2006 - 06.2011

Fluid-mechanical interaction between high=velocity
transient flow and rock blocks =
in plimgepools for scour assessme




G 4. New LCH-EPFL approach

W Interaction with a rock block
‘ free \ 0 Plunging jet impact

falling g Diffusive shear-layer
jet ‘

9 Bottom pressure fluctuations
a Hydrodynamic fracturing
e Hydrodynamic uplift

6 Transport downstream

Verzasca Dam, Switzerland
Angel Falls, Venezuela

s Bollaert & Sehleiss, 2002




New experimental facility
P ”
Yellow: “measurement box

~

.. . ”
Orange: “intelligent block

New level of the plunge
pool bottom

~

| Water level
regulation

| | Water restitution




New experimental facility

Measurement box and highly instrumented block
( “Intelligent block”)

ighly instrumented block
“Intelligent block” |

Measurement box

Axonometric view




New experimental facility
Measurement box and highly instrumented block

( “Intelligent block”™)

Y=0.0mandV=92m/s48




4. New LCH-EPFL approach

‘?t;‘:%‘ Interaction with a rock block

\\ A
Configurations: i .
»>Jet lmpact position on the intelligent block |
Centered, on the vertical fissure axis: left side and
 right side, on the corner and radial

> The intelligent block lateral movement guidance ' -,
Two contact points or eight contact points
.
> The degree of freedom®ofighe intelligent block

- e
Free or fixed e Y
)

T oial configuration tested: 13

) » .
-
e
s
(%
Ld el
-




4. New LCH-EPFL approach

Interaction with a rock block

CONFIGURATION

JET POSITION GUIDE CONFIGURATION JET POSITION

CENTRED

2 CONTACT
LEFT SIDE POINTS

8 CONTACT
POINTS

RIGHT SIDE 8 CONTACT
POINTS

CORNER

2 CONTACT | | 8 CONTACT

CENTRED POINTS POINTS

2 CONTACT | | 8 CONTACT
POINTS POINTS

2 CONTACT 8 CONTACT

GO POINTS 1 | POINTS

8 CONTACT | | 8 CONTACT
CENTRED POINTS CORNER POINTS

8 CONTACT | | 8 CONTACT
CENTRED POINTS CORNER POINTS




4. New LCH-EPFL approach
Interaction with a rock block

Test parameters ‘

» Water level in the plunge pool 2
Ratio Y/‘D where Y is the water level and D is the nozzle outlet
diameter - Y variable between (0.0 m and 0.7 m to generate core jet
(Y/D < 4),'transition jet (4< Y/D < 6) and developed jet (Y/D > 6)

» Nozzle outlet diameter
D equal to 57 or 72 mm

» Velocity of the vérticallypimpacting jet
Vmax 30 m/s or Qmax 12( .
Ba R
"> Position of the transducers oL S
-~ Pressure: 95/ Displacement: 2 / Ac&§ 'tio_p: 1

- . \'\.




Q,_ 4. New LCH-EPFL approach

e Interaction with a rock block
PSD;Power Spectral Density ‘

FB_CE with jet velocity V = 27.0 m/s i

1 OE+00 1.OE+00

1.0E-02 e : 1.0E-02

~y i - e —_
T 1.0E-04 EE - ot = 1.0E-04

= g
= =

“ v
= 1.OE-06 < 1.OE-06

1.OE-08 '\) 1.0E-08

1.OE-10 1.0E-10

Core jet: Y = 0.10 m and V = 27 m/s (Y/D = 1.39) R Developed jet: Y = 0.60 m s (Y/D = 8.33)
Twao zones of increased PSD hdwi YeeRdetected (10-100 Hz and ﬁ

* 100-200 Hz), which might be related | u Midxeigal requencies of thmbvellmg
pressure wave in the joint and to the blod ﬁ" k

.".




4. New LCH-EPFL approach

‘YM\%‘ | Scour model based on
‘fuIIy transient water pressures inirock joints
Interaction of a rock block with dyn@mic pressures’

o :- ,
'y

PhD Research Project
04.2014 - 04.2014

Influence of air entrainment on rock scaur




'.‘,_\‘ N=

Influence of jet aeration
on rock scour

Research questions

* Air bubble disSipation features in receiving Nozzle »E ﬂ
pool

* Influence of jet aeration on dynamic pressures
ilypool bottom

Disturbances —>$

Velocity ] Air concentration
measurements f measurements

I

|

|

|

|

|

|

2 .

' +$ Induction
ﬂ + al

|

|

|

Flow
development

7o gscendigg : Smalll Air

_ obubbles’ / jescending | diffusion
Zone of } c° - “bubbles-| layer
established s

flow

distance from bottom (cm)




Influence of jet aeration on rock scour
?

f

Influence of air concentration

The mean‘density P, of the air-water jet inside the pool is with p, and p,, as
air and water densities

\'-paw_l_l_ﬁpw 1+ﬁpa

Kinetic energy per unit volume of the air-water jet at the plunge gé‘t'i'o_n

sl 2 ‘?Q
s Ek <. EpaWV'iﬂ,s _ o WL i

Time-averaged pressure @dgfficient &w ’
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Ca :
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v Influence of jet aeration on rock scour —

Case study Kariba (Rafael Duarte)
|

| —Reservoir level
- [::] Issued jet
450 320 1 Bottom
' [ elevation _
Tailwater level 315 + [mas.l] Effect'ofhypot.he!:lc
i i 1ncrease 1n jet
400 + — - :
|~ Scour hole 1972 Estimated ]?OttOl’l’l aeration
< - level at ultimate
£ Mason and Arumugam 310 T scour depth
L — - O O O
350 1 g o o s 5 /o3
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9. Difficulties In scour evaluation
Which Is the appropriate formula or theory ?

-

Most formulae are developed for a specific cale
Only some of general applicability

- careful selection of appropriate formulae

Results often show a wide scatter
- statistical analysis of the results
- sensitivity*anal sis for characteristic roc

... Comparison with prototypE's “\_u easures with simil wr
geological conditions

AL x .




- 5. Difficulties
) S How model tests should they be performed and
\ interpreted ?

-

Three
difficulties:

a) appropriate*choice of a material
wthat will behave dynamically in
the.model as fissured rock does
in the prototype

b) grain size effects

- -,
¢) aeration effects o

58




0. Difficulties

-

Questions to be answered: i
1. What was the duration of the operation of the spillway for
different spgcific discharges (discharge-duration curve)?
An example of discharge-duration curve of a spillway is given in Figure below.

2. Which was the prevailing, specific discharge which formed the scour depth?

3. Was the duration of this specific discharge long enough to create ul;jm-ate scour depth?

Discharge [m3/s]

3000 4000
Time [h]




a 4. Difficulties

‘%%" Can ultimate scour depth form during operation
and what is the scour rate ?

Depth of scour is depending on 2
duration, of spillway operation: '

(t + h)(T) = (t + h)gq (1 — € =TT,

where:

(tth) = ultimate scour
- instaitasayhich equilibrium is attained

= time _
B "!1 .
“Ultimate for a certain flood oc "’ \‘\‘ ady, .f the

duration of the discharge is long'e x - o

- . \'\.




5. Difficulties

"%,‘" > WhICh will be the prevailing discharge for scour
formation during a flood event %

Determination of scour

qe (T T Te) ’ 3&3:2:@
d; (Tl & Te)

Discharge which gives the deepest
scour'is the prevailing discharge

- «'\-

L




5. Design discharge

Splllway design discharge and scour evaluation

Designing scour
mitigation : % .r-Illl_----I II
measures fqr the % § i Useful Life 100 years
project or

safety check flood is
toe conservative!

Probability of occurence

Design discharge with
a probability of ”
occurrence of 50 Yo-—sstu . -IIIIIIII-IIIIIIIIEH —
during the useful
lifetime of a dam is

wreasonable

- «'\-

L




6. Measures for scour control
Overview of measures for scour control

o 3
Active measures

Avoid scour
formation completely

-

2

Lined plunge pools !

*Limit the extent
of the scour

Limitation of the specific spillway discharge

Forced aeration and splitting of jets

5
%

Increasing tailwater depth by

L

Influence the location]

of the scour

Pre-excavation of the plungej

and design of spillway

ux" ?

\ -
3 W

Passive measures: Protecting da@abutments with anchors

:




6. Measures for scour control
Concrete lined plunge pools

-

Thickness of the lining is limited by construction and eézonomical reasons

High tensi(n;h or pre-stressed rock anchors are required'to ensure the lining "
stability regarding dynamic loading

Surface of the lining has to be protected against abrasion

Construction joints have to be carefully sealed (double watensto)

A drainage system-camsseduce static uplift during dewaterin in 'dg'fnamic
uplift during operation = " SR
" s W .‘

“mIn the case of cracks in the .*g‘«"-l-. ase.of the drainage sym\ has to
be considered, i.e. dynamic uplift can nohe*excluded

.
R -
- .
‘ ’
N N
p e e
v .
“a ' "




0. Measures for scour control
Pre-excavation and anchoring

Passive measures:
-

Anchoring of rock >§( 2\ |
SlOpe “ . / ’ / \ Initial rocky
\/ ~ st:t?i‘leisation \ ‘ i - Lol ~

measures ‘~ -~ "'

Protection against__ ’ e
v /779

toe scouring /"L utimate

scour




/. Case study Kariba' in Sambia -
Simbabwe
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/. Case study Kariba in Sambia -
Simbabwe

Storage level
48500
v KARIBA ARCH STORAGE DAM
—— —
- - High level outlet
46250
length of crest 650

max. dam height 128

| Downstream
h, water level \

40000 HQ (8s00m¥s) ™ _
v / ),4—

38200 NQ (800 m?/s)
v

Concrete slab
to counter
undermining

8400

Q

Ao} AN ' : 5000 10000 15000 [m¥/s]

Prestressed concrete! ~

Seniir denth 1979




r, 7. Case study Kariba in Sambia - Simbabwe

500 KARIBA . (Zambie . Zimbabwé )
9000 m?/s
460 | Maintenance works area
Normal TWL without spillage :
depending on powerstations
420 activity
/ A
380
30m
f Y
340 Deepest section is short y50m f/(m‘
The more general case is
80 m

B. Goegel
300m.



n 7. Case study Kariba in Sambia - Simbabwe
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KARIBA

Downstream View
Section across the Plunge Pool
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/. Case study Kariba in Sambia -

Simbabwe
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7. Case study Kariba in Sam

Simbabwe
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/. Case study Kariba in Sambia -
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/. Case study Kariba in Sambia -
Simbabwe

11.05.1966 test 6 gates full open
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/. Case study Kariba
hydraulic model tests
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/. Case study Kariba
hydraulic model tests
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/. Case study Kariba
hydraulic model tests




™ Case study Kariba
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/. Case study Kariba
hydraulic model tests
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/. Case study Kariba

hydraulic model tests
Test configuration$

N° Gates
(-)

Gate
opening
(%)

Spillway
discharge
(m¥s)

Pow erhouses

discharge
(m?¥s)

Tailw ater
level (m)

Velocity

measurements

WOWCOWO

3 non
adjacent
gates

100

=4,500

=1,400

ZRA

No

2x2
adjacent
gates

=6,000

=1,400

6
adjacent
gates

=0,000

=1,400

6
adjacent
gates

=0,000

5
adjacent
gates

=7,500




Simbabwe

E &8 & 8

>
3

=
2
-
E
-
e
2
k]
>
=2
w

400
380
B0
340
320
300

Elevation (m a.s1)
8 8 8 8 8 8 8 & 8 & 8

120 W




1bodoy |pas
dopo aq o]
/

— —A 00SI

Lsixy wpQlées

\ 0} paidope aq o]
v

AN
A |
\
BN |
)

Physical modeling

= — !
Reshaped
geometry no 1

"’
-
:’:*.:- " <

&

3

A

Left: re’gﬁaped
geometry no 2







7. Case study Kariba
hydraulic model tests
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Physical modeling

= . 1&“ reshaped
s GEOMetry




ZAMBEZI RIVER AUTHORITY 4.1 Evolution following measured —»4:'-‘

AquaYirion

pressures of NEW POOL (A sensors) @i 08

0
Core of pt
430 4 Quiar Imits of urtwlant pir-waler shear layer
Coniarling of jet
#£0 PLUNGE POOL BOTTON 151
QS - after 50 days
#0 QSR - sfler 100 dwys
| “
£ QS - after 400 danys
20 - Q2 - sfter 1000 ctayn
-
e NEVY pool botiom
hary
<% %01
d
E .
§ B0 4
s
@2 X0 <
w
MO 4 -
s
et \
—
0 9 T
20 1 oo ey
R BB
—
20
{ p—— ' S———
<40 -20 0 0 40 €0 &0 100 120 140 &0 ©0 00 220 240 80 280 300 320 N

Distance [m]



ZAMBEZI RIVER AUTHORITY 4.1 Evolution following measured m

AquaYirion

pressures of NEW POOL (A sensors) Gagiaeedag

-
-

20
. et L
440 4 Quiar imia of Lrtulart sr-wasior shear lwpar
- Centarire of et
0 - FPLUNGE POOL BOTTON Y801
p CFN -attar 50 days
M40 4 CFN - attar 100 dyys
p CFN < ahar 400 days
20 4 CFN < afer 1000 days
4 w— NEW pool botiom
—
= 40 -
d -
E
= 30
=
e o o AR .
X0 < -
; s .
30 - vﬁi.j:.c,;, - _peron. '*:':
‘ fom—b s
X0 + + + e e + + + $ N S S R + +
40 -20 0 20 40 €0 & 100 120 140 18 ¥o 200 220 240 260 280 00 20 w

Distance [m)



8. Conclusions

»\ The physical understanding of the scouring process has been
strongly improved over the last 15 years S
» Theoretical models are available which take irito account the

ih.t‘eraction between dynamic pressure fluctuations and fissured
rock mass (Comprehensive Scour Method).

The LCH-EPFL model considers the essential physical
processes but the rock mass characteristics have to be known
and have to be used with engineering judgement

Prototype data with complete historical record of sp(
discharge datay Vhich created the scour are helpful '
improvement of compréNgasive scour model

.
b . N

\* - 1 )
Scour evaluation "" pate and time  Still
remains a challenge. ’i aqz des:gners

>
.“‘;b‘ < \A
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