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A Marianne et ma famille

Mais avant d’aller plus loin, je ferai d’abord
quelques expériences, car mon intention est de
présenter d’abord |’expérience, puis de démontrer
par la raison pourquoi cette expérience doit
obligatoirement se dérouler de cette fagcon. Et c’est
ici la véritable regle que doivent observer ceux qui
réfléchissent aux phénoménes naturels: bien que la
nature commence par la raison et termine par
l’expérience, nous, nous devons suivre [’ordre
contraire, ¢ ‘est-a-dire commencer, comme je [ 'ai dit,

par l'expérience, et a partir de la explorer la raison.

Léonardo da Vinci (1452 - 1519)
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Summary

High-velocity plunging water jets, appearing at the downstream end of dam weirs and spillways, can
create scour of the rock. The prediction of this scour is necessary to ensure the safety of the toe of the
dam as well as the stability of its abutments. Scour is often predicted by empirical or semi-empirical
formulae, developed from physical models or prototype observations. These formulae are not fully
representative because they cannot describe all of the physical effects involved. Above all, the
characteristics of pressure wave propagation in the fissures of the jointed rock mass are unknown.

The main purpose of the research is to close up this gap by investigating transient water pressures in
rock joints due to high-velocity jet impact. Based on a theoretical analysis of the physical parameters,
an experimental facility was built at prototype scale. This allowed generating correct frequency spectra
and aeration of the turbulent shear layer of a jet impacting at a plunge pool bottom. The turbulence of
the jet at its outlet corresponds to real turbulent jets. The turbulent pressure fluctuations of the shear
layer of the jet at the water-rock interface have been measured at different locations. This allowed
quantifying the excitation capacity of the impacting jet.

The water pressures inside the rock joints were governed by the propagation, superposition and
reflection of pressure waves induced at the entrance. These waves revealed a transient and cyclic
behavior, which is defined by the presence of free air. Two physical laws describe this: the ideal gas
law and Henry’s law. The former expresses the change in volume of a free air bubble as a function of
pressure. The latter describes the quantity of air that is released from the liquid or dissolved in the
liquid due to a change in pressure. These two laws result in “wave celerity-pressure” relationships that
express the non-linear transient characteristics of the system.

The water pressures have been measured inside four closed-end joints and one open-end joint. The
transient pressures in an I-shaped rock joint are characterized by a continuous change between peak
pressures and periods of low, near-atmospheric pressure. The frequency of these changes is governed
by the amount of free air. Peak pressures up to several times the kinetic energy head of the impacting
jet (= V2/2g) have been measured, indicating the formation of standing waves and resonance
conditions. Free air contents were between 0.5 and 10 %, corresponding to wave celerities ranging
from only 50 to 250 m/s. Similar effects were obtained for an L-shaped closed-end joint, although the
amount of free air was significantly higher due to the accumulation of an air cushion in the horizontal
part of the joint (downstream of the 90° bend). Hence, it can be concluded that changes in orientation
of the joint pattern are of secondary importance. The values of the peak pressures were found to
decrease at air concentrations higher than 10 %. This is due to the dampening effect of the air. Air
bubbles dissipate a large amount of energy (heat) by subsequent compression and expansion. This was
confirmed by pressure measurements inside a two-dimensional closed-end joint. Both the amount of
free air and two-dimensional diffusion effects excluded the appearance of peak pressures. Finally, an
open-end rock joint has been investigated. For such a joint, the jet impact pressures enter the joint at
its two ends simultaneously. Net uplift pressures of 0.8 to 1.6 times the incoming kinetic energy have
been measured. This is significantly higher than any previous assumptions in literature and clearly
demonstrates that transient effects have to be accounted for when investigating rock block uplift.

The above findings have also been analysed numerically. A one-dimensional two-phase numerical
modelling has been performed of the transient pressures that were measured at the end of the I-shaped
closed-end joint. The calculated pressures are in good agreement with the measured ones. The
numerical adjustment was based on the optimisation of celerity-pressure relationships.

The cyclic behaviour of the pressures made it interesting to apply the hydrodynamic loading to tensile
failure criteria of rock, such as the linear elastic fracture mechanics approach. In practice, three
parameters are of interest: the maximum pressure at the joint end and the amplitude and the frequency
of the cycling loading. With these, both instantaneous and time-dependent cracking of closed-end rock
joints can be assessed.

Fracture mechanics states that a crack will propagate if the stress intensity at the tip exceeds a critical
value, called the fracture toughness. The stress intensity is defined by the water pressures inside the
joint and by the geometry of the joint and its surroundings. The fracture toughness of the rock mass is



a material property, but also depends on the in-situ stresses. It can be derived from the tensile strength
or the unconfined compressive strength. Two types of failure are distinguished: brittle and subcritical.
The former happens when the stress intensity exceeds the fracture toughness. The latter occurs when
the stress intensity is less than the fracture toughness. The cyclic behavior of the hydrodynamic
loading is convenient for this type of crack growth. Theoretical fatigue laws have been derived from
literature data for different types of rock. As such, a time evolution is added to the scour phenomenon.
Brittle and subcritical break-up are described in a Comprehensive Fracture Mechanics (CFM) model.

For completely jointed rock, failure is obtained by dynamic uplift of a representative rock block. This
block is subjected to pressure forces that change with time. The most relevant forces are the immerged
weight of the block, the pressure forces over and under the block and the shear forces between the
block and its surroundings. The net impulse, defined as the integral over a certain time period of the
net forces, accelerates the mass of the block up to a certain velocity. Conversion into potential energy
determines the uplift displacement of the block. This process is defined in a Dynamic Impulsion (DI)
model. Ejection of the block theoretically needs a displacement of minimum the height of the block.
However, the critical displacement depends on the degree of interlocking of the blocks. As such, a
very tightly jointed rock needs a displacement equal to or higher than the height of the block itself. For
less tightly jointed rock masses, the critical uplift height is probably somewhat lower. The critical
height is a parameter that needs to be calibrated through model and/or prototype data.

A new model for ultimate scour depth evaluation is proposed. The model represents a comprehensive
assessment of two physical processes: hydrodynamic fracturing of closed-end rock joints and dynamic
uplift of rock blocks. The model consists of three modules: 1) module for the falling jet, 2) module for
the plunge pool, 3) module for the rock mass. The physical parameters are defined such that a
practicing engineer can easily handle them. This guarantees the comprehensive character of the model,
without neglecting basic physics behind it.

The model has been firstly applied to a fictitious rock mass. This highlights the methodology and the
major parameters of interest. Secondly, the scour model is compared with the Erodibility Index (EI)
method of Annandale (1995). This comparison allows to determine the sensibility of the scour model
as a function of the main parameters. Finally, the well-known case of rock scour at the Cabora-Bassa
dam in Mozambique is used as a first calibration of some of the model parameters.



Version abrégée

Les jets d‘eau a haute vitesse, apparaissant par exemple & I’aval d’évacuateurs de crue des barrages,
sont capables de générer un affouillement local du massif rocheux. La prédiction de cet affouillement
est nécessaire pour garantir la sécurité du pied de 1’ouvrage ainsi que la stabilité de ses fondations. Les
fosses d’affouillements sont souvent décrites par des formules empiriques ou semi-empiriques,
développées a partir d’essais sur modele physique ou d’observations sur prototype. Ces formules ne
tiennent pas compte de tous les phénomenes physiques concemnés et, de ce fait, ne sont pas
entierement représentatives. Surtout les caractéristiques des ondes de pression apparaissant dans le
médium discontinu sont inconnues.

L’ objectif principal de la recherche est de combler cette lacune par une investigation des pressions
transitoires dans les fissures du rocher, sous I'impact de jets a haute vitesse. Une analyse théorique des
paramnétres en question a permis de construire une installation expérimentale a échelle prototype. Les
vitesses du jet varient ainsi entre 5 et 40 m/s et la géométrie des fissures du rocher est bien réelle. Ceci
a permis de générer une densité spectrale et une aération de la zone turbulente du jet dans la fosse
d’eau qui sont correctes. La turbulence initiale du jet a ét€ mesurée et s’est révélée caractéristique pour
des jets réels. Les fluctuations de pression dans la zone d’impact du jet & I’interface eau-rocher ont été
quantifiées a différents endroits. Ceci a permis de décrire la capacité d’excitation du jet.

Les pressions d’eau dans les fissures du rocher sont caractérisées par la propagation, la superposition
et la réflexion d’ondes de pression induites a ’entrée de la fissure. Ces ondes de pression se sont
révélées de caractere transitoire et cyclique, et sont gérées par la présence de bulles d’air. Ceci peut
étre décrit par deux lois physiques : la loi des gaz idéaux et la loi d’Henry. La premiére loi décrit le
rapport entre le volume d’une bulle d’air et la pression. La deuxiéme loi exprime la quantité d’air qui
peut étre dégagée du liquide suite a une chute de pression de ce dernier. Les deux lois conduisent a des
relations entre la c€lérit€ et la pression des ondes. Il est évident que la présence de bulles d’air
augmente fortement la non-linéarité des caractéristiques transitoires du systéme.

Les pressions transitoires ont ét€ mesurées dans quatre fissures & extrémité fermée et une fissure a
extrémité ouverte. Les pressions dans la fissure en forme de I sont caractérisées par une alternance de
pics et de creux de pression. La fréquence de cette alternance est dictée par la quantité d’air. Des pics
de pression jusqu’a plusieurs fois 1'énergie cinétique du jet a I'impact (= V>/2g) ont ainsi été mesurés.
Ceci révele la présence de phénomenes oscillatoires et a caractére de résonance. Des quantités d’air
entre 0.5 et 10 % ont conduit a des célérités d’onde entre 50 et 250 m/s. Des phénomenes similaires
ont ét€ constatés dans une fissure en forme de L, bien que la quantité d’air libre soit plus €levée a
cause d’une accumulation de bulles d’air dans la partie horizontale aval du coude a 90°. Il en résulte
que des changements brusques de la géométrie des fissures n’ont que peu d’influence sur les pressions.
Les pics de pression diminuent a partir de concentrations d’air supérieur a2 10 %, due a un effet
d’amortisseur de l'air. Les bulles d’air dissipent une quantité importante d’énergie sous forme de
chaleur par les phénomenes de compression et d’expansion.

Ceci a été confirmé par des mesures de pression dans une fissure bidimensionnelle & extrémité fermée.
La quantité d’air importante, ainsi que les effets de diffusion bidimensionnelle, évitent la formation
des pics de pression. Finalement, une fissure a extrémité ouverte, en forme de D, est alimentée par le
jet des deux extrémités simultanément. Une telle fissure représente un bloc de rocher en deux
dimensions. Des pressions de souléevement de 0.8 a 1.6 fois 1’énergie cinétique d’impact ont été
mesurées. Celles-ci sont passablement supérieures a toutes les valeurs généralement admises dans la
littérature et font la preuve que les pressions transitoires ont leur importance dans le soulévement
dynamique des blocs de rocher.

Ces résultats expérimentaux ont également été étudiés numériquement. Un modele numérique bi-
phasique et unidimensionnel a ainsi ét€é développé. Ce modele décrit les pressions transitoires a
I’extrémité aval de la fissure en forme de I. Les pressions calculées sont en bonne concordance avec
celles mesurées. L’ ajustement numérique est basé sur une optimisation des relations célérité-pression.

Le caractére cyclique des pressions conduit a une application de la sollicitation hydrodynamique a des
crittres de rupture par traction du rocher, comme par exemple 1’approche de la mécanique de la



fracturation élastique linéaire. Pour la pratique, trois parametres sont importants: la pression maximum
a 'extrémité fermée de la fissure et I'amplitude et la fréquence des cycles de pression. Ainsi, les
propagations instantanée et progressive des fissures peuvent étre entierement décrites.

La mécanique des fractures postule qu’une fissure se propage quand [’intensité des contraintes & son
extrémité fermée dépasse une valeur critique, appelée la résistance a la fracturation. L’intensité des
contraintes est définie par les pressions dans la fissure et par la géométrie de la fissure et de ses
environs. La résistance a la fracturation est une propriété intrinséque du rocher qui dépend néanmoins
des contraintes in-situ du massif rocheux. Elle est déterminée a partir de la résistance a la traction ou a
la compression du rocher.

Deux types de rupture peuvent étre distingués : la rupture instantanée et la rupture progressive. Le
premier se fait quand I’intensité€ des contraintes est supérieure' ou égale a la résistance. a la traction. Le
deuxiéme correspond a une intensité des contraintes inférieure a cette méme résistance et est assimilé
au caractere cyclique de la sollicitation hydrodynamique. Ainsi, des lois théoriques de fatigue ont été
développées a partir de données dans la littérature, pour différents types de rocher. Ceci permet
d’exprimer le développement de I'affouillement en fonction du temps. Les ruptures instantanée et
progressive sont décrites dans un modeéle de Fracturation Mécanique Compréhensive (FMC).

Pour un massif rocheux complétement fissuré, la rupture s’exprime par I’éjection dynamique d’un bloc
de rocher qui est représentatif pour le massif. A part du poids immergé du bloc, le bloc est soumis a
des forces qui dépendent du temps et de I'espace, telles que les forces de pression hydrodynamique au-
dessus et au-dessous du bloc et les forces de frottement entre le bloc et ses environs. L’ impulsion
nette, définie comme l'intégration dans le temps des forces nettes sur le bloc, accélere le bloc et lui
donne une certaine vitesse. La conversion de cette vitesse en énergie potentielle détermine la hauteur
de soulevement du bloc. Ce processus est décrit dans le modéle d’Impulsion Dynamique (ID).
L’éjection d’un bloc nécessite une hauteur de soulévement qui est minimum €égale a la hauteur du bloc.
Néanmoins, la hauteur critique de soulévement dépend aussi du degré de connexion entre les blocs.
Ainsi, pour des blocs qui ne sont pas étroitement li€s entre eux, la hauteur critique de soulévement
pourraient étre légérement inférieure. Ce paramétre doit faire ’objet d’un calibrage basé sur des
données in-situ.

Finalement, un nouveau modéle pour 1’évaluation de la profondeur ultime d’affouillement du rocher
est proposé. Le modele représente de maniere compréhensive les processus suivants : la fracturation
hydrodynamique de fissures a extrémité aval fermée et 1’éjection dynamique de blocs de rocher. 11
consiste notamment en les modules suivants : 1) le jet plongeant ; 2) la fosse; 3) le massif rocheux. Les
parametres physiques ont été€ décrits tels qu’un ingénieur de la pratique peut facilement les manipuler.
Ceci garantit le caractere compréhensif du modele, sans perdre les bases physiques.

Le modéle a premi¢rement €té€ appliqué a un massif rocheux fictif. Cela a permis de définir la
méthodologie et de dégager les paramétres d’importance. Deuxi¢émement, le modele a été comparé
avec le « Erodibility Index Method » de Annandale (1995). Cette comparaison détermine la sensibilité
des différents paramétres du modele. Finalement, le cas bien connu de la fosse d’affouillement du
barrage de Cabora-Bassa a ét€ utilisé comme premier calibrage des parametres.
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Chapter 1. Introduction

1. Background

The twentieth century has been characterized by a huge evolution of high-head dams. The end of
World War II saw the beginning of economical development and, at the same time, the start of perhaps
the most intense and productive period of hydraulic constructions. In Switzerland alone, about 100
large dams (height of more than 15 m) were constructed during the 1950’s and the 1960’s.

The growth of electrical consumption called for hydropower as source of energy. Combined with the
technological evolution, the development of large dams increased. The highest dams in the world have
reached 300 m. The created dam reservoirs store water for energy production, industrial and
agricultural use. Almost 90% of Switzerland’s large dams were constructed for hydroelectric purposes.

As modeling and prediction of extreme floods improved, mainly due to the increasing amount of data
on extreme events, another aspect of dams became important in the last decades: downstream flood
protection. All high dams are equipped with hydraulic structures, which allow the transfer of reservoir
water downstream. These structures were designed for extreme floods based on estimates at time of
dam construction, often nearly half a century ago. The trend towards larger flood discharges and
durations modifies the operation period of these structures.

Hydraulic structures, such as crest weirs, spillway gates and bottom or intermediate outlets, transfer
water from the reservoir level to the tailwater level downstream. This creates high-velocity and highly
aerated flows. The transfer calls for massive energy dissipation downstream the dam. This can be
performed by means of hydraulic jump stilling basins, by aeration and/or by jet diffusion in natural or
constructed plunge pools (Photo 1).

Since the beginning of the 20™ century, the dissipation process has been investigated by hydraulic
model tests. In the 1950’s, it became obvious that this massive energy dissipation had been largely
underestimated in many cases, resulting in the phenomenon of scour or erosion of the downstream
rock mass. The parameters of interest are the ultimate depth the scour can attain as well as the
maximum possible extension of the eroded zone. One example is the Malpaso dam (Mexico),
equipped with a wide-shaped weir and related stilling basin, designed for 11'000 m®/s. The spillway
worked from 1967 to 1969 without problems. In 1970, due to a 3'000 m’/s discharge during two
weeks, severe damage was observed on the concrete slabs of the stilling basin, as well as on the
underlying rock foundation (Bribiesca & Viscaino, 1973). Other examples are Kariba Dam in
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Zimbabwe (Ramos, 1982 or Cabora Bassa Dam in Muzamhiquc (Quintela & Dy Cruz, 1982), The
former case jg presented in Fig, |.| (Whittaker & Schleiss, 1984),

Since then, many empirical and semi-empirical CXpressions have been developed, based on physical
model tests, in order to evaluae the ultimate scour depth, Nevertheless, these equations are only
applicable (o the specific case for Which they were developed, With impmving physical undcrsmnding
of energy dissipation processes, mainly governed by aeration and flow turbulence, the complexity of
the phenomenon became highlighted. The Investigation of flow turbulence characteristics was difficuly
due to their random nature, However, technological Progress since the 196('s resulted in appropriate
measurement techniques and statistical analyses for this kind of flows,

Photo | A 5000 m's flood discharge a1 Jiroft dam (Iran); combination of highly sediment-laden flow,
1ssuing from ntermediate outlet works, with clear water coming from the ski-jump overflow
Structure (Photo B, Hagin, Stucky Ing, Conseils).

This was also the hcgirming of research of turbulent flows. These flows dppear for example in stilling
basins or plunge pools, and result in dynamic water Pressures in the joints of concrete bottom linings
or rocky foundations. A lot of scour damage coyld be explained by applying maximum poo| bottom
Pressures undemeath the concrete slabs of the bottom linings, or underneath the rock blocks, and 4
MInimum pressure a1 the surface of these elements. Net uplifi pressures are so generated. This method,
however, neglects any time correlation between surface and underpressures,

In the 1990, several studies have been conducted on the theory of Instantaneoys pressure differences.
According 1o this theory, surface Pressures enter into 4 joint and, by means of Pressure wave
Propagation, act on the whole surface undemneath the rock block or the concrete slab. The
nstantaneoys character of this Propagation creates 4 time lag with the surface pressures and results in
anet uplift force. The major difference with the previous technique is that the over-and underpressures
are analyzed at the siame time interva).
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Fig. I-1 The high level outlet spillway structure of Kariba Dam (Zimbabwe). The evolution of the scour
hole as a function of time indicates a maximum scour depth in 1979 of about 85 m.

This theory does not consider transient flow conditions generated by the boundary conditions at the
joint ends. They cause reflection of pressure waves at the open or closed-end of the joint and
superposition with the initial wave. This can result in amplified transient phenomena, such as
oscillatory flow and resonance conditions, This unsteady character influences two physical processes:
the hydraulic jacking phase, causing a break-up of the rock mass by progressive growing of the joints,
and the hydrodynamic uplift phase, ejecting a so formed rock block out of its mass.

These transient phenomena have never been considered in any experimental or numerical model. The
classical assumptions of very high wave celerities (1°400 m/s) and small slab or block lengths (1-10
m) make it impossible for macroturbulent pressure fluctuations to generate severe transient effects and
to stimulate a rock joint to resonance conditions. The impacting pressures of the modeled jets simply
do not contain the appropriate frequency range.

The present work reveals that high-velocity jets generate pressures at impact with a frequency range
that is capable to stimulate underlying joints. Two statements are at the base of this assumption. First
of all, high-velocity jets have a spectral content that is still significant at high frequencies. Physical
model studies have always been performed at low jet velocities. For such velocities, the higher
frequencies cannot be simulated. Appropriate modeling needs near-prototype or prototype velocities.
Secondly, it will be pointed out that the pressure wave celerities in rock joints can be much lower than
[*400 m/s. This is due to the presence of free air in the water. Free air lowers down the wave celerities
and, thus, also the resonance frequencies of the joints,
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2. Research project objectives
2.1. General

High-velocity plunging water jets, which occur for example downstream of dam weirs and spillways,
can erode the rock bed. The prediction of this scour is necessary to ensure the stability of the dam
foundation as well as its abutments. Scour has often been predicted on the basis of empirical or semi-
empirical formulae developed from physical models or prototype observations. These formulae are not
fully representative because they do not take into account all of the physical effects involved. The
knowledge of the development of scour and the interaction of the various agents of this process is
needed. A generally applicable theoretical solution to the problem is actually missing. Above all, the
characteristics of the transient pressure wave propagation in the fissures of the jointed media are
unknown.

The main purpose is to close up this gap by investigating transient pressures in artificially simulated
Jjoints due to high-velocity aerated jet impact. The following topics are dealt with:

« Theoretical analysis of the physical parameters involved in the occurrence of dynamic pressures in
joints and in the scouring process. The parameters comprise falling jet characteristics, plunge pool
aeration, plunge pool turbulence and geometric as well as geo-mechanical characteristics of the
jointed medium.

+ Experimental investigation of transient pressures in different rock joint configurations. These
pressures are generated by the impact of high-velocity jets at the joint entrance. The experiments
consider jet, joint and plunge pool characteristics and are performed at near-prototype jet
velocities (max. 40 m/s). The rock joint geometry is at prototype scale, whereas the plunge pool
and jet geometries are at model scale (1/10 to 1/20).

+ Determination of a relationship between jet characteristics and dynamic pressures in joints, based
on the results of the experimental modelling and on existing theoretical approaches.

« Application of these dynamic pressures to intermittently jointed rock. This results in a progressive
break-up of the joints and in the formation of single rock blocks.

+ Application of these dynamic pressures to completely jointed rock (= single blocks). This
conducts to net dynamic uplift pressures and ejection of the rock blocks out of their mass.

» Numerical simulation of the experimentally measured transient pressures in rock joints.

»  Formulation of a physically-based evaluation method for the development of ultimate scour depth.

2.2. Physical-mechanical processes of the scour phenomenon

Scouring is a complex three-phase (gas-liquid-solid) interactive problem, governed by a multitude of
hydraulic, hydrodynamic and geomechanical phenomena that are strongly dependent on both time and
space. A first assessment shows that scour can be described by a series of physical-mechanical
processes (Fig. I-2): aerated jet impingement, plunge pool turbulent flow, pressure fluctuations at the
water-rock interface, hydrodynamic fracturing of closed-end rock joints by pressure propagation,
hydrodynamic uplift of the so formed rock blocks and finally downstream displacement of the blocks
(Bollaert & Schleiss, 2001e).

Every process is characterized by several parameters and their particular nature (stochastic or
deterministic). Aerated jet impingement is depending on the jet velocity at impact, the initial
turbulence intensity of the jet, and the degree of aeration. The initial turbulence intensity of the jet
defines the spread of the jet and the jet break-up length. For laboratory model studies, it is crucial to
correctly simulate the velocity of the jet. At near-prototype velocities, representative turbulence
intensity and aeration rates can be ensured.
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The flow conditions in plunge pools can be divided into a high-velocity, two-phase turbulent shear
layer flow and a macroturbulent flow outside of this zone. The shear layer produces severe pressure
fluctuations at the water-rock interface and is highly influenced by aeration. Existing theories on two-
dimensional vertical jet diffusion in a semi-infinite or bounded medium define the outer limits of the
zone at the water-rock interface that is directly subjected to these pressures. Knowledge has also been
acquired by physical modeling of hydraulic jumps and plunging jets. This allowed the description of
statistical characteristics and of the spatial distribution of the pressure fluctuations.

free Aerated jet impingement
falling Plunge pool turbulent flow
jet .
Bottom pressure fluctuations
H Hydrodynamic fracturing
Hydrodynamic uplift
Transport downstream
\ 4
AT
h
Y S AN
A
t
Fig, 1-2 Physical-mechanical processes involved in the scouring phenomenon. The present research project

focuses on the processes of hydrodynamic fracturing and hydrodynamic uplift, by considering
transient pressure wave propagation in the joints of the rock mass (Bollaert & Schleiss, 2001e).

The transfer of pool bottom pressures into rock joints results in transient flow that is governed by the
propagation of pressure waves. For closed-end rock joints, as encountered in intermittently jointed
rock, the reflection and superposition of the pressure waves generate a hydrodynamic loading at the tip
of the joint that progressively breaks up the joint. Hence, failure criteria are governed by the tensile
strength of the rock. For open-end rock joints, as encountered in fully jointed rock, the pressure waves
inside the joints create a significant uplift force on the rock blocks. This force can be sufficiently high
to eject the block from the rock mass. Once the rock block ejected from its surrounding mass, it can be
taken up by the macroturbulent eddies. Two possibilities exist: 1) the block is too big to be transported
by the flow and will further break-up into smaller pieces (ball milling); 2) the block is displaced
downstream of the plunge pool, where it deposits or is taken away by the river stream.
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3. Research methodology

The research methodology and the different chapters are visualized in Fig. 1-3. These chapters have
either geomechanic or hydrodynamic bases, and are theoretical, experimental or numerical oriented.

I. INTRO-
DUCTION

Il
STATE-OF-

@ Geomechanic
() Hydrodynamic

Fig. 1-3 Schematic visualization of the methodology of the project. Theoretical, experimental and numerical
interaction results in a physically based, transient two-phase approach for assessment of rock scour,

An introduction explains the general background and the methodology of the research project. Chapter
IT deals with the state-of-the-art in the field of rock scour evaluation methods. Emphasis is given on
empirical and semi-empirical formulas, extreme pool bottom pressures and instantaneous or average
pressure differences over and under the rock blocks. This state-of-the-art underlines the need for
assessment of transient water pressures in rock joints. A three-dimensional visualization is provided
that compares the state-of-the-ant and future research as a function of the three phases that are
involved: the liquid phase (water), the gas phase (air) and the solid phase (rock mass).
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The theoretical bases are explained in Chapter III for each of these phases separately. Where possible,
interaction between the phases is also dealt with. The liquid phase is governed by turbulent shear layer
flow in the plunge pool and transient pressurized flow in the rock joints. The gas phase deals with
falling jet aeration, plunge pool aeration and rock joint aeration. The latter phenomenon is novel to the
author’s knowledge. The solid phase defines the geometrical and geo-mechanical rock mass
characteristics. Furthermore, failure criteria of intermittently (fracture mechanics) or completely
(uplift) jointed rock are presented.

Chapter IV describes the experimental facility and the measurement equipment, as well as a detailed
test program. The facility is at near-prototype scale and is conceived such that any form of artificial
rock joint can be tested. The test equipment consists of two data acquisition cards with a series of 8
micro-pressure sensors that have been used to measure the initial jet turbulence intensity, the pool
bottom pressure fluctuations and the resulting pressures inside rock joints.

The experimentally measured pressures are analyzed in Chapter V. A first section is devoted on the
initial turbulence intensity of the generated jets. Two types of jet outlet have been used: a cylindrical
form and a convergent form. The former generates jets with both a low-frequency component and a
high turbulence intensity. The latter created a compact jet with a low turbulence intensity. A second
section deals with dynamic pressure fluctuations measured at the plunge pool bottom. Distinction is
made between pressures measured under the jet’s centerline and pressures measured at radial outwards
locations. As such, the spatial distribution of the surface pressure field of a plunge pool has been
defined. This pressure field entirely determines the excitation capacity of a jet impacting onto a rock
joint.

The third section presents the pressures measured inside different rock joint configurations. Both one-
and two-dimensional rock joints have been tested. Their ends can be open or closed. Special attention
was paid to air bubbles that are present inside the joints, because they influence the transient
characteristics of the system.

It forms the input for application of rock mass failure criteria. Chapters III, IV and V have been set up
in a parallel manner. Theory about air and water flow inside rock joints has been outlined based on
performed pressure measurements and, vice versa, the highly transient 2-phase character of the
measurements could be analyzed by means of theoretical considerations.

The complementary aspects of theory and experiments conducted to a synergy that allowed a detailed
numerical simulation of the hydrodynamic pressures in Chapter VI. The numerical simulation is
although restricted to closed-end rock joints.

Chapter VII proposes a new, physically-based model for evaluation of the development of ultimate
scour in partially or fully jointed rock. The model relates measured water pressures in rock joints to
tensile failure criteria of jointed rock and to hydrodynamic uplift of rock blocks. An application
example is provided, as well as a comparison with the Erodibility Index method (Annandale, 1995).
This method is a semi-empirical method in which the erosive power of the jet, as well as the resistance
of the jointed rock against erosion, are expressed by means of an index. It constitutes one of the most
pertinent and reliable method of scour evaluation that is actually available. More details of this method
are also provided in Chapter II.

The last chapter summarizes the research project and the major conclusions that can be drawn
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Chapter 11. State-of-the-art on scour
evaluation methods

The present state-of-the-art on rock scour due to high-velocity jet impact does not intend to analyse
every existing experimental, statistical or analytical evaluation technique. It rather presents a global
overview of these approaches. As such, a first section summarizes some well-known empirical
expressions for the ultimate scour depth. These expressions have been obtained through physical
model studies and are simple and useful tools to get a first idea of the ultimate scour depth and to
identify scour tendencies. However, they incorporate significant scaling effects and should only be
applied within their application range. Secondly, expressions obtained through clearly outlined
analytical developments, and most often calibrated by the use of available experimental data, are
labeled as “semi-empirical” relationships. Distinction is made between the application of shear-stress
based “initiation of motion” theories, the use of conservation equations and the incorporation of
geomechanical characteristics. Many of these expressions are based on the theory of a two-
dimensional jet diffusing through a water cushion and impinging on a flat boundary.

A third widely used technique to estimate the ultimate scour depth is the determination of extreme
dynamic pressures at the plunge pool bottom. The following parameters are of significance: mean
value, root-mean-square (RMS) value, extreme positive and negative values and power spectral
content of the fluctuating part of the dynamic pressures. These parameters characterize the extreme
loading conditions on rock blocks or concrete slabs by applying a maximum pressure underneath and a
minimum pressure on the upper side of the block or the slab. In this way, the maximum possible net
uplift pressure can be determined. Ultimate scour depth is reached when this net uplift pressure is not
capable anymore to eject the block or the slab.

Finally, time-averaged and instantaneous pressure differences over and under rock blocks can be
quantified by appropriate physical model studies. These studies account for the instantaneous spatial
structure of the pressures at the pool bottom, but the pressures under the blocks are dealt with in a
steady-state manner and thus assumed constant. No transient effects are considered inside the joints.

Hence, the framework for a fully transient, three-phase assessment of dynamic pressures is outlined. It
is believed that transient pressure wave propagation inside rock joints and underneath concrete slabs
constitutes a key element for a deeper insight into the physics of the rock scour phenomenon. The need
for a more physically based approach is visualized by means of a three-phase cubic representation of
the current state-of-the-art as well as of the research objectives (Bollaert & Schleiss, 2001¢).

-9.
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1. Empirical expressions

1.1. General

Since the pioneering work of Schoklitsch (1932) on overflow jets, many researchers experimentally
investigated the relation between the hydraulic characteristics of a falling jet and the formation of
plunge pool scour. A lot of scaled physical model studies have been made, resulting in a significant
amount of empirical expressions. However, the application limits of these expressions are generally
very restricted. Hence, an evaluation of summaries is more valuable than an examination of every
equation on its own. The present section focuses on referential summaries of previous research and on
scaling effects that are frequently encountered during physical model tests.

Empirical relationships are one of the most popular tools for establishing hydraulic design criteria,
because of their relative simplicity and feasibility. Model and prototype tests results can be related to
the main parameters in a straightforward manner. This is obtained through general mathematical
techniques, such as dimensional analysis (Reeve, 1932; Doddiah et al., 1953; Rajaratnam, 1981),
direct correlations between predominant variables, trial and error adjustments, etc. These techniques
furthermore permit a global evaluation of the physical problem and general tendencies often can be
outlined. One example is the work published by Doddiah et al. (1953). They found that scouring firstly
increases with increasing pool depth up to a critical value, and that further increase of the pool depth
rapidly diminishes. This phenomenon was attributed to the appearance and strength of recirculating
pool currents and has been confirmed later on by measurements of turbulent flow characteristics.

However, the correct physical background of test results remains unknown and so care has to be taken
when applying such formulas for other cases than the one for which they were designed. This was
clearly outlined by Mason & Arumugam (1985) who analyzed the most important empirical formulas
and divided them into different groups, as a function of the parameters considered. They evaluated the
accuracy of these groups of formulas by generating sets of scour data from prototypes and their
relevant models. The results showed an important difference in applicability of all formulas between
model and prototype test conditions. In other words, expressions that were developed under model
conditions should not be used in prototype applications and vice versa. Several authors investigated
this important aspect of empirical expressions and contributed in that way to a better assessment of
some major scaling effects, such as rock mass scaling, acration scaling and time scaling.

1.2. Rock mass scaling effects

Whittaker & Schleiss (1984) established a state-of-the-art for scour related to high head structures. A
first difficulty often encountered during physical model tests is the simulation of the foundation by a
material that adequately represents the dynamic behavior of partially or totally fractured rock. For this
reason, most model tests assume that the disintegration process of the rock mass has already taken
place and consider the rock as a piecewise broken up medium. As a result, only the entrainment and
transport of rock blocks is modelled. This is done by use of cohesionless granular material.

Reeve (1932) established scaled model tests to design erosion protection works downstream of the
Conowingo ski-jump spillway dam. The 1/30 scaled model simulated the fractured rocky river bottom
by crushed rock in pieces large enough to correspond to the natural large blocks of granite. Test runs
were conducted and after several years of operation, the plunge pool developed the predicted erosion
pattern. Later on, Cunha & Lencastre (1966) established three-dimensional model tests of the Picote
Dam. The rocky river bed was modeled by means of cohesionless granular material (d,, = 20 mm),
because their tests with slightly cemented concrete failed. The steep riverbanks were simulated with a
homogenous material. During the experiments, a large downstream mound of entrained granular
material formed. This accumulation was largely superior to the corresponding prototype deposit.
Therefore, two types of test runs were executed: one with a systematic, periodic leveling of the formed
artificial mound, and one without modifying this process. As such, an intermediate solution was

-10 -
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derived that seemed to correspond to prototype measurements. The model adjustment was used
afterwards to predict further scour hole development in case of extreme floods.

Yuditskii (1971) and Ramos (1982) also pointed out that model tests tend to exaggerate the deposition
of material at the downstream end of a plunge pool, which inhibits the formation of the total scour
depth. This significant scaling effect resulted in a “dynamic scour limit”, valid when no material is
removed from the mound, and a “static scour limit”, reached by progressive removal of the deposition.

Martins (1973) developed another three-dimensional model case. He used a riverbed made of equally
sized cubic blocks, systematically arranged and without any cohesive effects between them. Mason
and Arumugam (1985) found the proposed expression works poorly for prototype values, but agrees
fairly well for model tests. This again indicates the risk of using model data obtained with
cohesionless material.

In general, only poorly to moderately reasonable results are obtained in terms of total scour depth, and
the extension of the scour hole remains overestimated in scaled model tests, due to the impossibility of
simulating steep channel slopes. Wisner et al. (1967) pointed out the limitations of the use of
cohesionless material for simulation of rocky river beds and proposed comparable tests with cohesive
bottoms. They investigated the use of sand and plaster which gave a higher scour depth in the latter
case. Secondly, a comparison was made of the scour hole shape obtained for successive layers of cubic
concrete blocks on one hand, and for rough sand on the other one. The scour hole with the concrete
blocks was much more localized and shallower, indicating a totally different mechanism of erosion.
The author already mentioned the existence of pressure fluctuations in the joints between the cubes,
attaining 40% of the incident velocity head and generating significant instantaneous underpressures.

Other investigators (Johnson, 1977; Gerodetti, 1982; Quintela and Da Cruz, 1982) also made use of
slightly cohesive material (such as cement, clay, caulk, paraffin wax etc.). However, these model tests
were mostly performed after dam construction using available prototype data for calibration.

Furthermore, some investigators (Veronese, 1937; Mirtskhulava et al., 1967; Machado, 1982)
accounted for grain size limitation problems. They found out that, for grain sizes smaller than 2 to 5
mm, the ultimate scour depth becomes constant. Breusers (1963) found a grain size independent scour
depth for a grain size range of 0.1 to 0.5 mm. He related this phenomenon to a constant critical
entrainment velocity, making it of absolute rather than relative nature. Finally, Mason and Arumugam
(1985) stated that use of the mean particle size dy, is in general more appropriate than the dgg size.

As a conclusion, the application of model test results to prototype situations often fails because the
physical process of progressive break-up of the partially fractured rock mass cannot be simulated.

1.3. Aeration scaling effects

A second significant scaling effect is introduced by the aeration of the jet and the plunge pool.
Aeration is governed by the initial jet turbulence intensity (Tu) and is Froude, Reynolds and Weber
number dependent. Hence, it cannot be appropriately represented by Froude-based scaling laws.

Johnson (1967) compared the scour depth for aerated jets with that for non-aerated conditions but
didn’t develop a relevant formula. The former case resulted in lower scour depths. Based on a study by
Rubinstein (1963), Martins (1973) took into account a reduction of 25% of the calculated scour depth
in case of high air entrainment, and 10% for intermediate air entrainment. Mason (1989) developed an
empirical expression incorporating the volumetric air-to-water ratio § [—]. He stated that this ratio
allows replacing the drop height H from classical formulas, based on a direct relation between § and H
developed by Ervine (1976). His formula is very accurate for model data and gives a reasonable upper
bound of scour depth for prototype conditions. A plausible physical explanation for this phenomenon,
however, is lacking,.
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The assessment of aeration effects is one of the major challenges in a correct evaluation of the ultimate
scour depth. Air entrainment cannot be scaled appropriately and has a highly random character.
Moreover, the phenomenon is present in every physical process of the scour development: in the
plunging water jet, through the water cushion, and even inside the discontinuities of the fractured rock
mass. This is discussed in Chapters III and V more in detail.

1.4. Time scaling effects

Scouring is highly dynamic and thus characterized by time scaling effects. These effects appear at two
completely different time scales. The first time scale is a macro-time scale and deals with the duration
and the frequency of occurrence of water transfer downstream of the dam. Due to a lack of prototype
data, this scaling effect has been poorly studied up to now. Some attempts have been made to
incorporate it in general formulas, mainly based on a logarithmic time dependence.

Rouse (1940) was the first to state that scouring never ends with time. He also found that the jet
impingement height represents the characteristic length for the scour hole profile and established a
correlation between two non-dimensional parameters: the ratio of scour depth to jet impingement
height and the ratio of jet velocity to particle fall velocity.

Doddiah (1949) summarized some important theoretical considerations on vertical circular jet impact
into alluvial bed material, for a varying pool depth. By use of dimensional analysis and curve fitting,
he developed erosion depth equations as a function of time. His most important conclusions are
comparable to the ones made by Rouse (1940).

Doddiah et al. (1953) conducted a similar analysis for the case of free (plane) overfall jets and
compared their results with Schoklitsch® (1932) expression. The data agreed well with Schoklitsch’
equation for small scour depths. However, for greater depths, Schoklitsch’ scour prediction is only
half as large as the one that occurred during the experiments, showing the time influence on the
phenomenon.

Breusers (1967) developed an empirical-analytical equation as a function of time. Kobus et al. (1979)
also pointed out that the scour volume is proportional to the logarithm of time, and found different
relationships for steady and pulsating jets.

The second time scale is a micro-time scale. Transient hydrodynamic water pressures acting inside the
discontinuities of a fractured rock mass constitute a micro-time scale effect and cannot be taken into
account by steady-based formulas. It requires the analysis of turbulence and pressure waves inside
rock joints, as discussed in Chapter III.

As a summary, it is assumed that the major part of the ultimate scour depth (up to 90%) is reached

within the first few days or weeks of discharge. Further deepening of the scour hole requires much
more time to develop. No reliable development exist to express this time dependence.

1.5. Standard scouring expression

In general, empirical formulae expressing an equilibrium scour depth have the following form (based
on Mason et al., 1985, see Fig. I-2 for definition of parameters):

HY -q*-h"

Y=t+h=K 2.1
g’ -dg

Y=t+h = depth of scour below tailwater [m]

X, Ysuo = exponential coefficients [-]

t = effective scour depth [m)]

h = tailwater depth [m]

-12-



Chapter 11 State-of-the-art on scour evaluation methods

head difference up to downstream [m]
specific discharge [m?/s]

gravitational acceleration [m/s’]

mean sediment size, rock cube [m]
(6.42 - 3.10H*'%) [-]

0.30 []

0.15 []

(0.60 — H/300) {-]

(0.15 - H/200) [-]

0.10 [-]

B

N“< % g < R 08,0

As investigated by Mason & Arumugam (1985), a comparative analysis of all such formula results in a
variation of 25% for model conditions and 30% for prototype conditions. The applicability for head
drops “H” lies between 0.325 and 2.15 m for models, and 15.82 and 109 m for prototypes. At the same
time, the formula covers cohesive and non-cohesive granular models, with mean particle sizes
between 0.001 and 0.028 m. For prototype rock, a mean block size of 0.25 m is assumed.

Since the 1970’s, authors also began to incorporate the jet impact angle, adding one more parameter to
the above formula. Examples can be found in Chee & Kung (1971), Chee et al. (1972), Martins
(1973), Mason (1983), Yuen (1984) and Bormann (1988). Preliminary studies assumed a jet impact
angle between 60° and 90°, neglecting so its importance on the ultimate scour depth.

Accurate expressions for the extension of the scour hole are hardly possible, due to the aforementioned
rock mass scaling problems. One of the most pertinent studies has been made by Rajaratnam (1981).
Using dimensional analysis, he obtained an expression for the ultimate scour depth as a function of a
densimetric Froude number, and established similarity profiles for the eroded bed form.

Hoffmans (1994a & 1994b) made an overview of empirical expressions for plunging and submerged
jets and compared their relative accuracy by use of an extensive database.

A general report of all possible scouring forms, such as scour around bridge piers, scour by high
velocity jets, scour in river bends, etc., was given by Breusers & Raudkivi (1991).

1.6. Conclusions on empirical expressions

Empirical expressions represent a simple but comprehensive tool that allows a global evaluation of the
ultimate scour depth. Due to their specific straightforward nature, care has to be taken, even when
applied for the cases for which they were designed. Their major limits are the lack of theoretical
background, the appearance of significant scaling effects and the absence of dynamic aspects. This
makes it hardly possible to obtain a detailed and physically correct description of the phenomenon.

Nevertheless, empirical expressions can be useful to get an “on-the-shelf” first idea and to identify
general scouring tendencies. Furthermore, the variety of available formulas makes it possible to
compare between them.
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2. Semi-empirical expressions

The lack of accuracy of empirical formulas stimulated many researchers to obtain more theoretically
correct formulas. Mathematical expressions obtained through clearly outlined analytical developments
and calibrated by use of available experimental data are referred to as semi-empirical relationships.
Distinction is made between shear-stress based initiation of motion theories, use of conservation
equations and incorporation of geomechanical characteristics. Moreover, lots of these expressions use
the steady-state two-dimensional jet diffusion theory as hydrodynamic basis. Hence, this section starts
with an overview of this theory. At the end, some aeration effects are discussed.

2.1. Two-dimensional jet diffusion

The diffusion of a two-dimensional jet through a medium at rest was firstly solved following basic
equations of fluid mechanics. These equations assume a hydrostatic pressure distribution, infinitesimal
plunge pool thickness, shear forces expressed by Prandtl’s formula (Tollmien, 1926) or a Gaussian
velocity distribution (Reichardt, 1941; Albertson et al., 1950) and finally dynamic similarity
conditions. Many textbooks describe these mathematical developments in detail (Abramovich, 1963;
Rajaratnam, 1976).

The fundamental concept of a jet of uniform velocity field penetrating into a medium at rest is based
on the progressive growing thickness of the related boundary layer by exchange of momentum. This
boundary layer consists of particles of the jet itself as well as of particles of the surrounding medium.
It is characterized by two major effects: an increase of the total cross section of the jet and a
corresponding convergence of the wedge-like region between the boundary layers. This non-viscous
region is called the jet core and its disappearance gives rise to the fully developed flow region.

The hydrostatic pressure assumption leads to a constant velocity in the core of the jet. Many
researchers have investigated experimentally or theoretically the extension of this very important
region. A summary is presented at Table II-1 and in Fig. II-1, where the core length is presented as K
times the jet diameter “d” (for circular jets) or the jet width “b” (for rectangular jets).

Jet development region Developed jet

1l
>

[‘

dorb

K.(d or b)

Fig. 11-1 Two-dimensional jet diffusion: the jet development region, containing the core, and the developed
jet region. The core length is expressed as K times the jet diameter “d” or the jet width “b”.

The core length clearly depends on the inner angle of diffusion o,, about 4-5° for submerged jets and
8° for highly turbulent jets (McKeogh, 1978). Furthermore, along the jet’s centreline in the developed
region, the velocity profiles are of self-preserving shape when plotted against an appropriate length
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scale (for example the width corresponding to half of the maximum velocity). This important
characteristic has been largely used for predicting mean velocity and mean pressure fields.

Author Year K Jet type Analysis

Albertson et al. 1950 5.2 rectangular 2D jet diffusion + experimentally
Albertson et al. 1950 6.2 circular 2D jet diffusion + experimentally
Homma 1953 4.8 circular experimentally

Cola 1965 7.2 rect/submerged conserv. equations + experimentally
Poreh & Hefez 1967 9.0 circular 2D jet diffusion

Hartung & Hausler 1973 5.0 circ/impinging estimation of diffusion angle
Hartung & Hausler 1973 5.0 rect/impinging estimation of diffusion angle
Beltaos & Rajaratnam 1973 83 rectangular momentum flux of the jet
Beltaos & Rajaratnam 1974 5.8-7.4  circular momentum flux of the jet
Franzetti & Tanda 1984 4.7 circ/impinging 2D jet diffusion + experimentally
Franzetti & Tanda 1984 6.0 circ/submerged 2D jet diffusion + experimentally
Chee & Yuen 1985 3.3 circ/impinging dimensional anal. of momentum
Tao 1985 6.4 rect/impinging based on Aki (1969)

Ervine & Falvey 1987 4 circ/impinging momentum jet + experimentally
Ervine & Falvey 1987 6.2 circ/submerged experimentally

Bormann & Julien 1991 32 rect/impinging jet diffusion coefficient Cy4
Ervine et al. 1997 4 circ/impinging experimentally

Table 1l-1 Summary of studies on the coefficient K of jet core length. The jets are circular or rectangular in
shape, for impinging (with air) or submerged (without air) impact conditions.

However, this fundamental diffusion concept didn’t take into account the existence of flow
boundaries, largely modifying the hydrostatic pressure distribution and making the problem
gravitational dependent. Cola (1965) experimentally found that the boundary influences the uniform
velocity field in a region of up to 12.9 times the jet thickness from the bottom.

Hartung & Hiusler (1973) summarized some interesting descriptions of the velocity and pressure
fields. They pointed out the significant influence of dynamic water pressures inside rock joints and
reproduced this destructive process under laboratory conditions. The impact of a high-velocity vertical
jet on a squared concrete plate was conveyed inside an inner flaw of the plate by means of a small
hole. This caused complete destruction of the plate. The authors stated that realistic tailwater cushions
almost never provide a reliable scour protection.

The first complete empirical-analytical study of plane and circular jet impingement on a flat and
smooth surface has been established by Beltaos & Rajaratnam (1973, 1974, 1976). Their analysis was
based on experimental calibration of theoretical expressions as obtained by dimensional analysis,
conservation equations and two-dimensional jet diffusion theory.

They distinguished three main jet regions: the free jet region, the impingement region and the wall jet
region (Fig. II-2a). The impingement region represents thereby the region where the bottom influences
the uniform flow field of the incoming jet. It is estimated at roughly 30 % of the total water depth.
They extended existing knowledge on the free jet and the wall jet region up to the less known
impingement region. The time-averaged velocity, pressure and wall shear stress fields were described
in the three regions for a plane jet, and in the jet impingement region for a circular jet.

All these developments produce valuable information about the mean velocity and pressure fields of
jets impinging on plunge pool bottoms. However, they do not allow the quantification of the
fluctuating part of the flow field, such as root-mean-square values and corresponding power spectral
densities. Hence, they can be considered as a “static version” of the later developed turbulence
theories. When incorporated in semi-empirical expressions, their steady-state nature is although
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appropriate. Therefore, many authors combined the two-dimensional jet diffusion theory with the
initiation of motion concept or with a rock erodibility index method.
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Fig. 11-2 Two-dimensional jet diffusion and impingement on a flat smooth surface: a) main jet regions; b)
velocity and pressure distributions in each region (Beltaos & Rajaratnam, 1973).

2.2. Initiation of motion concept

The shear-stress based concept of initiation of motion has been largely applied to cohesionless
granular material. Referential theoretical work on this subject has been established by Simons &
Stevens (1971), who performed a complete three-dimensional analysis of the hydrodynamic forces and
moments on a solid particle. Their results constitute a theoretical framework for many authors.

A method for determination of initial sediment motion in case of rough boundaries was developed by
Poreh & Hefez (1967). Based on Shields’ experimental evaluation of critical shear stress in open
channel flows, they proposed a modified formula taking into account specific characteristics of radial
wall jet flow. These are for example a higher turbulence intensity and smaller thickness of the laminar
sub-layer near the boundary. The following expression is proposed by the authors (Fig. 3):

Y —0,79.S (1,46 V! --‘1) 2.2)
v.d v
Te = critical shear stress [N/m?]
Ys = submerged specific weight of sediment on bottom [N/m’]
d = sediment particle diameter [mm)]
S = experimental function [-]
V" = Jr /o critical shear velocity [m/s]
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Moreover, the authors proposed an expression for the shear stress distribution in the case of rough
boundaries as:

T-b2 A
oM C (b ) (2.3)
in which:
b = height of impingement of the jet [m]
M = kinematic momentum flux of the jet [m4/s2]
r =  radial distance from jet axis [m]
C = constant independent of Reynolds number and equal to ~ 0,012 [-]
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Fig. 11-3 Initiation of sediment motion for rough boundaries. Modified Shields criterion applied to radial
wall jet flow (Poreh & Hefez, 1967).

An approximation of the “S” function in equation (2.2), combined with equation (2.3), permits a
prediction of the region of sediment entrainment. Experimental data obtained by use of air jets
impinging on partially cemented sand beds confirmed this modified Shields’ equation. However, this
approach is not applicable in the zone of transition between the impingement jet and the wall jet,
because its turbulent character cannot be expressed by the mean local shear stress. As such, the
Shields’ critical shear stress isn’t representative.

Similar experiments have been established by Kobus, Leister & Westrich (1979). They aimed at the
flow field and the erosion pattern of continuous and pulsating jets on a horizontal sand bed of uniform
grain size. Their systematic investigations focused on pressure, shear stress and maximum velocity.
These parameters were estimated along rough walls, taking into account the permeability of the
bottom. Flow field data were gathered by means of an air model with a rough and unerodible bed,
while a corresponding water model aimed the quantification of erosion processes. Main jet regions are
according Fig. II-2a. Some notations used by the authors are:

= jet diameter [m]

= mean particle diameter [mm]
jet outlet velocity [m/s]
particle fall velocity [m/s]
pulsation frequency [Hz]

= pulsation amplitude [m]

R gL
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k, = equivalent sand roughness by Nikuradse [mm]
Io =  jet impingement height [m]

r = radial coordinate [-]

Rey = jet Reynolds number (= ug-do/V) [-]

Re;, = particle Reynolds number (= w-dy/v) [-]

S, = Strouhal number = f-dg/ug [-]

The pressure distribution is not influenced by the roughness as long as the roughness height is small
compared to the size of the impingement region. The distribution can be described in a dimensionless
manner by an experimental constant A:

Pw —A. e[_ZA(%’ )2] :A =57 2.4)

02
P'TO'(Io/do);2

The wall shear stress increases linearly with radial distance in the impingement region to decrease
exponentially in the wall jet region. In both cases, the shear stress values increase with growing wall
roughness, and the maximum value shifts slightly towards the jet axis. For rough walls, velocities
decay more rapidly with distance from the stagnation point, together with an increase of the boundary-
layer thickness. Turbulence intensity is only increased in the boundary layer, not in the above shear-
free zone. The measurements of turbulence intensity for k; = 0 showed good agreements with the tests
made by Poreh & Hefez (1967) for smooth walls.

pressure parameter ; 12 = ;);1 % 3.0 (Reg=140) ?P.s_. 2 65 (Reg=140)

=W X 2
2 i

Fig. 11-4 Similarity profiles of the scour hole as a function of the pressure parameter k, (Kobus et al., 1979)

Erosion processes were first of all investigated for steady impinging jets. Beside the time development
of the scour formation, assumed to be logarithmic, the permeability and erodibility of the wall were
taken into account. The stagnation pressure ps, radial velocity and shear stress decrease with increasing
permeability. Defining a dimensionless pressure coefficient k, as [py/(p/2)w?], the following scour
forms were generated (Fig. I1-4):

e 12<ko<3 scour form I, corresponding to a shallow profile, with attachment of the jet up
to the edge of the scour hole. Erosion is established mainly by bedload
transport.
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e 6,5<ko<140 scour form II, with a very pronounced central deformation of the bed and
straight slopes in the outer region, combined with suspension transport and
partial deposition.

o 140 <<kg injection flow, where form II is transformed into an extremely deep centre
hole.

The erosive capacity of the jet is strongly related to the impingement height, with maximum erosion
occurring at large heights. A decrease in height results in a stronger jet deflection and, thus, a larger
energy dissipation into seepage flow. Furthermore, the higher the jet velocity, the higher the erosion
rate, except in the transition zone between form I and 1, where a very pronounced bed deformation
causes high energy dissipation.

An attempt to quantify the dynamic action of a water jet has been made by superimposing velocity
pulsations on the mean jet outlet velocity. The influence of these pulsations on the flow field has been
evaluated based on the momentum flux at the outlet and can be summarised as follows: above a
certain Strouhal number S,, the stagnation pressure diminishes and the pressure field becomes
comparatively wider for increasing frequencies. The amplitude of the pulsations is of no importance.

The dimensionless pressure distribution is expressed as:

[—o,oon-s:{ A )2]

p wpulsating

=1-60-S. -e (2.5)

p wsteady

Above a certain Strouhal number, the wall shear stresses decrease in the impingement region and in
the first part of the wall region. At large distances, no influence has been noticed. The amplitude also
is of secondary importance. Velocity profiles in the wall jet region are quite similar. Turbulence
structures however are completely different. For a steady jet, instantaneous fluctuations in the radial
outward direction are not correlated. On the other hand, pulsating jets showed well-correlated
fluctuations. Moreover, it was found that the turbulence structure in the boundary layer is not
influenced by the pulsations, while in the free-shear layer zone, the velocity pulsations interfere with
the eddies of same frequency and transfer energy into the latter. Turbulence intensity measurements
confirmed an increased total fluctuation in the free-shear layer zone. The erosive capacity of a
pulsating jet is influenced in two manners. First of all, the mean flow field is characterised by a
diminished velocity on the jet axis and, thus, a wider pressure field and wider deflection zone.
Together with a decrease in seepage velocity, this leads to an increased erosion action. Secondly, the
strong radial correlation of the turbulent fluctuations enhances less random and more radial directed
forces on the sediment particles. This results in increased erosion and transport outside the scour hole.

As a summary, the periodic pulsation of a jet can cause a significant increase in erosion capacity. This
capacity increases with the pulsating frequency and the amplitude.

Rajaratnam (1981) used dimensional analysis to investigate characteristic features of sand bed scour in
the asymptotic state (= ultimate scour depth), due to impingement of plane turbulent jets formed by
water and air. He summarised the main studies established in the field of erosion of beds of uniform,
cohesionless material due to turbulent jet impact. The maximum depth of erosion in the asymptotic
state €m. is expressed as a function of the jet momentum flux My at the nozzle, the jet impingement
height H, the median particle diameter dp,, the density of the fluid p and finally the difference in
densities between bed particles and fluid Ap:

€ =f M,,p,H,gAp.d,,)

Using the Pl-theorem and neglecting the H/d,, parameter, because non important unless it gets very
small, leads to:
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€ E
o |_F 2.6)
H | /H,
U
F, =—==2— = the densimetric Froude number Q.7

\E 5
P

in which Uy stands for the velocity of the jet and D for the grain diameter. From the experiments, this
functional relationship was found to be different for air-sand and water-sand systems, due to the
difference in mode of transport of the eroded bed material out of the scour hole. Indeed, in the case of
water jets, an important portion of eroded material is kept in suspension and settles back once the jet is
stopped. Other functions, such as the height of the outside ridge and its distance from the jet axis, have
also been found to vary with Fy/ (\/H/2bo). The bed profile in the scour hole was found similar for air
and water and could be expressed as follows (Fig. II-5):

lii] — e—0,693-(x/b)2 (2.8)
€ A 4
m Joo e
in which:
£ = depth of erosion [m]
X = longitudinal distance from jet ‘

outlet [m] -
b = value of x where (¢/€).. = 0,5

[m]

Fig. 11-5 Parameter  definition  sketch.
(Rajaratnam, 1981)).

Mih & Kabir (1983) performed an analysis of a submerged jet impinging on non-uniform granular
beds, through the use of a dimensionless impingement number, and taking into account the jet
obliqueness effect. They searched ideal jet conditions for the flushing out of fine silt from gravel in
natural riverbeds, in order to increase the survival rate of salmon eggs. They stated that for large
impingement heights, defined as more than 8.3 times the jet outlet diameter, the height itself plays the
role of characteristic length for scour holes. For impingement heights less than 5.5 times the jet outlet
diameter, the jet diameter becomes the characteristic length.

Their development considered two important forces acting on an individual solid particle moved away
by impinging jet flow: the drag force Fy in the direction of flow, and the net downward force F,,
resulting from gravity and buoyancy effects. By defining friction forces as a friction coefficient times
Fg, it gets obvious that the ratio Fy/F, signifies a very important parameter in predicting particle
motion:

F, 3C 2
E 4 '_“VA 2.9)
£ gd,[ 2
p
in which
Cqy = drag coefficient [-]
d = diameter of a solid sphere [m]
Ap = difference between gravel density and water density [kg/m3 ]
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The drag coefficient Cy4 is a function of the Reynolds number and of the particle shape. Furthermore,
the second part of the right hand side of the expression corresponds to the square of the densimetric
Froude number, as defined by Rajaratnam (1981), and based on the PI-theorem. Interesting also is the
agreement with the ratio of jet velocity to fall velocity as introduced by Rouse (1940) and Doddiah et
al. (1953). This underlines the relevance of the initiation of motion concept as a sort of preliminary
“static version” of the later developed dynamic uplift methods, just like the two-dimensional jet
diffusion constitutes the “static version” of later developed fluctuating turbulence characteristics. For
two distinct flow zones, the core region (less than 6.2 jet diameters) and the region of established flow
(more than 6.2 jet diameters), (Albertson et al.,, 1950), the experimental results allowed the scour
depths to be determined as a function of the impingement number and of the jet diameter at the bottom
of the scour hole.

Chee & Yuen (1985) combined dimensional analysis, two-dimensional jet diffusion theory and
initiation of motion to derive a relationship for scour of granular beds that takes into account the
obliqueness of the impinging water jet. The parameters that determine the threshold condition for
particle motion are the critical bed shear stress 1., the width of the scour hole By, the depth of flow at
the deepest point of scour H,.sin B (with B the jet impact angle), the effective size of bed material d,,
the mass densities of water and sediment particles p and p;, the gravitational acceleration g and finally
the cinematic viscosity of the water v. A dimensional analysis combined with the Brahms® formula
(1753), as described in Lelliavsky (1955), stating that 1. is proportional to u’y, (with un, the velocity
near the bed at the deepest part of the scour hole), gives the following equation:

2
d * U,
Tms o Ss Hre (2.10)
g (Ss - 1) ) ds v
in which:
Sy = specific gravity of the bed particle [-]
Use = \/‘cclp, the shear velocity at threshold condition [my/s]
b —PLUNGING
w7 gEr

Sf‘nﬂ

GRAVEL BED

: i

i

Fig. 11-6  Scour of granular beds due to obliqueness jet impingement. Definition sketch of parameters (Chee
& Yuen, 1985).
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The bed-velocity ums was determined by dimensional analysis, based on a jet centreline velocity decay
rate as expressed by Beltaos & Rajaratnam (1974), and based on a regression analysis of the
experimental results:

1
>
Pms =0’5.)g.(Y_0) (2.11)
H

Uy s
Where the stagnation effect of a solid plate influences the centre velocity just at about 30 % of the
impingement height (Beltaos & Rajaratnam, 1973), the corresponding region in case of a pervious
gravel bed only extents up to 21 %. The threshold shear velocity reflects the intensity of turbulent
fluctuations near the bottom and can be calculated based on the maximum wall shear stress in the
impingement region as defined by Beltaos (1976), with a coefficient 1 accounting for the bottom
surface roughness, justified by Kobus et al. (1979). A generalisation for all cross sections, with J, the
total jet area, is expressed below:

« =(yn)-J0.166 - (up/H, ) - (41, /m) (2.12)

The final scour depth relationship then becomes, after multiplication by the relative roughness (dy/H;)
in order to obtain an excellent agreement with the test results (Fig. II-6):

> 0,182
u:‘ns - 0 00429 s ’ J0’166 ) (uO/Hs) : (4Ja/n) (213)
(S - ) s L

H =(D,_. +y, )/sinp (2.14)
in which:
H, = distance along the jet centreline between the tailwater level and max. scour bed [m]
Dp. = max. scour below original bed level [m]
d = sediment particle size [mm]
Yow = tailwater depth [m]
Uy = near bed velocity [m/s]
S = specific gravity of the bed particle [-]
u = jetimpact velocity [m/s]
J, = total jet cross-sectional area [m’]
B = jetimpact angle [°]

The formula accounts for grain size effects and underlines the importance of bed shear velocity as a
measure of the intensity of turbulent fluctuations at the bottom. Comparison of measured and
calculated locations of maximum scour depth confirmed that the jet follows a straight-line path down
to the pool bottom.

Bormann & Julien (1991) also established an equation based on the two-dimensional jet diffusion
(Beltaos & Rajaratnam, 1973) and on non-cohesive particle stability in scour holes as a function of
Shields’ critical bed shear stress. The authors made use of a diffused jet velocity in the scour hole, as
well as of a diffused jet thickness, both based on Beltaos & Rajaratnam (1973). Moreover, the stability
analysis of noncohesive particles is expressed as a function of a critical bed shear stress. This shear
stress is dependent on a local friction coefficient, incorporating the critical Shields number 6, the
sediment particle size, a parameter constant B and an exponent x. Based on Simons & Stevens (1971),
the critical shear stress T, required to move upslope at an angle o in the downstream direction is
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expressed as a function of the value 7, for a flat bed (¢ = submerged angle of repose of the granular
material):

‘t_b_sin(¢+oc)
T sin ¢

cr

(2.15)

Equilibrium conditions conducted to the following expression for the total scour depth beneath a
grade-control structure (Fig. II-7):

U :
h+Dp=K.q°*6-T(;0,4—~sm0L (216)
K =C2[y-sin¢/sin(¢p+a)-B-(y, -7 (2.17)
in which:
h = equilibrium scour depth [m]
D, = drop height of grade-control structure [m]
o = jet angle of impact [°]
o = angle of repose =25 [7]
q = specific water discharge [m?/s]
d, = sediment particle size = dgp [mm]
Uy = jet velocity entering tailwater [m/s]
B = 2 (coefficient of friction) [-]
Cy = 1.8 (jet diffusion coefficient) [-]
Y = 2.7 (specific weight ratio) [-]
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Fig. 11-7 Ultimate scour depth downstream of grade-control structures. Definition sketch of parameters
(Bormann & Julien, 1991).

By comparison with the experimental formulas discussed by Mason & Arumugam (1985), it was
found that the exponents of equation (2.1) agree very well with the here proposed expression. Large-
scale experiments (up to 1.4 m of scour depth) allowed calibration of this expression and largely
extended the range of conditions for which previous scour data were available. Direct application of
this formula to plunging jets is possible by neglecting D, and results in an equation comparable to the
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standard empirical form presented in § 1.5 (equation (2.1)). Hoffmans & Verheij (1997) tested the
above formula with a large data set and found acceptable accuracy and wide-range applicability.

2.3. Conservation equations

Approaches based on the continuity, momentum or energy equations are of interest because they
express the main physical processes in a global but exact manner. Despite the fact that several of the
aforementioned analytical methods make partially use of some conservation equation, the studies
presented herein merit particular attention.

One of the first analyses was developed by Altinbilek & Okyay (1973), based on the continuity
principle. They assumed that the pressure and velocity distribution in the scour hole are functions of
the geomeltry of the latter. The continuity equation for the scour hole volume is expressed as follows:

S

t= j v (2.18)
0 QSO

in which:

A% = scour hole volume [m3]

t = time [s]

Qo = rate of sediment transport [m’/s)

S = depth of scour [m]

Scour depth versus time functions are obtained through integration of equation (2.18). Qg and dV
were determined based on experimental results and dimensional analysis. General non-dimensional
functions can be obtained by repeated numerical integration. However, these curves have to be
established separately for each sediment size and jet thickness. The experiments resulted in the
following conclusions:

o the geometry of the scour hole remains similar during the scouring,

« the scour depth attains a limiting value. This value depends on the jet Froude number Fr, the mean
grain diameter D, the jet thickness b, the jet velocity U and the particle fall velocity w in the
following manner:

s3]
St hd b (2.19)

T 0,5
Fr- (E)
b

« at higher flow depths, the scour hole becomes irregular due to irregular jet diffusion.

Fahlbusch (1994) derived a basic.relationship by application of the momentum principle. He reasoned
that, in spite of the complexity of the phenomenon, in the final equilibrium state, all the forces acting
on a certain control volume must obey the momentum principle. An estimation of the forces imparted
by the scour walls on the control volume by assuming a linear pressure distribution still depends on
the unknown rock strength and is quite delicate. However, by ignoring the water pressure in the jet, the
following dimensional homogenous expression that groups the most important parameters is written:

D= JZ(] —¢) .\/qv sin o (2.20)
B g
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in which:

D = scour depth + tailwater depth [m]

q = discharge per unit width [m®/s]

v = jet velocity [m/s]

£ = average volumetric air concentration [%]
o = angle of impact {°]

B correction factor [-]

A comparison with 104 model and prototype data showed good agreement. The first part of the right
hand side of the formula had an upper limit of 3.92 and an average value of 2.79, which was almost
identical to the value of 2.83 found by Veronese in 1937. However, a potential under- or
overestimation of the real scour depth by 40 % was still observed.

Hoffmans (1998) also calculated the equilibrium scour depth by application of Newton’s second law
of motion on a mass of fluid particles. He assumed that the horizontal component of the external force
acting on the body of fluid is equal to the horizontal component of the drag force that is acting upon
bed particles by flowing fluid. This drag force can be related to the near bed velocity and, thus,
indirectly to the mean jet impact velocity. Furthermore, in the equilibrium phase, the upstream scour
angle corresponds to the natural angle of repose of the bed material. In that way, application of the PI-
theorem and calibration by experimental data results in an expression similar to that of Fahlbusch
(1994). Analogous to the Schoklitsch’ (1932) formula, the scouring factor A depends on dgo and is
presented in Fig. 1I-8.

chzv_’qume with ¢, =A% - tand—tan 221)
g

in which:

A= friction coefficient [-]

& = angle of the resultant force of the jet on the scour hole [°]
6 = angle of jet impingement [°]

This dimensionally homogenous relation, however, cannot be used to predict equilibrium scour depths
because of the multitude of physical factors that influence the bed particle resistance to motion. These
are for example particle diameter, particle size distribution, particle shape, density, cohesion, near bed
turbulence level, etc. By application of the Pl-theorem, the c;, coefficient can be expressed in the
following manner:

cy, =f (D*,A, dso k—‘;] = 20/\ (2.22)
50> Uy

D* = sediment diameter [m]

A = relative density [-]

k, = turbulent kinetic energy near the bottom [mZ/sz]

U = near bed velocity [m/s]

Based on experimental data, c,, could be related to D* and dg,. This was tested by the author and
resulted in a reasonable prediction of the ultimate scour depth.

The ratio of computed scour depth to measured scour depth has been analysed for the Schoklitsch
(1932) empirical expression, the Hoffmans” equation and two semi-analytical formulas (the one by
Bormann & Julien (1991) and the one by Fahlbusch (1994)), based on 450 experiments collected from
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literature. Schoklitsch’ formula gave excellent results only for flume experiments. Hoffmans’ equation
provided reasonable scour prediction for both model and prototype conditions: more than 80 % of the
computed scour depths were located in the range of 0.5 to 2 times the measured depths.

[s31
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Fig. 11-8 Non-dimensional scouring factor A for determination of c,, (Hoffmans & Verheij, 1997)

2.4. Geomechanical characteristics

The first studies that attempted to incorporate geomechanical characteristics have been conducted by
Yuditskii (1963, 1971) and Taraimovich (1980). These authors performed model studies on scaled
rectangular rock blocks. The dynamic pressure measurements in rock joints made by Yuditskii (1963)
are described more in detail in § 4 of this chapter.

Further pioneering work on plunge pool geology was conducted by Spurr (1985). He proposed a
procedure that compares the hydraulic energy with the erosion resistance of the rock mass. This
procedure also accounts for the time duration of spillage. Scour occurs when the jet energy available at
the bedrock is greater than the sum of the rock’s capacity of energy absorption (or reflection) and the
energy deflected towards the pool boundaries. As such, two physical situations can be distinguished:

« Initial state (t = to): the unscoured bedrock acts as a flat plate deflecting the jet. By the total absence
of turbulent diffusion, the scour potential is at its maximum and the deflected jet energy is large.

« Equilibrium state (t = t.): the available jet energy is reduced to the rock’s threshold level, signifying
the end of the scour process.

The energy absorbed between these two stages corresponds to the turbulent energy plus the deflected
energy, the latter being negligibly small at the equilibrium state. Moreover, the time t. largely depends
on the resistance of the rock mass against erosion. The characteristics of the free falling jet are steady-
state, i.e. self-preserving velocity profiles are assumed, according to the two-dimensional jet diffusion
theory. The mean bottom velocity varies inversely with the plunge pool depth to the power of x,
whereas X is generally close to 1 for high head dams (= circular jet case).

The rock mass resistance is composed of the resistance to hydrofracturing and the resistance to shear
forces. The former is governed by tensile properties and natural faults, while the latter can be
expressed by cohesive strength. These parameters can be defined by the effective uniaxial compressive
strength ¢'., which depends on the Rock Quality Designate (RQD). They are related to the intact
uniaxial compressive stress 6. by means of the Bieniawski’s Rock Mass Range (RMR).
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The proposed procedure uses a reference plunge pool for calibration of an existing empirical formula
for the ultimate scour depth. Transformation of this formula to the study site is then performed by
means of an energy scour index (ESI). This index is defined as the ratio of the energy lost by the jet in
the measured (referenced) case to the corresponding energy loss in the studied case. It accounts for
hydraulic and geomechanic differences between the two sites. These differences are quantifiable
through established tables summarizing the geological characteristics of the plunge pool bottom. The
adapted scour depth is than equal to the reference depth times a factor (1/ESD)*, in which x is
depending on the plunge pool velocity decay rate.

Spurr validated his procedure by applying it to a prototype site and by using Mason’s empirical
formula (equation (2.1)). This, however, constitutes the only application example. The practical
significance of the present method has not yet been clearly outlined.

A similar concept has been developed between 1992 and 1998 at the Colorado State University, in
collaboration with the US Bureau of Reclamation (Annandale, 1995; Annandale et al., 1998). This
study was called the Dam Foundation Erosion Study and is based on the geomechanical properties of
the rock mass combined with the rate of energy dissipation of the jet. Graphical expression of
prototype observations of the relationship between a geomechanical index of the rock bed and the
erosive power of water determines a rock erosion threshold (Annandale, 1995). The erosive power of
water is determined by the degree of jet energy dissipation through the plunge pool depth, which is
expressed by the rate of velocity decay at the centreline of the jet. The geomechanical index defines
the resistance of the rock mass against erosion.

In a first stage of this extensive study, experiments were conducted aiming the prediction of jet impact
velocities in plunge pools. The impact velocities were determined for both compact and totally broken
up jets (Lewis, 1996). For broken up jets, a modification of the Ervine & Falvey (1987) relationship
was performed by incorporation of aerodynamic drag (Fig. H1-9).

-\Ar
AN COMPACT JET (Envine & Falvey, 1987)

Gravitational acceleration

Vv, = ,/Voz +2gH

BROKEN UP JET (Lewis, 1996)
Aerodynamic drag

.

DIFFUSING JET (Bohrer et al., 1998)
Rate of energy dissipation

Fig. 11-9  Jet velocity acceleration and decay from the point of issuance down to the plunge pool bottom. The
velocity decay V/V; defines the rate of energy dissipation and, thus, the scour potential of the
diffusing jet.

-7 -



Chapter II State-of-the-art on scour evaluation methods

Secondly, the decay of the jet velocity through the plunge pool depth has been related (Bohrer, 1996)
to the jet impact velocity and impact angle, the air concentration at impact and gravitation. For totally
broken-up jets, the following expression has been proposed (Fig. I11-9):

—ln(l)= _0.638- h{(&)- (Y—‘:—HH.MS (2.23)
Vi pw gL

The velocity decay for compact jets holds an analogous relation:

2
Y —0.0675- [(p—) (V—iJJ+o.19o3 (2.24)
Vi p w gL
in which:
L = (zj - zjs1)/cos o0 [m]
Vv = velocity at a distance L beneath water surface (along centreline) [m/s]
Vi = velocity at jet impact [m/s]
pi = average mass density of aerated jet at impact [kg/m’]
Pw = mass density of water [kg/m3]

The rate of energy dissipation, or the stream power, is then expressed as a function of this velocity
decay and can finally be compared with the stream power required to erode the rock (Fig. II-10b). The
elevation where the available and required stream powers are equal is being considered as the ultimate
scour depth.

The rate of energy dissipation is a discretized function of the total head at various distances along the
jet centreline. The change in energy AE; between two points j and j+1, as well as the corresponding
available power pa; [kW/m’], can be written:
2_ 2
Vi =V P. -P.
AB =M Mg, (2.25)
2g Y

y-vjj-AE

Pa = 100()"2j —-Zy )

(2.26)

The rock erosion resistance is expressed by the erodibility index K,. This index is based on Kirsten’s
ripability index, established in the 1980°s in the field of excavation equipment. It takes into account
the major mechanical characteristics of the rock mass, such as the unconfined compressive strength,
the relative density, the block size, the discontinuity bond shear strength, the shape of rock entities,
and the orientation of the discontinuities relative to the flow. The erodibility index is the scalar product
of the indices of the constituent parameters, and is written as follows:

K, =M, K, ‘K, J 2.27)
in which:

M, = mass strength number

Ky = particle or block size number

Ky = discontinuity or inter-particle bond shear strength number

Js = relative ground structure number
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The mass strength number M, represents the material strength of an intact representative sample
without regard to geologic heterogeneity within the mass. The particle or block size number K, refers
to the mean grain size for granular material and the mean size of blocks of intact rock material (the
cube root of the volume) as determined by joint spacing within the rock mass. The discontinuity or
inter-particle bond shear strength number Ky represents the strength of joint interfaces in rock masses,
or the inter-particle friction and cohesion of gouge (infilling) between such units. The relative ground
structure number J; accounts for the structure of the ground with respect to the direction of the stream
flow. It is a complex function expressed in terms of the orientation and shape of individual blocks
determined by joint set spacings, dip angles and dip directions.

These properties can be measured in the field at low cost and are quantifiable through tables that can
be found in Annandale (1995).

A log-log relationship between calculated rates of energy dissipation and the corresponding calculated
erodibility index is presented at Fig. II-10a. The calculations are based on 150 field observations of
scour and on published data on initiation of sediment motion. The correlation allows the prediction of
a critical erosion threshold for any given set of hydraulic conditions and for any type of foundation
material (granular soils, rock, etc.).

Recently, Annandale et al. (1998) have conducted an erosion experiment on near-prototype scale by
means of a rectangular jet impinging on an artificially created fractured rock. The rock was simulated
by two consecutive dipped layers of lightweight concrete blocks. The blocks were of rectangular shape
and very flat. The obtained result confirmed the theoretically derived scour threshold.

The structure of this erosion study combines jet velocity decay both in the air and trough the plunge
pool (empirically), jet and plunge pool aeration (empirically) and geomechanical characteristics of the
rock mass (analytically). It perhaps actually constitutes the most pertinent and directly applicable
evaluation method for the ultimate scour depth. However, despite its recent experimental validation,

no direct dynamic parameters are incorporated and no physical background of rock break-up is evident
in the model.
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Fig. 1I-10  a) Rate of energy dissipation as a function of the erodibility index K, (Annandale, 1995); b)

Comparison of available and required stream power as a function of the location in the plunge pool.
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2.5. Conclusions on semi-empirical expressions

Semi-empirical expressions differ from empirical expressions in that they are partially based on
analytical descriptions of basic physical background. As such, the hydrodynamic aspects of scour are
often derived from the two-dimensional jet diffusion theory. The geomechanical aspects, on the other
hand, can be obtained by applying the shear-stress based initiation of motion concept, mainly useful
for non-cohesive granular soils, or by use of an index that defines the resistance of the rock mass
against erosion.

Combination of an analytical description of both hydrodynamic and geomechanic characteristics
results in several different scour evaluation methods. Examples are Bormann & Julien’s (1991)
expression for cohesionless granular soils, Spurr’s (1985) and Annandale’s (1995) erodibility index
methods for rocks, and momentum conservation equations for cohesionless material, established by
Fahlbusch (1994) and Hoffmans (1998).

Despite a reasonable accuracy and degree of applicability of most of these methods, still a significant
lack of physical insight and background remains. Furthermore, for the case of high-head dams, very
little case studies of these techniques are available. Hence, their relevance to prototype cases is not
easy to point out.

Other methods have been developed, mainly due to an increased assessment of scour following
damage on stilling basins by dynamic uplift of their concrete slabs. These methods go back to the
direct cause of scour of concrete slabs of stilling basins or of fractured rock, i.e. the appearance of
dynamic pressures inside the joints. However, just like for empirical expressions, they consider the
rock mass as already broken-up. They are discussed in the next section.
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3. Extreme pool bottom pressures

Failure by dynamic uplift of concrete slabs of several stilling basins (Malpaso Dam, Cabora Bassa
Dam, Tarbela Dam) pointed out the importance of dynamic pressure fluctuations on the stability of
concrete linings or rock blocks. Technological progress in measurement techniques since the 1960’s
has made it possible to assess turbulent pressure fluctuations. These have been studied both in
hydraulic jump stilling basins and at plunge pool bottoms.

The following parameters are of significance: the mean pressure value, the root-mean-square pressure
value, the extreme positive and negative pressure values and the power spectral content of the
fluctuating part of the pressures. These parameters characterize extreme loading conditions on
concrete slabs or rock blocks by applying a maximum pressure underneath the slab or the block and a
minimum pressure on the upper side of the slab or the block (Fig. 1I-11).

The ultimate scour depth is reached when the net pressure difference Ap on the block or the slab is not
capable anymore to eject it. It has to be underlined that the maximum and the minimum pressure
values are not measured simultaneously. They correspond to the extreme values that were measured at
some moment during a long enough test run. Moreover, no measurements are made inside joints or
underneath simulated slabs or blocks. It is assumed that the maximum pressure measured at the
surface is automatically transferred through the joints underneath the slab or the block. If only one
measurement position is used, the centreline of the slab or the block is most appropriate. If more than
one measurement position is available, spatial averages of the extreme pressures should be
determined.

The so-defined net uplift pressure constitutes a physical upper limit of dynamic loading conditions. As
such, the method of extreme pressures often results in conservative design.

Dynamic pressures at the water-rock interface can be generated by direct impact of the jet core,
appearing for small plunge pool depths, or by turbulent shear flow impact, appearing for ratios of pool
depth to jet thickness Y/D; higher than 4 to 6, according to the two-dimensional jet diffusion theory
(Table II-1). The corresponding pressure patterns of these two types of jet impact are completely
different. Core jet impact generates a constant and high mean pressure with low fluctuations.
Turbulent shear flow, on the other hand, can be described as an ensemble of recirculating eddies of
different size. These eddies produce large, fluctuating pressures with low mean values.

Since pioneering work on macroturbulent dynamic pressures has mainly concentrated on hydraulic
jump stilling basins, this will be briefly dealt with in a first stage.
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Fig. [1-11  Definition sketch of extreme dynamic pressures at the plunge pool bottom. The maximum and
minimum pressures are defined at the centre of the slab and for a long enough time interval.
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3.1. Hydraulic jump pressure fluctuations

Macroturbulence associated with hydraulic jumps was studied by Rouse & Nagaratnam (1959), Elder
(1961), Levy (1961), Gunko (1967), Resch & Leutheusser (1971) and Ribeiro (1975). The pressure
fluctuations that result from this macroturbulence have been analysed for appropriate design of bottom
linings of stilling basins. These concrete linings present a risk of uplift due to dynamic pressure
propagation along their joints. Due to the random nature of the process, an analytical description of the
pressures is impossible. Hence, statistical techniques have been widely applied.

A first series of studies focused on the determination of probability density functions of the pressures
and their deviation from a Gaussian distribution. Vasiliev & Bukreyev (1967) found that the
probability of large pressure variations exceeds that of a normal distribution. The density function thus
is positively skewed. They stated that the largest eddies appear in the lateral flow direction. Bowers &
Tsai (1969) found pressure fluctuations in the order of 40 % of the incident velocity head.

In 1973, Viscaino & Bribiesca pointed out the uplift phenomenon and proposed a simple design
procedure, based on test results with cement slabs on a 1/100 scale. Later on, Lopardo & Henning
(1985) examined the influence of inflow conditions on the dynamic pressure field and found local
negative skewness values, indicating the presence of flow separation zones. Fiorotto & Rinaldo (1988)
made a very complete statistical analysis of bottom pressure fluctuations to define a practical design
criterion for concrete slabs under hydraulic jumps. This criterion makes use of uplift pressures and is
discussed in § 4. They were the first to examine in a general and systematic manner spatial
longitudinal and transversal correlations for a whole range of Froude numbers of the incoming flow
field. Farhoudi & Narayanan (1991) studied direct force measurements on concrete slabs, focussing on
the spatial structure of the force field rather than the maximum intensity. Force fluctuations indicated
that the transverse spatial correlation is considerably higher than the longitudinal one, a phenomenon
already pointed out by other authors. Skewness was found to be negative in the upstream part of the
jump and to become progressively positive towards the downstream part.

Research also focused on extreme values, with an emphasis on maximum loading conditions on
bottom linings or maximum uplift forces on slabs. Toso & Bowers (1988) studied the magnitude and
spatial extension of extreme pressure fluctuations. They also found that extreme data are not described
by a Gaussian distribution, and alternative (positively skewed) distributions were proposed by the
authors. A practical limit of 80-100% of the incident velocity head is proposed for the maximum
instantaneous pressure values, based on long-time test runs (24 hours). Farhoudi & Narayanan (1991)
found peak values up to 3,5 times the root-mean-square values.

Lopardo (1988) made an interesting model-prototype comparison that showed the limits of Froude
scale models. Skewness and extreme values were overestimated by a 1/50 scale model, due to the
absence of aeration. Other influences of Froude similarity scaling on dynamic pressure statistics has
been treated by Elder (1961), King (1967), Toso & Bowers (1988), Ervine & Falvey (1987) and
Ervine et al. (1997). They all stated that Froude law scaling is only correct in case of low frequency
pressure fluctuations (large-scale eddies), because these are determined by gravity and inertia forces.
However, high-frequency fluctuations governed by viscous forces do not scale accurately. They need
appropriate Reynolds numbers and, thus, near-prototype flow velocities.

3.2. Plunge pool bottom pressure fluctuations

The hydrodynamic variables that are dealt with are the mean value, the root-mean-square value, the
maximum and minimum values and the power spectral densities. Ervine et al. (1997) presented an
overview in the framework of their experimental study of circular jet impingement on plunge pool
bottoms.

The first important topic, already investigated by many authors studying two-dimensional jet
diffusion, is the mean dynamic pressure under the jet’s centreline. Fig. II-12 gives an overview of 11
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independent studies and represents the Cg-value, defined as the mean pressure head divided by the
total incoming kinetic energy, as a function of the pool depth to jet diameter ratio Y/D; (Bollaert &
Schleiss, 2001e).

Distinction is made between plunging and submerged jets, for both circular and rectangular outlets.
The region of jet core impact, according to two-dimensional jet diffusion theory, is up to 5 times the
jet diameter for plunging jets and up to 7 times the jet diameter for submerged jets.

It is interesting to observe that circular jets have a more pronounced decrease of C, with Y/D; than
rectangular ones. This may be due to the definition of the impingement width B; or to the radial degree
of freedom for turbulent diffusion with circular jets. Secondly, due to jet spreading and aeration
effects, the maximum C, value for plunging jets is 0.8-0.9 instead of 1.

The second relevant topic is the root-mean-square (RMS) value of the fluctuations. Fig. II-13
summarizes results obtained by several authors and expressed by the C;, coefficient (= ratio of RMS
value over incoming kinetic energy of the jet). In general, three effects strongly influence the RMS
values: the initial jet turbulence intensity Tu, the degree of break-up of the jet and finally aeration
effects. The degree of break-up of the jet is defined as the ratio of jet fall length to the jet break-up
length.
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Fig. 11-12  Summary of studies on the non-dimensional mean dynamic pressure coefficient C; as a function of
Y/D;. Distinction is made between circular and rectangular jets, and between impinging and
submerged jets (Bollaert & Schleiss, 2001¢).

Most of the turbulent fluctuations attain a maximum value between 4 and 12 times the plunge pool
depth over jet diameter ratio Y/Dj, except the data for highly oblique (angle 40-50° with the
horizontal) impinging circular jets (Xu —Duo-Ming, 1983). This is probably due to the definition of the
jet width B;. All other authors report an increase of turbulence followed by an almost linear decrease.
This phenomenon was already noticed by Doddiah (1949), who found a maximum at 10 times the
characteristic length. A minimum depth is required to develop large energy containing eddies; with
further increase of the water depth diffusion effects become predominant.
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A best-fit of available expressions for circular jets has been proposed by Jia et al. (2001). Their curve
shows a maximum at a Y/D; of about 7 and closely follows the curve for circular plunging jet impact
found by Ervine et al. (1997). Xu-Duo-Ming (1983) and Franzetti & Tanda (1984) also presented non-
dimensional results for the radial distributions of RMS values. They found that fluctuations could
persist far away from the impact point, even when mean dynamic pressures fall to zero.

A third important dynamic quantity is the extreme instantaneous pressure value: most authors found
values of up to 2 to 4 times the corresponding RMS value (Bollaert & Schleiss, 2001e). Ervine et al.
(1997) obtained extreme values up to 4 times the RMS values for positive values and 3 times the RMS
values for negative ones, in accordance with the positive skewness generally found in hydraulic jumps.
The corresponding maxima occurred at pool depth to jet diameter ratios of 10 respectively 5. Franzetti
& Tanda (1984) found that the ratio of extreme pressure value to RMS value increases with increasing
Y/D;j ratio and obtained values up to 8 for Y/D; = 25-30. Thus, in accordance with the findings of May
& Willoughby (1991), extreme values do not necessarily appear at the centreline of the jet. This aspect
can be important when considering net uplift pressures at locations away from the point of impact of
the jet. The latter ones also found higher positive as negative extremes, appearing at about the same
Y/D; ratios than Ervine et al. (1997). They also pointed out higher extremes for plunging than for
submerged jets.

However, these extremes are obtained for relatively short run times, and care has to be taken. Toso &
Bowers (1988) found, in a hydraulic jump, extreme values during 24 hour tests that were twice as
large as the ones for 10-minute observations.
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Fig. 11-13  Summary of studies on the non-dimensional fluctuating dynamic pressure coefficient C}, as a
function of Y/D,. Distinction is made between circular and rectangular jets, and between impinging
and submerged jets (Bollaert & Schleiss, 2001e).

The last relevant dynamic aspect is the power spectral content Sy (f), which provides important
information concerning the cyclic nature and the energy content of the pressure fluctuations. S, is
thereby defined as a decomposition of the variance (6°) of the pressure fluctuations as a function of
frequency. A summary of power spectral densities is presented at Fig. II-14 (Bollaert, 2001; Bollaert
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& Schleiss, 2001e). A log-log scale was used. Both dimensional and non-dimensional results are
presented. The spectral content is made non-dimensional by dividing it by the variance o

Lencastre (1961) found significant spectral energy at frequencies between 1 and 4 Hz and stated that
plunge pool flow is described by large-scale vortices. Ervine et al. (1997) focused on dominant
frequencies and found two dominant Strouhal numbers Sy (= f-Y/Vj), i.e. 0.01, for large scale eddies,
and 0.25, for shear layer eddies. May & Willoughby (1991) tested rectangular slot jets and found the
major turbulent energy between () and 3 Hz. Nevertheless, they noticed significant energy up to 15-20
Hz, for both submerged and plunging jets. Ramos (1979) also found dominant frequencies between 0
and 3 Hz, while Xu-Duo-Ming (1983) showed that spectral energy is strongly decreasing beyond 5-10
Hz. He outlined that, as a function of the plunge pool depth, turbulent energy is still present for much
higher frequencies. Tao et al. (1985) obtained maximum spectral content at frequencies between 10
and 20 Hz. Puertas & Dolz (1994) indicated a frequency range of 0-2 Hz and stated that this range
corresponds to the extreme values that were measured.

As a summary, most plunge pool and hydraulic jump studies ignored frequencies higher than the ones
typical for macroturbulent eddies (25 Hz). Hence, very little information is available for higher
frequencies in plunge pools. However, research on turbulent flow around bluff bodies or against flat
surfaces (Bearman, 1972; Huot et al., 1986; Ballio et al., 1992), performed for the study of vertical
take-off of aircrafts and rockets, outlined that the low frequency zone, with almost constant spectral
energy, can extend up to several tens of Hz.
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