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la capacité de résistance des formations rocheuses La résistance Ez UOw OEUUDI
rocheux est alors estimée par différents indices ainsique OE wi OUET woé UOUDYIT w
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de détermination du volume exactdes blocs de roche dans un massif rocheuxLa

conception E gn modéle physique réduit Ez 8 YEEUE Ul @ @gal&mens && U1 w
nécessaire dans le but de pouvoir de caractériser le phénoméne Ez 8 UO 0D OO
modele regroupe tous les parametres considérés comme pertinents dans le

x UOET UUUUWEZB3UOUDPOOWI (tude Bad k] D<Cidh enkeedasfi&dedD Y D U S w
UOUDPYIT wEI wOz 1 EVwI Uwll 4 ét&valldde & ialketsides adsaisO O 6 E E (
E z 6 EOUOIled patathétres hydrauliques considérés dans la conception du

OOESOI wUOOUwWOl WESGEPUOWOEWYEQRI &EUwuw BmedEMIAT @
canal. Concernant les parametres géomeécaniques, nous avons le volume des blocs,

la résistance en cisaillement des joints, la disposition des blocs par rapport a la

dbUI EUPOOWET wOzd8EOUOI 01 OUOwWOzOUYIT UOUUIT wET Uw

de la surface du canal potentiellement érodable.
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AVANT -PROPOS

Ce mémoire présente les résultats de nos travaux de recherche surla
caractérisation du phénoméne Ez 8 UOUDPOOWET UwOEUUDPI UwUOET I Ul

crue.

# z 1 €WdJjeu, nous tenons a prédser que la structure de ce mémoire est
particuliére, car son contenu est entiérement présengé a w O z EEaiiElds, et ce
dépendamment de la méthodologie de recherche développée. # EOUwOz DPOUUOEUE
(chapitre 1A OwUOwUBd UUO8 wUOOOEDPUI usEptaenté uivipal (hUU wWE 7 8
problématique générale de recherche Pour résoudre cette problématique, un
objectif principal a été émis, consistant & mieux caractériserOz 6 UOUD O Qumua wUUE
modele physique réduit. Pour atteindre cet objectif, des problématiqu es
intermédiaires ont été mises en place Dans la recherche de solution a ces

problématiques, des méthodologies de recherche spécifiqgue ont été élaborées et

des efforts ont été fournis pour présenter les résutats obtenus sous forOl wEz EUUDE OI

Le premier article (chapitre 2) présente une revue de littérature générale,
dans laquelle nous cherchons a identifier les incohérences liéesaux méthodes
existantes et en méme temps identifier les paramétres a considéer dans la
conception du modéle réduit. Dz E > détte revue, deux sources potentielles

Ez DOEOT antété@entifideseti OO U w Qep ditield6i2 &x 3



Le deuxieme article (chapitre 3) répond a la premiere problématique de la
revue de littérature. Dans cet article, nous cherchons a déterminerOz Ex x OPEEEDO

des indices utiliséex OUUwUI xUd Ul OUIl UWwOEwWiI OUET wouodUDYI wl

Lz E U U b E @Hapitr& @)QrBité la seconde problématique découlant de la
revue de littérature et E gne particularité E1 wOz OE N1 .D&nd tetartidlelude) E O
nouvelle md UT OET wEl wEs Ul UOPOEUDPOOWET wOEWUEDOOI wkE
développ ée pour mieux caractériser ce parametre géomécanique.

~N A s o~ s ..

A la lumiére de ces trois articli UOw OOUUw xUB8UI OUOOUwW EEOQU
(chapitre 5) la méthodologie de conception du modele physique réduit selon les

parametres hydrauliques et géomécaniques identifié s precédemment.

Pour clore cet avantpropos, nous spécifions que chaque article dans le
mémoire présente une section discussion/perspectives de rechercheet un résumé

de chaque article est présenté dans la conclusion du mémoire Ehapitre 6).
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CHAPITRE 1 INTRODUCTION
1.1 MISE EN CONTEXTE

La notion d'érodabilité hydraulique d'un massif rocheux est apparue vers 1900,
aprés que des observations de la dégradation du massif rocheux sows les ponts
aient été faites (Keaton 2013; Pellset al.2016b) Par la suite, plusieurs cas d'@osion
ont été observés en aal des déversoirs de barragescomme par exemple, le cas du
barrage de Kariba en Zambie en 1962(Bollaert et al. 2012) et celui de Tarbela au
Pakistan en 1976 (Lowe et al. 1979) Depuis lors, plusieurs chercheurs se sont
efforcés de comprendre ce phénomene, et plusieurs méthodes ont été développées
pour évaluer I'érodabilité hydraulique des massifs rocheux soutenant ces barrages
a l'aide de méthodes semiempiriques et semi-analytiques. Ces méthodes utilisent
le concept de "ligne de seuil" (Annandale 1995; Pellset al. 2016b) une corrélation
entrl WOEwWI OUET wd VI thpavite deHal root® 2 IréRidiewd sa destruction.
Ce concept est établi sur la base de trois mécanismes d'érosion, a savoir la
fracturation fragile instantanée, la fracturation fragile continue de la masse
UOET 1 UUlosion phwedligvément dynamique des blocs (Bollaert et Schleiss
20@2; Annandale 2006b; Bollaert 2010)Les résultats obtenuspar ces méthodessont
des graphiques sous forme d'abague mettant en relation trois parametres a savoir

l'intensité de la force érosive de l'eau, la résistance du massif rocheux et les classes



d'érosion ou classes de dommages subis par le massif rocheuxCependant, ces

abaques présentetd w x OUUDI UUUwWw POEOTI 8UI OEl Uw QUEOU W a w
EzdUOUPOOwW! LA BUWEEWRETI6 U O U méylyoables SUE 16 feirané Uw E 1 w
abaques et vice-versa. " 1 w U aincbhérénhge existe pour les différentes classes

E z 6 U O U Béglig€ahlefalexiensive. Par ailleurs, les études delaboratoires ayant

servi de baseau développement de ces méthodes comportentdes limites quant a

I UUDOEUD OO w Bd norbredxUddteudsCsant identifiés comme pouvant

étre la source de cesincohérences dont Oz B O E | ligdJabalrdpiedentativité de la

i OUET woUOUBYIPWET WwOpUEBBOWOPST wawOEWESUI UODO
EOOEUw Ez UOw OEed bdétermingtibn ded@z ©O1 OUI OEl w El Uw E
parameétres géomécaniques sur la® U E T w6 U O U b but delceurdemoire €56 w

donc ala recherche de solutiona ces différentt UwUOUUET UwEz DOEOT 6 Ul OE

1.2 PROBLEMATIQUE

+1Tw xI 6000601 w Ez6UO0UPOOwW T AEUEUOPQGUI w EI U
problématique qui affecte grandement la stabilitt deUw OUYUET | UwET wus Ul O
et notamment les barrages hydroélectriques sur lesquels ils reposent. Les dégats
peuvent aller de simples dommal 1| UWEURwWOUYUET I UOwRUU@Uz awol

Les méthodes développées pour évaluer ce phénomene utilisent une corrélation



I OUUI wOEwWI OUET waUuoOUDYI wET woz 1. Eaplupartioe ©& wU 6 UD L
méthodes sont de nature empirique (Tableau 1-1).

Tableau 1-1 : Résumé des méthodes conmes pour évaluer le processus d'érosion

hydraulique.
. L. T
Auteurs Fonction de corrélation ){pes de
méthodes
Moore et al.(1994)
Van Schallkwyk et | 5 g« EUD OBWE| .
al. (1999 Indice de Kirsten oo =1(K)
Annand ale (1995
Kirsten et al.(2000 Méthodes
#PUUDPxEUDPOBWE| . empiriques a
. , . I up VS. . .
Indice de force géologique eGS| semi-empiriques
Pells (2016a) x0U0UwOz 6 UOE|
#PUUDx EUDOBWE| .
. I up VS.
Indice de la masse rocheuse RMEI
x OUUwOz 8 UOE
Bollaert et Schleiss Contrainte appliqu éeau
(2002 2005) ‘e appid , .
massif rocheux Vs. Méthode semi-
Bollaert 2004; Résistance de la masse KIVs. Kiin analytique
Bollaert et al.(2012; rocheuse in-situ yia
2016)
LEwi OUET wd UOU R Yluswdiven @préséntdayhr (hdissipation de

Oz 8 Ol Wd; Bableau 1-1). Différentes méthodes E z | ativ® @ cet indice sont
proposées dans la littérature et ces Od UT OEIl Uw Ez idahieBtOEUD OO
systématiquement des résultats différentsd w # z Eitdliddd bodt également utilisés
pour repUd Ul OUT UwOEwIi OUET waUuOUDPY! wEl wOz1 EUOWEO
(Umea), la contrainte de cisaillement moyenne sur le OPUw Ez U@ weEBOE Ow o
contrainte (Ki) appliqu ée aux joints dans le massif rocheux. + gnsemble de ces

indices utilisés pour représelOUT Uw OE wi OUE | ucénsidérer différariEsl w Oz 1 E



paramétres hydrauliques dans la détermination cette force. Cependant, 0z UUDPODPUE UD
de cesindices pour représenter la force érosive E | eaO est largement critiquée
Annandale 2006a; Pellset al. 2016a) Les chapitres 2 et 3 de ce mémoire sont
principalement dédiés aux indices utilisés pour représenter la force érosive de

Oz1 EUB

Concernant la résistance du massif rocheux, différents indices ont été
développés sur la base desparametres de la roche intacte et du massif rochew

(Tableau 1-1).

- +Z2(-H#("SWHES WD (1238- wp

+ ipdice de Kirsten a été établi pour 8 YEOUI UwOEwWUB UPUUEOET wEz
i EETl wawUOI wi OUE lawaE tal sBite Eté mdaméd Gur évaluer le
phénoméneEz 8 UOUDOOwWI AEVUEUOPQUI wi OQwUl OxOEAEOUWO
dUOUDPY I wHldome €& zll 1894;uvan Schalkwyk et al. 1994; Annandale 1995;

Kirsten et al.2000)" 1 UwP OEPET wUz I RxUDPOI wxEUwWO7z6 BUEUDO(

0 oi 0 v U, (1)

Ou Ms est la régstance a la compression confinée de la roche iracte, représenge

par le produit de la résistance a la compressionuniaxiale (UCS, en MPa) et du

T N VPN [N

coefficient de densité CrA WEd x| OEEOUWE] wOEWOEUUKuasti®OUOD @

4



parametre estimatif de la taille des blocs équivaant a RQD/J, ou, RQD estle Rock
Quality Designation(Deere et Deere 1989) une mesure de la fréquence des joints
contenue dans un massif rocheux, et J désigne le nombre de famille de joints dans
un massif rocheux, déterminé lors de levés structuraux; Ka est la résistance en
cisaillement des joints, définie par le rapport de la rugosité d e la face des joints )
1 Owol wEIl T UbdxyEtd iedddéntd fa sirbei® vetptive des blocs, qui prend
en compte l'effet de la forme et de I'orientation des blocs par rapport a la direction
d'écoulement de I'eau dans le canal.
- LEGEOLOGICALS81%$- &3"' w(-#%$7w/ . 41wKeGH1. # ! (+( 3N

Le Geological Strength Indeg)GSI) est un indice de la masse rocheuse obtenu a
partir d e Iz B O FRBckE Mass RatingRMR) de Bieniawski (Bieniawski 1989; Hoek &
al. 1998) " z I WhUindité de résistance des massifs rocheux utilis é dans la
conception des tunnels. Cet indice estmodifi¢e x EUwOz7z ENOUUwEz UOwi EEUI
E OO UD E sffdties bisoddtnuité ssur O z 8 U O E(PelfisReiEr01®ap uéguation
2 est utilisée pour déterminer le eGSI

QOYOOYOO )

OU Ewal UUWOT wi EEUT BEU w dzieEsTdisdbiiiinudss 6ud @z 6 UOEEEDOD (
similaire au facteur JE1 wOz DOE D E | @&l bstier GEdldgithl Siréhgih |atlak

déterminer en utilisant le graphique de Hoek (Hoek et al.1998)



- ROCK MASS EROSION INDEX(RMEI) (Pells et al.2016a)

Le Rock Mass Erosion IndefRMEI) est un indice de résistance de la mase
rocheuse, ba® sur la quantification de probabilité de détachement et de
déplacement E1 U w E O O E Ure wonsid&egtiebl &s| parameétres géologiques les
maniéres différentes (Egs. 3 et 4), soit RMEla et RMEIls. Le RMEIa a une plage de
valeursde 10 a 50 et IERMElIs peut avoir des valeurs comprises entre 36 et 4500.

YO OO YOL'™O YOO'O YOU'O YOD'O YOU'O, )

2- %) 0BHELE 0@ BELE 08 L 08 3& 08 3 & 4
OURFI UOwO! wi EEUI UDUWEZDOXxOUUEOET wUIl OEUDYI wxO
0z 8 U AP &eiaateur de vraisemblance pour les parameétres de vulnérabilité a
Oz 8 U O Um &M, ekt le mécanisme cinématique viable pour le détachement
E z UOwE @prEsenie la nature de la surface potentiellement érodable, Ps la
nature des discontinuités (résistance des joints), P+ et Ps représentent
- RESISTANCE IN STU DU MASSIF ROCHEUX (Kiin)

La résistance in situ du massif rocheux (Kiin, en MPa.m'?) est un indice de
résistance de la masse rocheusejéfini comme étant la ténacité a la rupture in situ

de la masse rocheusgBollaert 2004) Cet indice utilise soit la résistance a la traction



(T), ou la résistance a la compression non confinée CS) de la roche (Eq. 5 et Eq,
6).
0 mip Mo §ip 0 &Y mmu,t TV g (5)
0 mmnddinp fyd Y mimu,t T g (6)
Ou T est la résistance a la traction de la roche(MPa), UCS est la résistancea la

compression non confinée, eth: la contrainte de confinement in situ (MPa).

(Tableau 1-1), la plupart des auteurs ont procédé de maniére empirique ou semi-

analytique, et parmi ces auteurs, certainsont effectué des études de laboratoire sur

des modéles physiques réduits. L'objectif de ces modeles réduits étaitde valider

ainsi que les phénoménes Ez 6 UOUDPOOWEEOU WOl UwOEUBUDPEURWI
massifs rocheux. Ces modeles physiques réduits permettent en général
OZEE@UPUDUDPOOwW EiWatO 060 WEPEwW WEBUW EDPI T 6UI O
EzZS8YEEUEUI UUUw EIT w E Udde Unaskift) modbak. Cepaodadd, Ucesw U a x |
modeles physiques réduits comportent des limitations du point de vue de la

Ul xUB6UI OUEUDPYDUBS wE Uwx UOE Lel¢hapitte & Hezcd dndi2 O Owl a k
GUEOUwWXxUDPOEDPXxEOI Ol OUWEGEDG wa w OFEréadEtOe |l x UD O

revue de littérature bien détaillée sur ces modeles estprésentée



A la lumiére de cette revue de littérature sommaire , il ressort que le processus
Ez6UOUBOBWOPQUI wOzIl U0w@UIl wxEUUDI 001 O1I OUwad U
physiques réduits mis en place pour étudier ce processus De plus, la
représentativité des indices utilisés pour représenter les forces caractéristiques de
0z6UOUDPOOwWI aE UénlitahseaSe¢ibnBdutidiza € BI.\(2019a) les indices
de résistance de la masse rocteuse utilise nt certains paramétres géomécaniques
non pertinents x OUUw Ol wx UOET UUUU wEMaeKYyt69@adDOHBEOE UDE
critiques viennent a Oz 1 OEOOUUI wEl wOz UUPOPUEUDOOWET Uwb ¢
OEwi OUET w 6 U OH parnmi ledaran@ires Gudli@iés de pertinents pour
0z6UOUDPOOwW Tla Fdume @esdhiokcsO(Vy) représente un paramétre
géomeécaniquetrés important, car il est intrinsequement lié aux poids des blocs qui
influencent grandement la force nécessaireau déplacement des blocs. Cependant,

il ressort que les méthodes de quantification de ce parameétre (Vo) le sous-estiment
ou le surestiment dans la caractérisation des massifs rocheux(Elci et Turk 2014).
Nous reviendrons plus en détail sur ce point dans le chapitre 4. Ces critiques
rendent nécessairesde nouvelles études pour compléter la caractérisation du
x UOET UUUUWE z 8 U Q erxdirinencanttpar Bagaludtidride la pertinence
des indices utilis és pour représenter la force érosiveE | aaQ puis la recherche de

nouvelles méthodes Ez 1 UUDPDOEUDP OO w E U ws YOEninOO zusEYIELOW E OB B



EOOxOB8UI wEIwOzbOUI UEEUPOOwW I OUUT w OEw i OUET u

géomeécaniques.

1.3 OBJECTIFS
+ 7 OENI E UD comsiste) B Gé&te ek flace un modele physique réduit

EzO6YEEUEUI UUwEIT w EUUI Ow x 1 Udomplete FdO procéssdhs w EE UE

(@}

Ez6UOUPOOwWI AaEUEUODPQGUI 6 w/ OUUWET wi EPUI Ow@UIl 0@
pour réponE Ul wa wOz OENI EUPT wxUPOEDPXxEOSw" I1UWOENIT EU

Identifier 11 Uw EDPIi i 66Ul OUUw xEUEOO6UUI UsioEEUEEU

=
1

hydraulique, E z 1a-0it¢ les paramétres caractéristiques de la force érosive

2- Etudier la pertinence et O 7 E x x O Rléspdtamet@doaractéristiques de la
i OUET waUuOUDYI wEl wozl EU

3- Recherche UOT wOOUYI 001 woOdUT OET wEzIT UUPSsMEUD OO w
EzUQwWOEUUPI wUBET T UR

4- Etudier la représentativité des différents parameétres hydrauliques et

géomeécaniquesa une échelle réduite

5- Concevoir et construire le modéle physique réduit,

6- Valider la représentativité du modéle physique réduit construit.



1.4 METHODOLOGIE

La méthodologie adoptée tout au long de cette recherchepour atteindre les

objectifs énumérés cidessusest présentée a la Figure 1-1 sous forme de diagramme

et les sections suivantes expliquent en détail chaque étape de cette méthodologie.

Recherche de données

Identification des parametres

hydrauliqgue des massifs rocheux

Y

Etudes de la
représentativité
des parameétres
géomeécaniques
pertinents a une
echelle réduite

Y

Identification des différents indices
utilisés pour représenter la force
6UOUDYI wET wo

v

Etudes de la pertinence et

OZExxOPEEEDPODPUB wWE
utilisés pour représenter la force

GUOUDYI WET wo;

7

Identif ication du parametre
hydraulique pertinent pour
représenter la force érosive

v

Etudes de la représentativité du
parameétre hydraulique a une
échelle réduite

Conception, construction et validation
du modéle physique réduit
EzOYEEUEUI UUWE

A

v

11 EOOOEQOEEUDPOOWBUEOLC
modele physique réduit

Figure 1-1 : Méthodologie de recherche appliqgué e dans ce mémoire
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1.4.1 LA RECHERCHE DE DONNEES

Dans la littérature, il existe de nombreuses études concernant la

A N N N

une compilation ET Uw EOEDI OO Uw O80T OEIl UwEZ8YEOUEUDO

hydraulique est effectuée dans le EU U w E 1 w E 6 idé® @dhhissnges GUE (@

xT 6000601 wEzdUOUPOOwWIT aEUE U OR @tUde wakdletUlas 6 Y E E UE

[—

OENI EUPI UWEI WEOOETI xUPOOWEUwW O 6 @1 kIl QE®I@UW |
08 EEODPUOI U wsditziidiéd & ROdifarents paramétres caractéristiquesde
O0z36UO0UPOOwWIT aEUE U OBkt appioditdatichd) [@es Bk anciéhbe® U D
méthodes ont été identifié es et les objectifs de conception du modéle physique

réduit OO U wd Ud wEOODI P Uwx pasapadtyvds NeGdeheraieddahal® OU Y1 OC
but de pouvoir mettre en place un modele physique réduit compl et. De plus, une

EEUI wEl wgOOO61T UwETl wx OQUUWET whyYwd UUET&AJwWET wE
été compilée sur la base des données existantes, dont principalement ceux de/an

Schalkwyk (Van Schalkwyk et al. 1994) et de Pells (Pells 2016a) Les données

compilées portent sur les paramétres carad 6 UPUUD@UI Uw ET w Oz 1 aE!L
évacuateurs deEUUT OWE OO U wOI wEQ)Hddédudige @)Etded Qerted ted U

charges liées aux écoulementySou S8 w; wOz7 Ox x OUBd wOl Uwx EUEO6 UU
compilés sont le RQD, Jn, Jr, Jg Js Jg Ms, la persistance des joints, la rugosité des

joints JREKOwOz 1 UxEEI Ol O9uepéndagd ewl@direttionl d@péndageau g
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des joints (Dip/Dip -Direction), la direction des écoulements et les classes de

dommages pour chaquecasEz 6 UUET U3

142 +z ( #%$- 3( %( "DES (PARAMETRES CARACTERISTIQUES DE
+zZN1.2(.-w 8#1 4+(04%

14.2.1LES INDICES UTILISE SPOU1 w+ w%. 1" $wN1. 2(5%w#Sw+z$
+706U00UPOOwWT AaEVEUO&E@EVwdl a0 wEPUEBWED udz E

UOUDPYIT WET wOzl EVwUUUwWUOwWOEUU &S pow frédirelcd R Ow O |

processus sont baséssur la corrélation entre cette force et la ©sistance du massif

rocheuxd w+1 UWEEUWEZzZdUOUPOPwWwUOODBWES UOOPYWOBDUWDL

résistance du massif rocheux et le contraire est qualifie de nonérosion. Pour ce

faire, des méthodesEz | UUPOEUDPOOQWET wEI Uwi O UdiférentesOOU w o U

manieres et représentées par différents indices de force, soit les indices de force

érosive et les indices de résistances de la masse rocheusdstant donné que les

résultats obtenus des différentes corrélations entre ces indices présentent des

incohérences quant a la prédiction des classes de dommage, la sourcale ces

incohérencesed défini e comme étant liée aux indices deforce caractéristiques des

deux parametres de corrélation. Cependant, Boumaiza et al.(2019a) a effectué une

étude sur les indices de résistances de la masse rocheuseet leur conclusion était

gue ces différents indices considérent certains parametres géomeécaniques non

12



x1 UUPOI OUUw xOUUwW 0z UOUPOOwW T AEVUEUOPOUI wxOU!
rocheux.
Dans ce mémoire, les ndices de force érosive sontinvestigués en premiere

position dans le E U U w E 7 & &3 pardrBeired hydrauliques pertinents a prendre

UWwOEWEODET xUPOOWE UENfuiE@O|l wx i a

(@}

| WEE

C)

OO x

Oz
|T|)

>

DOEPE]I Uw UOOUwW EUDUD @ lntérprétatibt) duucOnipantdmiend idas Ez UOT u
paramétres hydrauliques dansles md EE OB U Ol U uichapitrel2 Broufili€ant

la base de donnéescompilée précédemment, une méthodologie a été mise en place

x OUUwo6 YEOUI UwOz ExxOPEEEDOD paramétie tyBrauliueE D1 1 6 U1
essentiel a considérer dans la conception du modele physique réduit est

doublement identifié (chapitre 3).

14.2.2 REPRESENTATIVITE DES PARAMETRES HYDRAU LIQUES A UNE
ECHELLE REDUITE

+ 7 © @es problématiques majeures liée aux anciens modeéles physiques
UBEUPUUWEZBSYEEUEUI UUWET wEUUT wi UOwWwOEwWUI xUBd UI
ETl wOzoUOUDOOS w/ EUwI & étaent@énbraletentfaibies dirépU w U0 D O
élevés comparativement aux débits Ez 6 EOUO1 O1 Olhtaut delcfias ®oUE E
remédier & ces problémes dans la présente conceptioOw OEw OOUDPOOwW Ez E
dimensionnel le (Cengel 2014)utilis éedans le domaine de la mécanique des fluides
x OUUw EUUUUI Uw OzDOYEUDPEOEI w El Uw xEUEO6UUI U
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dynamiques a différentes échelles a étéappliqu ée. Pour ce faire, différentes étapes
sont nécessaires dont
1- La séleciOOw Ez UQw xUOUOUaxT w pOOE S Gddicdaum T UEOE |
évacuateur de crue sur placeAw x1 UOI UUE OU wdiiepdgioNsOBD U w Ol
géométriquesOw Ol UWEOOO6 1 UWEDPOBOEUDPQZUI Uwi DwEa OF
crue réel,
2- +EwUd Ol EUDOOwE z ke | UEEpbiE iadiBengoinelpauO 1 w
effectuer la transposition des différentes données,

3 LavEOPEEUDPOOWET wOz EIOEOGa Ul wEbOI OUDPOOOI O
Sur la base despropositions recuesE 7 ' aBUOGETI EOwOz 8 YEEUEUI UUL

barrage Romaine ¢ 04 (RN-04) a été choisi comme modéle réel 8 wOz 6 UUEIT d w/ E
suite, le nombre de Froude (Fr), étant le nombre adimensionnel permettant
E z UU B D EIVuuE O 6 ddifférén@d)dHelles (Cengel 2014) a été utilisé avec
uni EEUI U U uRez mMEdour @a&termimer les dimensions du modeéle physique
réduit dépendamment des dimensions de la RN-04. Cependant, le modéle
physique réduit a été concu Ez UOIT w OEODP 6 UidQy & & B OBWwU I U
EOOCEDPUDPOOU wEcardekébitl QY ®IUO WA I w E zebl& g@hteddu Ganad U w
sont variables ainsi que les parametres géomécaniques Et la validation de
Oz EOEOa Ul w FebatetéGeidbt@® énl ufli sant le nombre Reynolds (Re.
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+ 7 EOEOa Ul w Bodt validebld<gu@ I1eQprototype et le modele physique
réduit sont caractérisés par le méme OOE | w E z 6 E Gulsavbir0d zOUEOO U 01 O1 OC

turbulent.

1.4.3 REPRESENTATIVITE DES PARAMETRES GEOMECANIQUES A UNE
ECHELLE REDUITE
+7 OENI EUPI wxUDPOEDPXxEOQwWEI wEOOEI xUPOOwWET wE

xOUUPEPOPUGwWEZSUUEDPI UwOzIi i i1 OwETl wo

()

E

c
)

wY E D)

UOUwWOEwWi OUET woUuOUDYIT wEl wOzIl EVUGw" T x1 OEE OwQ

(@}
(e}

affectant un massif rocheux, fontenUOU Ul w@Uz UOWOEUUDPI wwUOET T UR
assemblage de blocs de différentes tailleset de multitudes disposition s donnant
des configurations variées (Figure 1-2). Pour mieux représenter le massif rocheux
dans cas le présent, des ensembles de blocs de béton ont été confectinas avec
différentes formes, différentes tailles, différentes densités et en ayant également
des surfacesallant de lisses a trés ruguelses Ces blocs saot confectionnés de sorte
a pouvoir tenir compte de tous les parametres géomécaniquespertinents dans
0z6UOUDPOOWI aEX H OB B KiOWu & QFES wpar ailleurs, il a été
constaté que les méthodes détermination du volume des blocs (Vb) ne sont pas
viables (Elci et Turk 2014), nous présentons plus détails sur ce sujet dans le

chapitre 4.
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Joints (Discontinuités)

Ecoulement de fluides
dans les joints

Figure 1-2: Uxl E0w0axb@Ul wEz UOWOEUUDI wUOET 1 URwi UEEOUUSG
Onsait queOEwWx Ul UUPOOwWODPS] wawdOzdEOUOI 01 OUWET
important dans le processust z 6 U ChydeadliGue. La valeur de cette pression et

sa variation selon des x EUEQO6 UUIT Uw 1 6 OO EEOPZUI Uw UOOUw (¢

capteurs de pression situés a difféerents endroits sur chaque face des blocs de bétan
Par ailleurs, a la suite d wOz DOUI UxUBUEUDPOOWETI UwEDI i 6U1 O
ressort que certains parameétresgéomécaniquesOz (padkuiz DO OUI1 OEl wEDUI E
pression hydraulique, mais plutét sur le déplacement relatif des blocs. Czd

pourquoi les blocs de béton sont égdement munis de capteur de déplacement

(accélérométre)EEOUwOl wEUUwWEZzZ 6 YEOUI UwET wxEUEOBUUI &
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14.4 CONCEPTION, CONSTRUCTION ET VALIDATION DU MODELE
PHYSIQUE REDUIT

Aprés savoir résolu les problemes de représentativité des différents
paramétres caractéristiques E1 w Oz 6 UOU D O Qeudlaa dulrioddi® phgsidjiie
réduit est conceptualisé avant de passer a la construction. Aprés la mise en place
de cemodéle, des essaisdevront étre réalisés pour valider la représentativité du
modeéle réduit ainsi concu. On U gtdhd & ce que la pression Iée a la circulation
Ezl EUw EEOUwW Ol Uet éhCdegddudides gbods (W& bidton) varie selon
1.4.5RECOMMANDATIONS

A la suite des essais, des recommandations eront émises quant a
CanélioratbP OOWEU W OOES Ol OwUOOwUUPOPUEUDPOOwWI Uwol U
11711 EUUIl UwxOUUwWs YEOUI UwOl wxUOBEIT UUUUwWEzB3UOUD
1.5 STRUCTURE DU MEMOIRE

Comme expliqué en avant-propos ce mémoire est le recueil de quatre

OEOQUUEUPUUWEZEUUPEOI UwUE b dadtud publid, ¢t donule" T E x B (
premier auteur | U0w Oz EVUUT UUWET wEIl wOsOOPUI dw+1 wdd O

résumés comme Suit:
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Le chapitre 1 (le présent chapitre): Introduction qui co mprend la mise en contexte,

Oz 000EB6wWEI wOEwWxUOEOBOEUDPGUI wEI wUI ETTUETI
méthodologie mise en place pour atteindre ces objectifs et un résumé de la

structure du mémoire .

Le chapitre 2: Rl YUIT wETl wOPUU6 UE U UtinatioEde (huoeé érdsi@E T UwE 7

El wO@ U B\EWU 6 xobjértf w.2Dand ge chapitre, nous cherchons a identifier les

(@}

Uwb

([an)

Epiisul O EDEI UWEOOOUU WX OU U wpkkenterdet) 1 OUIT U
O6 U1 OET Uw EzIT1 UUDOEUDPOOwW ET w E lgugsucBnOeEndnE let) Ow x U6
insuffisances liées a ces indices par rapport a leurs pertinences pour représenter la

i OUET w8 UOUBDDES pistes de QegHerehd sont proposées pour améliorer

Oz PDOEPEI woOl wxOUUwx1 UUDOI OUG

Le chapitre 3: Pour répondre a Copjectif 2, ce chapitre présente une méthode

développée pour 8 YEOUI Uw Oz Exx OPEEEDPOPUB WEI UwbOEDEI
i OUET wauoOwbHOYI wel woOzl E

EzUOI wOOUYI Geéxtoneld dleddoWHE VWD OEUDOOWEUwWYOOUOI wE
massif rocheux, et une étude comparative entre cette nouvelle méthode et les

anciennes méthodes de détermination du volume des blocs

Le chapitre 5: Présente en détail le modele physique réduit congu en laboratoire

(objectifs 4, 5 et §. Ce modéle physique réduit concu prend en compte les

18



paramétres propres A OEwi OUET wda UOUDYIT wEI wOzIl EVwI Uwol U
pertinents dans la définition de la résistance des massifs rocheux dans le processus

E zdsion hydrauliq ue.

Le chapitre 6 : Chapitre de conclusion contenant également des recommandations

et les perspectives de recherche avec le modéle physique réduit conguen

laboratoire.
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CHAPITRE 2

IDENTIFICATION DES PARAMETRES HYDRAULIQUES
INFLUENCANT L'ERODABILITE HYDR  AULIQUE DES CANAUX
D'ECOULEMENT DES DEVERSOIRS

Ce chapitre présente un article dont le 1¢ auteur | U U w O & dé thEnbicew
Le but ce chapitre est Oz PET OUDPI P E E U b Oatameéfids hydrEubguds 8 UT OU U
influencant OT wx UOET UUUUw Ez 6 U O thaséifd rocheut deg ¢adabx@ U1 w E |
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Hydraulics and Hydronamics dans la section Water, le 20 octobre 2021 et est
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Review

IDENTIFICATION OF HYDRAULIC PARAMETERS
INFLUENCING THE HYDRAULIC  ERODIBILITY OF SPILLWAY
FLOW CHANNELS
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Abstract: The rock mass erosion of dam spillways, a phenomenon involving the
interaction b etween the hydraulic load of water and the capability of the rock mass
to resist its destruction, remains a critical safety issue. The erosion resistance of a
rock mass can be estimated through several erodibility indices, including that of
Kirsten, Pells, and Bollaert. Several indices have been developed to link rock
resistance to the hydraulic parameters of water, i.e., the hydraulic load applied on
a rock mass. The developed indices use the average flow velocity, the average

shear stress on the bottom ofthe flow channel, the stress applied to the internal
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joints of fractured rock mass, the dynamic impulse force, and the power
dissipation of water to represent the erosive force of water. From these indices,
several methods of assessing hydraulic erosion have been developed, and all use
the threshold line concept. Nonetheless, several uncertainties areassociated with
these methods. This paper presents and discusses the various means of calculating
the erosive force of water as a hazard parameter for prediding potential rock
erosion. The representativeness of these approaches is also discussed, and we
clarify nuances associated with each method. We then provide guidelines for
future research aimed at improving estimates of the erosive force of the water

wit hin spillway flow channels.

Keywords: Hydraulic erodibility, Hydraulic jump, Hydraulic load, Plung  ing flow,

Power dissipation, Rock mass.

2.1INTRODUCTION

The notion of the hydraulic erodibility of a rock mass emerged around 1900
after observations of the degradation of rock masses under bridges (Keaton 2013)
Several cases of erosion downstream of dam spillways have since been observed,
for example, the Tarbela dam in Pakistan in 1976 (Lowe et al.1979)and the Kariba
dam in Zambia in 1962 (Bollaert et al. 2012) Much research has focused on

understanding th is phenomenon, and several methods have keen developed for
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evaluating the hydraulic erodibility of a rock mass using semi -empirical and semi-
EOEQAaUPEEOQwWOI UT OEUGwW3T 1 Ul wol UT OEVUwWT EYIT WEx x
O b GAnmamdale 1995; Pellset al.2016b)a correlation between a hydraulic hazard

parameter (e.g., shear stress, hydraulic power, and hydraulic energy) and the

capacity of the rock to resist destruction. This concept is basedon three erosion
mechanisms in particular: dynamic block removal, brittle fracturing, and the

continuous fragile fracturing of the rock mass (Bollaert et Schleiss 2002; Annandale

2006b; Bollaert 2010) Turbulent fl ow is the flow mode that can produce these

different erosion mechanisms.

Erosion by the removal of blocks is a process that depends on the water
pressure within the joints of the fractured rock mass. The amplitude of the
fluctu ating pressure changes with time during a turbulent flow, and the pressure
applied inside the rock joints can increase pressure directly below the blocks.
Moreover, the rock mass is eroded by the dynamic expulsion of the blocks when
the lifting pressure un der the block exceeds the resstance force of the block in the
rock mass (Figure 2-1). The parameters affecting the resistance of the block are the
submerged weight of the block "O , the pressure on top of the block "O , and the

shear resistance along the sides of the bbck "O .
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Figure 2-1: Erosion by block removal or the dynamic block impulse (Bollaert et Schleiss 2002;
Annandale 2006b)

The second mechanism enabling the erosion of a rock mass is brittle
fracturing or instant hydrofracturing. This mechanism occurs when the intensity of
the fluctuating pressure -induced stress in the joints is greater than the resistance of
the rock, and, hence, the rock mass breaks into small pieces owing to fragile failure

(Figure 2-2).

Fluctuating pressures

Fluctuating pressures

introduced into the fissure — Fractured rock mass

Stress intensity toughness

of rock

/ 1
A -

Fluctuating pressures Brittle fracture occurs if stress
acting on a rock with intensity exceeds fracture toughness
fissures (sudden explosive failure)

Figure 2-2: Erosion by brittle fracture or instant hydrofracturing (Annandale 2006b)
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The final mechanism of erosion is continuous fragile fracturing or fatigue
erosion. This mechanism occurs when the instantaneous brittle fracture of rock
mass is not possible, as the intensity of the stress in the joints does noexceed the
resistance of the rock mass. The rock mass is eroded, however, by fatigue pressure
loads that exist in the joints. This type of erosion is highly dependent on time

(Figure 2-3).

Flud'uat'mg pressules

Fluctuating pressures acting Incromsed cracks

A
SN
-7

Continuous cracking Fragile fracturing of the

on a rock with fissures

of the rock mass rock mass due to fatigue

Figure 2-3: Erosion by the continuous fragile fracturing of a rock mass or hydrofracturing by fatigue
(Annandale 2006b)

From these three erosion mechanisms, various indices have been developed
to represent the resistance of a rock mass.These indices include the Kirsten
index O , Bollal U Unzsiiu resistance of a rock mass 0 j ), and the indices of

Pells, which are the geological strength index for erodibility 'Q"O"Yddd the rock
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mass erodibility index 'Y 0 ‘Q.@he hydraulic hazard parameter of water has been
mainly rep resented by the dissipation of energy rate 1 Q& 71 ), although
other parameters have been used. For example, Bollaert et al(Bollaert et Schleiss
2002) estimated the hydraulic hazard parameter of water in terms of the stress
applied in a joint present within a rock mass 0 "Q¢ 0 A | and in the form of
force dynamic impulse or block lifting force O Q8 ¢ O . Pells(Pells 20163
illustrated that the average flow velocity 6°Qé¢ O and the average shear stress
on the bottom surface of flow channel 1["Q® A are suitable indicators for
representing the hydraulic erosion hazard for a fractured rock mass. Among these
above-listed parameters, energy dissipation was selected by Bieniawski
(Bieniawski 1989), Moore (Moore et al. 1994) Annandale (Annandale 1995;
Annandale et al. 1998), Kirsten (Kirsten et al. 2000) and Pells (Pells et al. 2016b)
(among others) to estimate the hydraulic hazard parameter of different possible
flow conditions in spillways. Annandale (Annandale 1995) maintained that the
dissipation of hydraulic power provides a good approximation of turbulent
fluctuations. Moreover, a large combination of spillway geometry and flow types
can be associated with a given measure ol . Because the determination oft  is

relatively easy to perform, this also greatly favors the use of

Although the resi stance indices of the rock mass and the hydraulic power

indices have been commonly used to evaluate the hydraulic erodibility, these
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methods have produced inconsistencies in some cases. These inconsistencies likely
stem from two sources: the estimation of erosive force and the uncertainty linked
to the indices for defining the resistance of a fractured rock mass. Previously,
Boumaiza et al. (Boumaiza et al.2019b)evaluated the weaknesses of the resistance
of rock mass indices for the hydraulic erosion process. Here, we review the indices
of the erosive force to determine whether erodibility assessment methods are also
influenced by these hydraulic power indices and there fore represent (or not) a
source of the produced inconsistencies in assessments of the hydraulic erdibility

of a rock mass. Because of the large number of proposed indices, we review the
various estimation methods of indices developed to represent the erosive force of
water (waterpower) for various spillway flow modes. We highlight the advantages
and disadvantages of each index and discuss the representativeness of each. We
suggest that these indices do not effectively represent the erosive force of the
water; we therefore offer potential research avenues to develop a better

characterization of the erosive force of water.

In the following sections, we summarize the types of spillways and their
operating mode. The different methods for estimating the hydraul ic hazard
parameters for rock mass erosion are then presented, including the estimation of
the average shear stress at the bottom surface of a flow channel, the average flow

velocity in open channels, the applied stresses inside joints, the block lifting force,
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and the dissipation of power or energy from a flow channel. We also discuss the

limitations of these methods.

2.2TYPES OF SPILLWAYS AND THEIR OPERATING MODE

The overflow structures in dams can be divid ed into two categories on the
basis of their frequency of use: spillways (fuse-plug or emergency spillways) and
regulation structures (service or auxiliary spillways). A spillway returns the excess
water arriving at the dam during periods of flooding to th e river. The return
period of flooding determine s the frequency of this occasional use. In contrast,
regulation structures manage the flow rate, ensuring a relatively continuous
transfer of water to the river. Despite the significant operational difference s
between the two structures, their designs and configurations are similar. Structures
in each category vary in their specific configurations depending on site topography
and geology. These onsite properties determine the types of spillway that are
installed, for example (Khatsuria 2004).

1 ogee spillway,

1 chute spillway,

1 side-channel spillway,
1 shaft or tunnel spillway,
9 siphon spillway,

1 and free over-fall spillway.
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The energy of the discharging water must be dissipated before returning to
the river; therefore, and depending on the operational mode of the specific
spillway, these structures are equipped with a flow channel or a transition zone
between the end of the profiled threshold and the final dissipati on zone of an
evacuation structure (Figure 2-4a). In other cases, a simple basin, constituting a
plunge pool, dissipates the energy immediately at the foot of the spillway ( Figure
2-4b and c). The flow channels dissipate and direct the torrential regime flow
toward the final dissipation zone. In this latter case, the observed flow modes
differ depending on the nature of the channel, i.e., flows on an inclined slope,

hydraulic jumps, flows at knickpoints, and plunging flows into the receiving pool.
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Figure 2-4: Types of spillways. (a) Typical longitudinal section through an unlined spillway of a
large embankment dam (Pells 2016a) (b) schematic representationof a free jet(© A.S Koulibaly,
2021), and (c) schematic representation of discharge over a drop structure(© A.S Koulibaly , 2021

Several spillways around the world have been designed and built involving a
combination of a discharge channel and a dissipation or stabilization zone.
Examples of these combined spillways include the Robert-Bourassa dam spillway
(Quebec, Canada) and the Hell Hole dam spillway (California, USA) (Khatsuria
2004) Moreover, in most cases, the dissipation structures are excavated into the

rock mass, including the plunge pool or the combination of an evacuation channel

30



and dissipation zone. An important aspect of these unlined spill ways is the
phenomenon of hydraulic erosion of rock mass. For these spillways, the proper

estimation of the erosive force of water is critical.

2.3 METHODS FOR ESTIMATING THE EROSIVE FORCE OF
WATER IN SPILLWAYS

Various methods have been applied to estimate the erosive force of water in
erosion processes, and different indices of erosive force have beenobtained,
including the average shear stress at the bottom surface of a flow channel, the
average flow velocity in open channels, the applied stresses insidejoints, the block

lifting force, and the dissipation of energy from a flow channel.

2.3.1 AVERAGE SHEAR STRESS AT THE SURFACE OF THE FLOW
CHANNEL

The velocity profile of a fluid is proportional to the applied shear force, and
the linear proportionality fa ctor is the dynamic viscosity T ‘&Q2JQw
(Schlichting 1979; Pellset al. 2016b) Given that the viscosity of water is well
known, the average shear stress at the bottom surface of a flow channel therefore
mainly depends on the variation of flow velocity, which is a function of the nature
of the flow. The calculation of shear stress varies, however, depending on the type

of flow. The shear stresses for a uniform flow depend on the slope of the flow
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channel. In the case of noruniform flow, the total energy gradient is used to
estimate the shear stresses in the channelFigure 2-5illustrates possible casesof the
distribution and variation of flow velocity. The cases depend on the nature of flow;

in the first case, the velocity of a flow is uniform ( Figure 2-5a), whereas the second
case has a variable velocity for anon-uniform flow (' Figure 2-5b). Depending on the
nature of the flow, shear stress on the bottom of the channel can be estimated using
either Eq. (2-1) or Eq.(2-2).

T 7 88Y 8YA | -§(Uniform flow) , (2-1)

T " 8®8Y 8YA I -Q(non-uniform flow) , (2-2)

where ‘ is the dynamic viscosity of water, 0 is the flow velocity, Y is the
hydraulic radius, "Yis the slope of the channel equal t0'Q §'Q @w is the distance
along the channel, & is the elevation above a datum, C is the gravitational
acceleration, —is the angle of inclination of the channel, and Y is the total energy

gradient equal to Q"PQ w "Oj 08A T -Oand 'O is the energy loss by friction (in m)

over distance L, which can be determine using Eq. (2-19) (section 3.2).
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(H = loss of energy)

Figure 2-5: Schema of (a) uniform and (b) non-uniform flow (modified from Graf and Altinakar
(Graf et Altinakar 2000))

It should be noted that 1] represents the mean hydraulic shear stress on the
surface of the channel. The actual shear stresstaeach point along the channel can
always vary because of the presence of relatively rougher parts of the channel.
Given this variability, the shear stress term [ is generally replaced by the shear
velocity 0. hwhich is calculated using Eq.(2-3).

6. =2 @ OO "o . 23)

According to Streeter (Streeter et al. 1998) estimating the shear stress in a

flow channel is quite complex for turbulent flow because of the variable internal
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shear stress, which depends on the velocity over the entire depth of the flow
profile and the substantial changes along a channel. A simple solution, for this
case, is to sulstitute the dynamic viscosity (‘) with the eddy viscosity (—) to
calculate the shear stres for turbulent flow (Eq. (2-4)) (Streeter et al. 1998) For this
to be possible, the eddy viscosity must be estimated for each flow type, as this
parameter is not a constant characteristic of the fluid and varies throughout the
profile of the fluid over time. This parameter depends upon the density of the
fluid, the velocity gradient, and the mixing length, and it generally varies from

point to point in the flow field.

Qw (2-4)

In addition to Egs. (2-1), (2-2), (2-3), and (2-4), expressions exist for estimating
the shear stress at he surface of a flow channel. Table 2-1 summarizes some
existing methods used to calculate this surficial shear stress. Most of these methods
are adapted for calculating the local average shear stresses of straight and
prismatic fl ow channels of rectangular, trapezoidal, and circular sections, either
with or without a flat or compound bed. Moreover, these methods differ in their
assumptions, which can lead to divergent shear stress estimates. We detail some of

the methods presentedin Table 2-1 below.
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Table 2-1: General characteristics of methods for calculating the shear stress at the

surface of a flow channel

Boundary roughness

Method Cross-sectional shape e
distribution
Lundgren and Jonsson Homogeneous and
General
(1964) rough
Flintham and Carling .
Rectangular, trapezoidal Homogeneous
(1988)
Pizzuto (1991) General Homogeneous
Christensen and Fredsoe General HOMOAENEOUS
(1998) g
Khodashenas and Paquier General HOMOAENEOUS
(1999) g
Ramana Prasad and Rectangular, trapezoidal Homogeneous
Russell Manson (2002) gular, trap g
Rectangular, circular (with
Berlamon l. (2 . Homogen
erlamont et al. (2003) or without a flat bed) omogeneous
. Rect lar, t idal,
Yang and Lim (2005) and ec a.mgu ar, trapezolda
circular, V-notch, Homogeneous

Yang et al. 2004

compounded

Guo and Julien (2005)

Rectangular

Homogeneous and
smooth

Seckin et al. (2006)

Rectangular

Homogeneous and
smooth

Severy and Felder (2017)

Rectangular

Homogeneous and
smooth

Modified: fro m (Khodashenaset al.2008)

- Merged perpendicular method (Khodashenaset al.2008)

The merged perpendicular method (MPM) is a geometric method for
calculating the local shear stress in an irregular cross section of a chanel. This

method is derived from the normal area method, which relies on the concept of
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hydraulic radius separation based on the subdivision of a cross-sectional region
delimited by walls into three subareas that correspond to the lateral walls and
channel bed. The wetted area is then divided into small subareas using the lines
normal to the wetted perimeter ( Figure 2-6). The local shear stress T is thus
obtained using Eqg.(2-5).
T "8MYd , (2-5)

where 'Y is the local hydraulic radius, and U is the average energy slope.
Subsequently, the average boundary stresses acting orthe channel bed and sides
are determined by the numerical integration of the local values. However, this

method neglects secondary flow structures and the momentum transfer in an

irregularly shaped channel. Moreover, the roughness distribution along the we tted

perimeter is not considered when the wetted area is divided into subzones.

Free surface

Local hydraulic radius R;=S/7;

Li +1

Flow area for segment / (S))

Wetted perimeter for segment 7 (7))

Figure 2-6: Schematic illustration of the areas determined by the merged perpendicular meth od
(Khodashenaset al.2008)
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- Ramana Prasad and Russell Manson method (Ramana Prasad et Russell
Manson 2002)
This method is based on an analytical approach for calculating the percentage
of shear force b "Y"OU carried by the sidewall in prismatic channels of a
trapezoidal cross section having a homogeneous roughness. The percentage of
shear force is given in terms of the width t depth ratio ¢j "Q without accounting for

the effect of secondary currents [Eq.(2-6)).

L UT
o T .
0 cw P
T = &
w Q

P "Y"OU

s 'lo=| S

(2-6)

S| 820! €

0
where 0 and 0  represent the wetted perimeter of the bed and sidewalls,
respectively. Knowing b "Y"Opthe following equations are used to determine the
shear stress of the bed and the walls of a channel [ and 1

— p WpHOOpPp —

— T8ip YOUp — (2-7)

- Yang and Lim method (Yang et Lim 2005)

This method uses an analytical approach for calculating the distribution of
shear stresses in prismatic channels and is based on the concept of excess energy
transport over a minimum relative distance within a uniform and fully developed

turbulent flow. The relative distance is defined as the ratio of the shortest
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geometric distance to the energy dissipation capacity (EDC) of the boundary. For a
smooth boundary, the characteristic length representing the EDC of the boundary
is scaled using the viscous length scale 'j 6. (Yang et Lim 2005) where ' is the
kinematic viscosity of the fluid, and 0. is the shear rate. And for an approximate

limit, the characteristic length is scaled using the roughness height of the limit.

From this concept, Yang and Lim divide the flow zone into subzones on the b asis
of the shape of the cross section and the roughness of its wetted perineter;
however, secondary currents are not considered. The distribution of average shear
stresses along thebed 1[ and side wall [T for a smooth trapezoidal channel

are determined using equations (2-8) through (2-11).
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where "Gis the flow depth, @is the width of the channel bed, | is the angle between
the sidewall and the water surface, and[ is the ratio of the EDC of the lateral wall
to the EDC of the bottom [ 6. j 6. . Equation (2-8) is applicable and valid

under the following conditions:

—_ C—
p T AltO T (2-9)

The conditions of Eq. (2-9) regarding the applicability of Eg. (2-8) involve the case

where the intersection of the dividing lines is located above the water surface in
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wide channels. In those cases where the dividing lines are located below the water

surface in narrow and deep channels, the average stress at the limitsis given by

Eq.(2-10).
S — ’ (2-10)
where , is the slope of the dividing line, which is defined as , ———. Similarly,
for wide channels, Eq. (2-10) is only valid if
—_ C —_—
p [ AITO = (2-13)

Thus, for channels having a rough and homogeneous trapezoidal section, the local
bed and sidewall average stresses are obtained using Eqgs(2-8) and (2-10), with
[ p, assuming that the dividing lines are the bisectors of the internal base angles

of the trapezoid.

- Guo and Julien method (Guo et Julien 2005)

Guo and Julien present a formula for determining the average shear stress of
the bed and sidewalls within a smooth rectangular open channel. The method uses
conformal mapping, assuming in a first approximation a constant vortex viscosity
without considerin g the effect of secondary currents. In a second approximation,

they use two grouped empirical correction factors for the effects of secondary
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currents, the variable viscosity of the vortices, and other possible effects to

calculate the shear stresses (Eq2-12)).

—— -1 OADGD— --AoB-

- Method of Seckin et al. (Seckinet al.2006)

Drawing on the studies by Knight et al., Seckin et al. (2006) use nonlinear
regression to develop equations derived from an experimental analysis t o obtain
the percentage total mean shear force on the base and the smooth walls of the
wetted perimeter in terms of the width -to-depth ratio. From the percentages of the
shear force P"Y"O(Q Knight et al. (1984) produce equations to determine this
average shear stress (Eq2-13)).

— p MWpHOOpPp —
—— Tm8rp WO0p — (2-13)
where 'Y is the hydraulic radius, "Y is the energy gradient, 6 is the width of the
channel, "Ois the channel depth, and b "Y"Ous the percentage of the shear force

acting on the walls along a unit of channel length, determined by Eq. (2-14).

I TEEYOO p8nd@ddO o 9w
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Reanalyzing the Knight et al. equations, Seckin et al. (2006) use a shifted power
adjustment model to find P"Y"O0 They then use various function models to
estimate the average wall and bed shear stress of a channel. Seckin et a{2006)
apply a rational function model to determine the average bed shear stress, 1[ , and
a logistic model to determine the average wall shear stress1] . The developed

respective equations are

" i ©® w6j 0 y
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where &) &) chiand Qrepresent constants.

- Severy and Felder method (Severy et Felder 2017)

By performing flow tests in a smooth rectangular channel, Severy and Felder
develop an equation to calculate the average shear stress of a channel from
detailed measurements of flow velocity. They use three approaches to compute the
boundary shear stress: the logarithmic law with in the inner flow region, the
velocity defects law in the outer flow region, and the direct -step method. Relying
on the equations of Schlichting (1979) and Montes (1998), Severy and Felder
develop Eg. (2-16) as a function of a resistance factor to calculate the local shear

stress
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t o, (2-16)
where w is the flow velocity, and f is the Darcy-Weisbach friction factor for
gradually varying flows, in this case determined by

88 8 —

Q , (2-17)

where Y is the energy gradient, wis the longitudinal distance in the direction of
flow propagation, wis the perpendicular elevation from the channel bed, @ is the
characteristic flow depth, 0 is the fraction voids in the flow, 1 is the discharge,

and O is the hydraulic diameter.

In summary, shear stress is a physical measure of the normal force applied to
a channel. Shear stress is intrinsically linked to the nature of the velocity profile
and indirectly represents many hydraulic characteristics. Pells (Pells 2016a)
selected the mean slear stress of the channel as an appropriate indicator of the
erosive force of water. Van Schalkwyk (Van Schalkwyk et al.1994)and Pells (Pells
2016a)demonstrated that the amount of observed erosion is well correlated with
shear stress. Most researchers hold that the erosion caused by the flow of water in
the channel is due to the shear stress exerted by the water at the bottom surface of
the flow channel. However, A nnandale (Annandale 2006b) showed that this n otion
is only valid for laminar flow; for turbulent flow, the erosion capacity of water

depends on the pressure fluctuations exerted by the water rather than shear stress.
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Moreover, shear stress cannot explain all the probable mechanisms & erosion,
includ ing erosion by the dynamic expulsion of blocks recessed in a rock mass or
erosion by fragile fracture of the rock mass into small pieces because of turbulent
flow. In addition, the average shear stress in the flow channel is a hard-to-estimate
parameter that can cause considerable uncertainty in estimates of the hydraulic
head under differing flow conditions within the spillways (e.g., hydraulic jump).
Most equations used to evaluate this parameter (Eqs(2-5) to (2-17)) were
developed for narrow, smooth -wall flow channels (e.g., pipes) and then applied
analytically to other types of channels. Most of these equations have also been
developed using assumptions that do not apply to spillway flow channels,
including the homogeneity of the shear stress of the flow channel, the non
inclusion of secondary currents in a flow channel, and the non-differentiation of
subcritical and supercritical flows. Finally, these methods are based on different
assumptions, which can lead to an approach-dependent shear stress estimate.
Their use in the cases of flow channels of spillways is therefore highly

guestionable.

2.3.2AVERAGE FLOW VELOCITY IN OPEN CHANNELS
The average flow velocity 6 can be calculated on a plane that is
perpendicular to the flow direction and is given by the shearing movement in a

fluid. This movement leads to the continuous dissipation of energy and depends
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considerably on the profile of the flow channel surface, the viscosity of the fluid,
and the nature of the flow. Various flow resistance coefficients, including the
expressions of Darcy-Weisbach, Chézy, and Manning, are to represent the

resistance to flow in the calculation of the average flow velocity (Cengel 2014)

First, assuming 1[® 6 , Chézy (1769) defined a resistance coefficient to
represent the resistance to flow and developed an equation to calculate the average
flow velocity as Eq.(2-18).

; TV = 8
6 6 YSYZWEABOA —, (2-18)

where 1] is the shear stressg is the resistance coefficient of Chézy,0 is the average
cross-sectional flow velocity, and 0 is a probability coefficient or relative

roughness coefficient.

Experiments on fluid flow in pi pes led Darcy and Weisbach (1845) to develop
a flow resistance coefficient (‘Q and derive an equation for calculating the average
flow velocity on a smooth surface. Subsequently, this index was applied to open-
channel flows by replacing the diameter of th e pipe with an effective diameter
representative of the hydraulic radius of a flow channel. The resulting analytical

equation is presented as Eq(2-19).

6 — Y38YAT9x EAODA O0—— G——, (2.19)
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where 'O is the energy loss by friction (in m) over a distance 0, and Q s the
effective diameter of channel function for the hydraulic radius of the channel

Q Y

Moreover, the calculation of the shear stress in a channel can be performed
UUDOT wteetiideat zEGuation (2-20) was developed for this purpose.
T "8 —8—,5\ o 1 -"& . (220
Manning (1890) calculated the average velocity of a uniform flow from a
channel with a flow resistance coefficient of ¢ via Eq.(2-21). It is noted that the
Manning coefficient (¢) depends not only on the shape and roughness of the
channel but also on the nature of the flow itself. Hence, this parameter is generally
an approximation in calculations, and the known values are specific to river

systems.

6 =Y I Yi xEADA— 'y | . (2-21)

In addition to equations (2-19), (2-20), and (2-21), other equations exist for
relating flow velocity to the coefficient of resistance to flow. Knowing that flow
resistance is influenced by various parameters, including the shape of the cross
section, the non-uniformity of the limits of the flow channel, and the instability of
the flow | in addition to the viscosity and the roughness of the walls of a flow

channel| flow resistance can be classified into four components: surface or skin
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friction, form resistance, wave resistance from free surface distortion, and the
resistance associatd with local acceleration or flow unsteadiness (Yen 2002) When
the Weisbach coefficient of resistance €) is applied, flow resistance can be
expressed as:
Q "O'Y'@h- RRONY , (2-22)

where "Orepresents a function, Y Qis the Reynolds number, 0 is the relative
roughness coefficient (usually expressed as'Qj Y, where "Q is the equivalent wall
surface roughness and ‘Y is the hydraulic radius of the flow), — is the cross
sectional geometric shape,U is the non-uniformity of the channel in bo th profile
and plan, "Oiis the Froude number, and "Yis the degree of flow unsteadiness. The
parameters of this equation are independent, and the four resistance components
(surface, form, wave, and unsteadiness) interact nonlinearly so that any linear

separation and combination are artificial.

The internal and external laws of the boundary layer theory are used to
explain some components of flow resistance and better define the flow resistance
with respect to these parameters. The theory of the boundary layer refers to a zone
in a flowing fluid where the viscous effects are as important as the effects of inertia
in terms of magnitude. Within this layer, the tangential velocity with respect to the

wall changes very quickly, having no velocity at the wall a nd a greater-than-zero
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velocity outside this layer. Thus, the boundary layer represents the interface zone

between a body and a surrounding fluid.

According to this theory, the distribution of the velocity ( u) along the normal
direction (y) to the wall is correctly described by the internal law (or the law of the
wall) where the viscous effect dominates and the external law (or velocity defects

low) (Rouse 1965; Schlichting 1979)The expressions defined by these laws are

Lz

0 . . R Ow.. .
5 OWhQ x EAgrA — AT | (2-23)

7
z

- © -Fo , (2-24)

where 0. is the shear velocity (Eq(2-3)), @ DU wUT | w5 OLeanstaht)dd s @ 7
constant equal to 6°¢j’, ’ is the kinematic viscosity of the fluid, "Yis the free
stream velocity at the far end of the outer law, and | is the boundary layer
thickness. O is often called a shape factor, a nondimensonal parameter associated

with the pressure gradient and Reynolds number, and it is usually expressed as the

ratio between the displacement and momentum thicknesses of the boundary layer.

Knowing that the inner and outer laws are not mutually exclusive, t here is a
region of overlap between the lower limit of the outer law and the upper limit of
the inner law (Figure 2-7). To characterize this transition zone, researchers have
developed equations to satisfy both laws. Rouse (1959) presented a logarithmic

function that applies to the laws (Egs. (2-23) and (2-24)), and the power-law
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distribution of Chen (1991) is also used (Yen 2002) These equations are presented
respectively in Egs. (2-25) and (2-26). More information on the logarithmic function

and power -law distribution can be found in of Nezu et al (Nezu et Rodi 1986)
O a sy wi o oa
— ol I oAT A (2-25)

0O;
' (2-26)

where @, Ghand & are constants for a given channel. From these equations, the

open-channel resistance canbe derived and extended from the resistance of a

uniform flow in a circular rigid pipe.
y
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Figure 2-7. Regions of the inner and outer laws of the boundary layer (Yen 1991)

The closest open channel counterpart of a circular pipe (besides a half circle)
is the two-dimensional (2D) wide channel. With the shape factor held constant for

2D wide channels or circular pipes, Eqgs.(2-23) and (2-24) imply that, referring to

Eqg.(2-22), the resistance to a steady uniform flow is solely a function of the
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Reynolds number 'Y Qand the relative roughness 0  "Qj 'Y, provided that the
Froude number is not high and its effect is negligible. Hence, the resistance factors
become

m—]hlfh nova | (2-27)

where Q is the equivalent wall surface roughness, and Yis the hydraulic radius.

From Eq.(2-27), various resistance coefficients n the form of Darcy -Weisbach can

be derived, depending on Y Q

- For a uniform and regular laminar flow with a Y'Q v 1, the resistance factor is
obtained as
Q 0jvYQ (2-28)
where U ¢ tfor wide channels and 0 p dor circular pipes.
- Forx mm'YQ ¢ v m,mthe resistance factor for a smooth pipe (and often used
as an approximation for wide channels) is
Q0 T8 gty P . (2-29)
- For'YQ ¢ v m,1the resistance factor becomes
= bille — (2-30)
where U , 0 hand 0 represent Colebrook-White coefficients for a regular uniform
flow in open channels with a rigid impermeable limit  (Yen 2002) These Colebrook

White coefficients are implicit in the determination of f. To overcome this
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drawback, Churchill and Bray (Churchill 1973; Bray 1979)assumed full flow in a

pipe to then propose an equation for calculating the flow resistance as

» o 8
Q - 11 & P (2-31)
From Eq.(2-31), Yen (1991) suggested a formula to calculate the flow resistance for

large open channels havingaY'Q o mmand aQj'Y 18t Yen 2002)

O N (2-32)

For Eqs(2-27)i (2-32), flow resistance is determined in terms of limit shear, that is,
from the perspective of the relationship between force and momentum. This
concept determines the flow resistance of open channels in terms of the slope of
the impulse resistance along a channel for a channel cross section. However, other
work has shown that resistance to flow can also beexamined from the concept of
energy in terms of the energy loss when a fluid moves across a surface, as well as
in terms of the energy slope or, more precisely, the gradient of the mean motion of
the dissipated energy. Yen and Akan (Yen et Akan 1999)suggest the rather than
applying Eqg. (2-28), EqQ. (2-28) can be used br the momentum equation of laminar

sheet flow under rain -full conditions with an intensity i:

8
0 T poR—  —, (2-33)

In summary, EQs.(2-19), (2-20), and (2-21) indicate that the average flow

velocity is directly related to t he pressure that is applied to the surface of a rock
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mass or inside a joint. Therefore, the average flow velocity is a key element for

determining the specific forces that are applied to a rock mass. However, the

average flow velocity is sensitive to the pUOE Ol OwOiOd@OOO0I UU» wb

of hydraulic erosion. Pells (Pells et al.2016b)and Van Schalkwyk (Van Schalkwyk
et al. 1994)reported that the average velocity could not be used as a representative
value in hydraulic hazard parameters for erosion prediction. Mor eover, the
average flow velocity is proportional to the flow resistance coefficient, which can
be defined by knowing the roughness of the flow channels and spatial variation
along the flow channel. To specify the flow resistance the resistance coefficiens of
Darcy-Weisbach, Chézy, and Manning are used to estimate mean flow velocity.
The equations detailed above (Eqs(2-28)t(2-33)) illustrate the diverse means of
determining resistance coefficients, and this diversity of approaches can explain
the confusion among users and the inconsistencies among the produced values or
the resistance coefficients.The application of these flow resistance coefficients in
flood spillways also remains uncertain. Indeed, the theory of the boundary layer
served as a basis in the development of some resistance coefficients and this theory
would be less effective for flow channels with very rough surface. Under the flow
conditions considered for rough unlined spillways, the roughness elements may
exceed the thickness of the boundary sublayer (fully turbulent flow) and the

velocity profile is fully developed, that is, the thickness of the boundary layer is
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equal to the depth of the outflow (Pells et al. 2016b). According to Yen(Yen 2002)
the inner law region (Figure 2-7) below the transition zone is generally thi n and it

Is difficult to measure velocity, especially when the roughness of the wall is large.

The multiple equations established to determine the resistance to flow of a
channel fluid represent the derivative and the extent of the resistance of a uniform
and constant flow in a rigid circular pipe. These coefficients are approached either
from the perspective of impulse resistance (resistance slope) orenergy loss (energy
movement gradient). These various Darcy-Weisbach, Manning, and Cheézy
resistance coefftients can be related (Eq2-27)), and there is no clear theaetical
advantage of one coefficient over the other. The C (Chézy) coefficient is, however,
the simplest to use, although there is no generally accepted table or figure d C
values. The n (Manning) coefficient has the advantage of being nearly constant and
almost independent of flow depth, Reynolds number, or Q] Y for fully developed
turbulent flow on a rigid and rough surface (Yen 2002) Determining the resistance
coefficient values by Manning, obtained from field data, relies on the head loss
energy concept applied to channel reaches.The f (Darcy-Weisbach) coefficient has
the advantage of being directly linked to the development of fluid mechanics, and
there are known v alues for this coefficient, the most reliable source for the values
of f being the Moody diagram. Generally, f is regarded as a point value related to

the velocity distribution, although some hydraulic engineers extend it to cross -
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sections or reach \walues and consider it as an energy loss coefficient. Thus, it
appears appropriate to refer to the Darcy-Weisbach f for point resistance, whereas
, EOODP Ol caiU serve for crosssectional and reach resistance coefficients.
Previous field experiments suggest that n is a simpler coefficient when accounting
for the effects of other parameters beyond the Reynolds number and relative
roughness, as well as from a fluid mechanics perspective. A drawback of

Manning's formula is that it is dimensionally non -homogeneous (Yen 2002).

In general, these flow resistance coefficients are not representative of the
roughness of a flow channel of a spillway; for example, the Darcy-Weisbach
coefficient was specifically developed for pipes having a smooth surface and was
then analytically mod ified for use in open-ET EOOI OQwi OOPUB w, EOODPOT z |
more applicable to river systems; however, the roughness values of an uncoated
channel of high-speed spillways is generally greater than those estimated from
river systems. Moreover, in practice, the resistance varies among points, in
particular along the flow channels of the spillway, whereas the resistance
coefficient for a cross section or a enge of channels is a spatially weighted average
of local resistance. Yen(Yen 2002)concludes that despite the success of resistance
coefficients in presenting complex physical processes in flows, much remains to be
studied, including the effects of channel geometry and flow instability on

resistance to the flow.
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2.3.3 APPLIED STRESSES INSIDE JOINTS AND THE BLOC K LIFTING
FORCE

Bollaert estimated the hydraulic load on the rock mass by considering the
hydrodynamic tensile load of the joints, represented by the stress intensity factors
in the various erosion mechanisms (Bollaert et Schleiss 2002; Bollaert 2008Bollaert
et Schleiss 2005; Bollaert 2010)First, erosion is defined as resulting from
instantaneous brittle fracture (hydrofracturing), where the hydraulic head is
defined by a stress factor L. . This index represents the stress induced by the
water pressure inside the joints and, hence, the brittle fracturing occurs when the
intensity of the stress in the joints, owing to fluctuating pressure, is greater than the
resistance of the rock mass Figure 2-2). The semtanalytical index developed by

Bollaert is presented in Eq.(2-34).

L ™ 88 Y , (2-34)
where i@ represents 80% of the maximum instantaneous dynamic pressure
in the diving tank, "Ois the correction factor, which depends on the types of cracks
when it is persistent, and 0 is the total length of a joint.
In cases where brittle fracture is not likely, another mechanism dominates,
i.e., fatigue erosion or the progressive hydrofracturing of a rock mass. If the
intensity of the stresses in the joints does notexceed the fracture toughness of the

rock mass, the existence of a continuous fluctuating pressire in the joints can
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ultimately lead to the failure of the rock because of fatigue (Figure 2-3). In this
context, Bollaert considered the hydraulic head via a stress intensity amplitude
factor 30 , which corresponds to the difference in intensity of maximum and
minimum stresses inside a joint or, in a rough estimation, could be considered

equal to 40% ofv .

In a fractured rock mass characterized by a system of joint sets that form a
block assembly, erosion occurs by the dynamic expulsion of the blocks through
water pressure as a lifting force. Bollaert (Bollaert et Schleiss 2002; Bollaert 200
Bollaert et Schleiss 2005; Bollaert 2010gstimated this load by considering the
essential lifting force of the individual block. This lifting force can be expressed as
a dynamic impulse index that is obtained by the temporal integration of the net
forces applied to a block. These forces include the fore applied on top of the block

"0, the lifting force beneath the block "O, the submerged weight of the block
"O hand the friction along the sides of the block "O) (Figure 2-1). The equation

developed to define the lifting force of an individual block is presented in Eq. (2-

35).

o O 0O 0O O ANoO ad : (2-35)
where w is the velocity of the fluid in the joint, and @& is the mass of the rock
block.
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In summary, the Bollaert index (Bollaert et Schleiss 2002; Bollaert 2004,
Bollaert et Schleiss 2005; Bollaert 2010Jefining the erosiv e force of water on a rock
mass illustrates effectively the three mechanisms of erosion and the importance of
the pressure dynamics in hydraulic erosion. These indices (0 and Qillustrate the
erosive force of water, as they are developed on the bas of various erosion
mechanisms of a fractured rock mass. To correctly apply these indices, however,
some considerations must be addressed. First, these indices are not applicable to
other flow modes at spillways; for example, they do not apply to paralle | flow
along the bottom of the channel and hydraulic jumps. Moreover, the first two
factors depend mainly on the maximum insta ntaneous dynamic pressure 0
This pressure depends in turn on the average velocity of the jet at the impact point
@ and the dynamic pressure coefficient. The latter coefficient is obtained by
multiplying the quadratic mean pressure coefficient 0 by a pressure
amplification factor in the joints 3 and then adding a mean dynamic pressure
coefficient 6 . The expression developed to calculate the instantaneous dynamic

pressure is presented in Eq(2-36).
0 pmt”"80 38 8-, (2-36)

where the parameters6 w¢& & depend on the toughness of the rock mass and
are obtained experimentally. Nonetheless, the toughness of the rock mass is an

irrelevant criterion for the erosion of fractured rocks, and no setup can determine
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the toughness of a rock (Annandale 2006b). The parameter 0 in Eq. (2-34)
represents the total length of a single joint. However, from the field data obtained

by Pells (Pells 2016a) this parameter does not adequately represent the geometry
of an entire erosion zone because it is determined using a reduced physical model

that is not representative of a fractured rock mass.

The second index developed by Bollaert, the lifting force of a block, also
includes some nuances as to its reliability for estimating the erosive force of water.
The first is that the index does not consider the shear strength along the sides of
the blocks "O . Moreover, according to Figure 2-1, the net lifting force of a block
also depends on the joint openings. As the openings become larger, the amount of
water seeping into the joints increases, which directly influences the pressure
below the blocks. Therefore, this index of dynamic block upl ift once again ignores
an important parameter contributing to the resistance of a block to erosion.
Furthermore, the indices developed by Bollaert (Bollaert et Schleiss 2002; Bollaert
2004; Bolhert et Schleiss 2005; Bollaert 2010apply only to plunging jets, and,
hence, these indices are not applicable to other flow conditions. As a result, they
must be improved to not only determine the erosive hydraulic force of the
plunging jets for which t hey have been developed but also for their application to

other flow modes.
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2.3.4INDICES OF ENERGY DISSIPATION

The dissipation of energy in spillways depends mainly on the flow condition,
which is primarily a function of spillway shape. Therefore, hydraul ic powers
should vary among flow conditions. Several authors h ave thus developed
expressions to calculate the dissipation of energy in relation to the variation of the

total energy gradient — to define the erosive force of water within spillway s.

Van Schalkwyk (Van Schalkwyk et al. 1994) evaluated the energy dissipation for
plunging flows. Annandale (Annandale 1995) attempted to develop an expression
for estimating the energy gradient for calculating energy dissipation in plunging
jets, hydraulic jumps, and knickpoint flows. Similarly, Pells (Pells 2016a)
developed expressions to determine the variation of the hydraulic gradient for

plunging jets and hydraulic jumps.

Van Schalkwyk (Van Schalkwyk et al. 1994)used the ratio between the total
power of flow “Y and the surface on which it is dissipated 0 to estimate the
energy dissipation, followin g Eq.(2-37).

0 —hx EA'(‘YA”Q.T), (2-37)

where 0 is the water flow rate, and "Ois the total head.

Equation (2-37) was then applied to different flow modes ob served at

spillways to estimate the energy dissipation of each. Accordingly, energy
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dissipation for an inclined channel was calculated on the basis of the power loss
over a distance. The energy released owing to variations of the total head
corresponds to the slope of the hydraulic gradient, and t he produced equation is
presented in Eq.(2-38).
0 "HREATFA—AT A Q@Y (2-39)

where 1 is the flow rate per unit length of channel width 1, 0j6 ,and6 isthe
channel width.

Van Schalkwyk (Van Schalkwyk et al. 1994) then reformulated Eq.(2-37) to
calculate energy dissipation for a plunging flow by selecting a coefficient of 3 as
the energy gradient for the plunging j et. Equation (2-39) presents the modified

Eq.(2-37) for calculating the energy dissipation at a plunging flow.

L oQ. (2-39)

Equations (2-38) and (2-39), developed by Van Schalkwyk, are only
applicable to inclined uniform flow and plunging jets; h owever, some
considerations should be noted. For example, the flow within the inclined flow
channels of spillways is not uniform; and using a coefficient of 3 as the energy
gradient for a plunging jet needs to be evaluated further, as the energy gradient of
a plunging jet is highly variable. These equations are therefore not sufficiently

comprehensive to evaluate the erosive force of water within spillways.
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Annandale (Annandale 1995) also proposed equations for calculating the
erosive force of water within spillways. Whe n the density of water, the unit flow
rate, and the energy lossof a flow are accounted for, the resulting equation is

O &0, (2-40)
where YO is the energy loss depending on the type of flow, and 1j is the specific
discharge rate equal to the flow rate divided by channel width. Considering a flow
channel with a length 0 and depth of water ‘Q that is measured perpendicular

to the flow direc tion, the unit discharge rate is calculated using Eq.(2-41).

; 88 ,
n - — —— o8&, (2-41)

From Eq.(2-40), Annandale (Annandale 1995) developed several equations to
estimate the erosive hazard parameter for various flow modes at spillways,

including for lunging jets, hydraulic jumps, and knickpoint flows.

In regard to plunging jets, Figure 2-8 shows the characteristic parameters
considered by Annandale, where energy loss YO is calculated as a function of
specific discharges 1 @& & . From this, Annandale (Annandale 1995) developed
Egs(2-42) and (2-43) to determine the energy dissipation for a plunging jet (Figure

2-8).

<

0 [ &aos

P == (depends onn ), (2-42)
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0 &8 p —— (dependsonn), (2-43)

e

where « is the critical depth of the jet, Y& is the height of the spillway, U is the

average flow velocity, and w is the downstream flow depth.
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Figure 2-8. Schematic representation of aplunging flow according to Annandale (Annandale 1995)

For a fluid flowing as a hydraulic jump, the significant parameters considered
by Annandale for this type of flow are represented in Figure 2-9, and the relevant

equation is presented in Eq(2-44).

b & O — — p Y, p - — . (2-44)
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Figure 2-9. Flow conditi ons of a hydraulic jump (Annandale 1995)

According to Annandale (Annandale 1995), the maximum dissipation of a
knickpoint flow occurs at the point where the angle of the flow channel changes
from a low to a steep angle (Figure 2-10). Equation (2-45) is subsequently used to

estimate the energy dissipation for a knickpoint flow.
0 & ———0 — YL (2-45)
where U is a probability coefficient estimated at 1 (on the pretense that it provides

consistent results), —is the angle approximated by superimposing the theoretical

ogee shape onto the channel bed geometry, and is the slope angle of the channel.
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Figure 2-10. Schematic of a knickpoint flow (Annandale 1995)

The equations used by Annandale (Annandale 1995) to estimate the energy
dissipation for various flow modes lack clarity and detail and have thus been
criticized; for example, Pells (Pells 2016a)points out that the Annandale equation

ignores the hydraulic jump length Yo in the definition of flow dissipation (i.e.,
the expression is " YO rather than the correct form ”Q’]?—). This issue was

modified by Annandale (Annandale 2006b) by using Yo pi and mentioning
that this value provides a conservative estimate in the absence of effective data
Henderson (Henderson 1966) demonstrated that the length of dissipation is a
significant parameter at Yoo @ (&0 is the height of the water downstream of the
flow channel), where the Froude number liesinthe t1® & p aange. Moreover,

for the specific discharge rate between 1 and 50 M stfOw OOEOEEOI z UwEOE

solution overestimates the unit energy dissipation (Pells 2016a) This dissipation
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length is also ignored in the analytical solution of the unit power dissipation of a
knickpoint flow condition and downstream of a jet. Finally, the equation provided
by Annandale (Annandale 1995) for calculating t he energy dissipation of the back
roller (Eq.(2-43) disregards the length of the energy dissipation. These criticisms
therefore discourage the use of the Annandale equations in this context.

Pells (Pells 2016a)developed Eq. (2-46) to calculate the erosive force of water

in the flow channel of the spillways.

"o - =, (2-46)
where 0 is the water pressure, and” is the density of water.

The dissipation of the fluid energy represents the velocity at which the power
is expended, corresponding to the flux gradient. Hence, by multiplying the slope of
the total energy line by ” @0, a simplified form of the energy dissipation equation is
presented in Eq.(2-47).

& — . (2-47)
From Eq.(2-47), Pells (Pells 2016a)developed equations related to the various flow
modes found in spillways. Figure 2-11 illustrates the different parameters that are
considered in plunging flow. From these parameters, the estimation of the energy
loss in plunging flows over distance (between points 1 and 4 of Figure 2-11) is

presented in Eq.(2-48).
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30 a4 o -

, (2-49)

where & is the height of the spillway, « is the height of the water from the surface

of the discharge point, and | is a coefficient depending on & and w |

By combining Eq.(2-48) and Eq.(2-47), Pells (Pells 2016a)proposed an equation

(Eq.(2-49)) to calculate the energy dissipation for a plunging flow.

- — 0 0 - = 8 (2-49)
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Figure 2-11 Schematic of a plunging flow according to Pells (Pells 2016a)

Subsequently, Pells (Pells 20L6a) estmated the energy dissipation for a

hydraulic jump flow, a flow characterized by an abrupt change in the flow regime.
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By knowing the initial velocity and depth, the downstream depth of the flow can

be calculated. Thus, it is possible to calculate the variation in velocity and the
energy loss between two points (from upstream to downstream). The resulting
equation is presented in Eq.(2-50). By combining EQs.(2-50) and (2-47) and
applying a distance about @w between points (for 4.5 <& < 13Henderson 1966)

Eq.(2-51) allows calculating the energy dissipation for a hydrauli ¢ jump.

30 0 — — p W p — (2-50)
L 2 — — b’ p 5, (2-51)
o B o

where w is the height of the water downstream of the flow channel.

In summary, the analytical methods for estimating energy dissipation
presented by Pells (Pells 2016a)appear to be more reliable than other approaches.
Generally, energy dissipation is a widely used index for evaluating the hydraulic
erodibility of a rock mass and is used to represent the erosive force of water in
most modes of hydraulic erosion assessments.These methods are" uw vs. RMEI
(Pells et al.2016b) * up vs. eGSl(Pells et al.2015) and P = f(k) (Moore et al. 1994;
Van Schalkwyk et al. 1994; Annandale 1995; Kirstenet al.2000; Annandale 2006b)
This energy dissipation index is used because of its simplicity rather than its

effectiveness in representing the erosive force. That is, owing to the absence of a
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reliable index and the complexity of estimating the actual erosive f orce of water
within a spillway, energy dissipation is used as a simple indicator of erosive
hydraulic force. According to Pells (Pells 2016a) the use of energy dissipation by
itself is common, although it does not present all the complexities of the erosion
process; an nfinite number of combin ations of spillway geometry and flow modes

can be potentially associated with a given measure of energy dissipation.
Moreover, a direct interpretation of energy dissipation infers that it is not a direct

measurement of erosive capadty but rather represents energy loss linked to the
conservation of heat and not to the work performed. It is thus evident that there

exists the need to develop an improved index for calculating the erosive force of

water to assess the erosion of a fractued rock mass.

2.4 DISCUS SION

The indices reviewed in this paper were developed to represent the erosive
force or hazard parameter of water for the purpose of determining rock erosion in
the spillways of hydroelectric projects. The previous sections exhaustively discuss
the advantages and disadvantages of each method for estimating the erosive force
of water.
The non-representativeness of average velocity 0 is linked to its sensitivity
UOwUI T wx UOBEXI B i Qi AGuD OwlT T wun. B €hortutdd wi a E U
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average dear stress at the surface of the flow channel 1" is designated as being
representative of the hazard parameter of the water within the spillways.
However, shear stress cannot explain all possible erosion mechanisms within the
spillways, e.g., erosion via the dynamic removal of blocks or erosion by the brittle
fracture of large blocks into smaller blocks. This inability to fully explain the
erosion mechanisms and the difficulty of estimating shear stress are among the
limi tations when using this factor to calculate the erosive force of the water.
Energy dissipation as an erosive force does not include all the complexities of the
erosion process and is used to calculate the erosive hazard parameter of water
mainly because itis simple to determine, not because of its representativeness.

In regard to the semi-analytical solutions of Bollaert (Bollaert et Schleiss 2002;
Bollaert 2004; Bollaert et Schleiss 2005; Bollaert 2010)they can be used for
estimating the erosive force of water as they better explain the principles behind
the different mechanisms of hydraulic erosion of rock mass; however, there are
some criticisms of these indices. The first index, developed on the basis of the
stress applied to joints 0 ), includes parameters that are difficult to determine for a
rock mass. Among them, 0 (the total length and shape of the joints) is not
representative, as it was deweloped using a scale model that is not representative of
the fractured zone of a rock mass. In addition, uncertainty is associated with the

determination of the empirical variables, including ¢ h PAT #A. The second
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index, the dynamic impulse of the blocks O , also disregards some important
parameters that influence the accuracy of the model, such as the shear strength
"O along the block sides. Another essential parameter for estimating the lifting
force of a block (see Figure 2-1) is the opening of the joints, a parameter directly
influencing the pressure below the blocks, the latter an important parameter
neglected by the lifting force of the blocks. Generally, the most important
parameter for estimating the Bollaert indi ces is the maximum dynamic pressures
or the peak pressures applied within joints. However, Pells (Pells 2016a)mentions
that the pressure fluctuation follows a Gaussian distribution; thus, no pressure
peak is observed in the joints. Thus, these indices are only applicableto plunging

flows, and modifying the existing indices becomes essential.

Our review found that the main shared factor related to the indices us ed to
represent the erosive force is the pressure applied to the discontinuities of the rock
mass. Among all the mechanisms controlling hydraulic erosion, erosion by
dynamic block removal appears to be the most common erosion mechanism of
fractured rock masses, as evidenced by several cases of erosion observed at the
flow channels of spillways around the world. Thesecases of erosion by removal of
the blocks mainly concern the spillways with inclined flow channels. Figure 2-12
shows in detail the mechanism of erosion by removal of the blocks in the inclined

flow channels of the spillways. This remark therefore emphasizes that different
69



flow modes within sp illways share similar dynamics of erosion; hence, the
dynamic expulsion index of the blocks seems more suitable than the other indices
to represent the erosive force of water. Nonetheless, the dynamic expulsion index
must be improved, as it neglects important parameters, including shear strength

and joint opening. Moreover, this index is only applicable to plunging flows.

- Jacking

>
- >
- |

Rock 69\
mass

Figure 2-12 The block removal erosion mechanism for flow parallel to the bottom of the flow
channel (modified from Annandale (Annandale 1995))

The dynamic expulsion index should be modified to determine the erosive
force of water for the various flow modes occurring in spillways. This includes
flows on inclined channels, hydraulic jumps, and knickpoints. The mechanism of
rock mass erosion in relation to these flow modes is defined using parameters such
as the pressure above and under the block, the submerged weight of the block, the
opening of the joints, the arrangement of the joints with respect to the direction of
flow, and the shear forces along the sides of the block. In this regard, the critical
unanswered questions include determining the uplift pressure in the joint as a

function of the parameters of the joint and identifying the influence of or the
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interaction between the pressure and joint geomechanical parameters, including
the joint profile, opening, and roughness of the joint surface. Other relevant
parameters are the efect of the submerged weight of the blocks and the surface
profile of the open channels on this erosive hydraulic force (the pressure). Future
studies should include the characterization of the dynamic pressure variation

applied to the discontinuities of th e rock mass toreduce these uncertainties.

2.5 CONCLUSION AND FUTURE RESEARCH DIRECTIONS

This paper identifies the most important parameters affecting hydraulic
power, such as the instantaneous dynamic pressure for the hydraulic erosion of the
rock mass. We also highlight the various geomechanical parameters that can
influence this pressure, depending on the various known erosion mechanisms of
the rock mass of the spillways. It appears that no index is effective for the moment
to represent the erosive force of the water. However some of them can be
improved.

Existing and ongoing studies include simulations at the laboratory scale via
the use of a physical model of an inclined channel spillway. These models must
represent the fractured rock mass as redistically as possible. Instrumentation is
also essential to study the pressure changes as a function of the variation in the

parameters of the rock mass.This additional information will permit assessing:
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- Pressure variation in relation to block shape and size,

- Pressure variation in relation to joint opening,

- Pressure variation in relation to the arrangement of the joints relative to the
flowing direction of the water,

- Pressure variation in relation to different flow channel profiles,

Relative displacement of the blocks as a function of the shear force along the
joints affected by pressure.

This experimental setup would help improve our understanding of rock mass
erosion and, hence, define the representative indices of hydraulic power and the
resistance of the rock mass. This eperimental setup would favor developing a
reliable method to evaluate hydraulic erosion of fractured rock masses in

spillways.
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CHAPITRE 3
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Abstract. In the flow channels of unlined spillways, the degree of ercsion is
determined by the resistance of the rock mass to the intensity of the erosive force
of flow water. The methods commonly used to analyze this phenomenon are
based on correlating a rock massresistance parameter or index with the water
erosive force; theseresults serve to predict the degree of damage. Multiple indices
have been proposed for both factors to assess rock mass erosion. The selection of
an appropriate ind ex is critical when evaluating rock mass erosion. The erosive
force of water is often represented by energy dissipation; however, other
parameters, including average flow velocity and shear stress along the bed of the
flow channel, are also valid. Here we develop a method to determine the
applicability of the various indices used to represent the erosive force of water

based on the observed erosion at more than 100 study sites. Our results suggest
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that the shear stress along the bed of a channel is the most representative
parameter of the erosive force of water. We also demonstrate that the dissipation
of energy, the index most commonly used to represent the erosive force is least
representative.

Keywords: Rock mass, Hydraulic erosion, Energy dissipation, Shear stress,

Kirsten inde x, Erosion class, Erosive force.

3.1INTRODUCTION

Spillways are control structures integrated into a dam to evacuate excess
water during periods of flooding. Spillway structures have a dissipation zone
generally excavated into a rock mass and take theform of a flow channel or a
plunge pool. When designing these structures, the rock mass resistance to the
erosive force of water is generally assessed. However, marked erosion is
commonly observed in a large number of settings, even where the rock mass had
been qualified a priori as resistant. The commonly used methods to assess the
hydraulic erodibility of a rock mass are based on correlating the erosive force of
the water with the resistance of the rock mass. The results obtained from these
methods are plotted on graphs in the form of a chart relating three parameters:

the intensity of the erosive force of the water, the resistance of the rock mass, and
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the rock mass erosion (or damage) classes. These methods are generally

empirical, as summarized in Table 31.

Table 3-1. Empirical methods for evaluating the hydraulic erosion process

Method Correlation parameters Erosion
Erosive Resistance of the
Author Type class
force rock mass
(Moore et al. e?;seioﬂaviﬁg
1994) (Dup >Khn)
o No erosion
(Van m S _
Q
Schalkwyk et S = M?&Z?;te
al. 1994) = IS5 Kirstenz U wBDRNE | Larae
A dal = g :
(1932?“ ae < a One class of
(Kirsten et al = "i erosion when
) e <) >K
2000) 5 E;-) (Dup >Kn)
L Geological strength Negligible
(Pells et al, index for erodibility Minor
2016b) (eGS) Moderate
Erodibility index of the Large
rock mass RMEIs) Extensive

In these methods, the resistance of the rock mass is evaluated through
various indices, including the Kirsten Index ( Kn), the Geological Strength Index
for Erodibility ( eGS), and the Rock Mass Erodibility Index ( RMEIlg). These indices
use different geomechanical parameters related to the rock mass and the intact
rock, such as the confined compressive strength of the intact rock Ms), the size
(Ks) or the volume (Vu) of the rock blocks, the shear strength of the rock joints (Kad),
and the relative structure of the blocks (either Jor Ed9, which considers the effect

of the shape and orientation of the blocks with respect to the flow direction of
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water in the canal. The values of Kn, eGS| and RMEle are determined using
Equations (3-1), (3-2) and (3-3), respectively.
v oi 0 v ud, (3-1)

QOY00® © (3.2

2- %E} 2R oMBPR.EEMAB 208 oM OjoBafIOj0B&E (3-3)

In Equation (3-2), GSlis a rock mass classification index devdoped by Hoek
et al. (1995); it is also used by Pells as the basis for theGSlerodibility index .
Equation (3-3) defines the resistance of the rock mass by weighting the various
geomechanical parameters using factas of relative importance (RF) and
likelihood ( LF). The prefixes P1to P5in Equation (3-3) represent various sets of
geomechanical parameters, including the viable mechanisms at the kinematic
separation of the blocks, the nature of the potentially eroded surface, the nature of
the joints contained in the rock mass, the spacing between the joints, and the

shape of the blocks(Pells 2016a)

For representing the index of the water erosive force, energy dissipation
() is used in the erosion evaluation methods; it is controlled by various
parameters related to the flow conditions. In the case of unlined spillways, is

determined using Equation (3-4).

"8 —, (3-4)
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where " is the density of water (kg.m-3), Cis the gravity acceleration (m.s?), 1j is

the flow rate per unit length of channel width B 0j6 ,& isthe channel width

(m), O is the water flow rate (m3.s?), and — is the energy loss during flow.

From these two indices (i.e., the erosive force of water and the resistance of
the rock mass) and the observed damage classes in dam spillways, graphical
representations of predicted future d amage in spillways can be developed (Figure
3-1). These graphs, developed by various authors, have the erosion class or
damage class determined by the scour depth or the amount of eroded material,
which is a function of the intensity of the erosive force of the water and the
resistance of the rock mass. Generally, a greater erosive force and lower rock
mass resistance increase the degree of damage to the rock mass. An extensive
damage class corresponds to an erosiveforce that is markedly gr eater than the
resistance of the rock mass, whereas a negligible damage class suggests the two
forces are equal. In addition, rock masses of the same class share similar
characteristics and should be eroded at a nearequal intensity when affected by
the same erosive force. However, the graphs of Figure 3-1, show that most cases
of erosion present a non-proportional relationship between the resistance of the
rock mass and the erosive force ofthe water in all erosion classes.In Figure 3-1.b,

i OUwl REOXx Ol Owbl wOOUT wlUT ECwUT T wEEUI UwOi wi U
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when using the method of Van Schalkwyk et al.(1994).This type of inconsistency
is common, in which the erosion class determined by field observations differs
from that determined using the methods of Annandale (1995), Van Schalkwyk et

al. (1994b), and Rells et al. (2016) Similarly, some cases deemednon-erosional in

the field are qualified as erosional using the Annandale method (Figure 3-1.a).
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Figure 3-1. Methods for evaluatin g the hydraulic erodibility of rock mas sin the flow channels of
spillways , presenting the methods developed by (a) Annandale (1995), (b) Van Schalkwyket al.
(1994b), and €, d) Pells et al.(20186.

The causes of these inconsistencies could stem from eithr the rock mass
resistance index (and the rock mass parameters) or the erosive force parameters
which are considered as a hazard parameter. Boumaizaet al(2019)evaluated the
representativeness of the various geomechanical parameters used in the
resistance indices of the rock mass. They concluded that the various indices rely
on some geomechanical parameters that are not relevant to hydraulic erosion for
defining the resistance of rock mass. However, other sources of inconsistency

could stem from assessments of the water erosive force; this latter source is the

focus of this paper.

Apart from the use of energy dissipation in many of the known methods for
assessing hydraulic erosion, a number of other parameters or indices are
designated to represent the egosive force of water. These indices include the
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average velocity of flow (6 in m.s?) and the shear stress applied on the bed of a
flow channel ([ in kPa). For non-uniform flows, Equations (3-5) and (3-6)

provide a first approximation of these indices(Pells 2016a)

T "88Y 8YAT-O (3-5)

6 —Y iyl NxEAGA — vy I —, .
where ¢ is the resistance coefficient of Manning, 'Y is the hydraulic radius (m),
"Yis the slope of the channel equal to'Q §'Q wis a distance along the channel(m),
a is an elevation above a datum (m), Cis the gravity acceleration (m.s?), —is the
angle of inclination of the channel (°), "Qis the flow resistance coefficient of Darcy
(1845),0 is the resistance coefficient of Chezy (1769), and is the total energy
gradient.

However, many criticisms of the true representativeness of these indices
have discouraged their use in hydraulic erosion assessment methods. The varying
estimates of these indices depend on the configuration of the flow channel (Figure
3-2); thus, these estimates areaffected by the problem of non-uniqueness in their
representation of flow conditions. In Figure 3-2.a and b, the flow velocity is 7
m-s\, although the hydraulic conditions (flow rate and turbulence) in  Figure 3-2.a

are five times greater than the flow conditions observed in Figure 3-2.b. Likewise,

it is also apparent from Figure 3-2 that a single measure of the average shear
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stress or energy dissipation is not associated with asingle particular condition of
flow rate and hydraulic head (erosive force of the water). F or example, the erosive
force according to Figure 3-2.c and d may not be equivalent, even when the

energy dissipation is constant (Pells 2016a)

A b c d
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Figure 3-2. Examples of estimateswhen applying the different indices used to represent the erosive
force of water (Pells 2016a)

For a first interpretation, these three indices (6ATPAT A can be used to
represent the erosive force of water in the process of hydraulic erosion; the
average flow velocity relate s directly to the pressure stagnation points that form
in joints and around protrusions. This velocity st agnation induces the creation of
differential pressures in the joints of the rock mass, a key process oferosion (Pells
2016a) The index of the average shear stress of the flow channebed is a physical
measurement of the normal stress applied to the bed, also representirg a
component of the hydraulic erosion process. Energy dissipation, on the other
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hand, is also qualified as being representative of the erosive force of water
because it is correlated with the turbulence intensity of a flow (Annandale 1995;
Kirsten et al.2000) The laboratory studies of Annandale (1995) and Pells(2016)
showed a correlation between energy dissipation and the magnitude of pressure
fluctuations in a flow f ield, and this correlation also applies to shear stress and
mean flow velocity. Despite these shared points between these indices and the
hydraulic power of a flow, an important question remains unresolved: Among
these three indices, which index interprets or best represents the erosive force of

water as observed in known cases of erosion?

The non-representativeness of average velocity 0 is linked to its

sensitivity inrelation UOwUT T wx U O BA&WA G NAWGD OwUT 1T wi DI C
erosion. That is, the average shear stress at the bottom surface of the flow channel

T is designated as being representative of thehazard parameter of the water at
the spillways. Van Schalkwyk et al.(1994)and Pells et al.(2016)demonstrated that
the amount of observed erosion is favorably correlated with shear stress. Most

researchers believe that erosion caused by the flow of wate in the channel stems
from the shear stress exerted by the water on the bottom surface of the flow

channel. However, Annandale (2006) noted that this notion is only valid for

laminar flow; for turbulent flow, the erosion capacity of water depends on the

pressure fluctuations exerted by the flowing water rather t han shear stress.
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Moreover, the effects of shear stress do not explain all probable mechanisms of
erosion, including erosion by the dynamic expulsion of blocks recessed in a rock
mass or the erosion by fragile fracturing of the rock mass into smaller piece s
because of turbulent flow. In addition, the average shear stress in the flow
channel is hard to estimate, which can cause considerable uncertainty in estimates
of the hydraulic head for dif ferent flow conditions within spillways (e.g.,
hydraulic jumps). These reasons have led to a norpreference of the average shear
stress of the bottom of a channel for representing the erosive force of water. The
energy dissipation index is the most common means of evaluating hydraulic
erosion to represent the erosive farce. This index, however, is not always reliable
because it does not integrate all the complexities of the erosion processit is used
to calculate the water erosion risk parameter because it is sinple to determine,
not because of its representativeness. This led Pells (2016) to state that the

recommendation for using * up is pragmatic and concessional, but not optimal.

At this stage, there is no scientific basis in the literature for choosing the beg
parameters to represent the erosive force of water. The present justifications for
rejecting some parameters such as velocity and shear strength are qualitative.
Hence, there is a need to verify the applicability of these different indices used to
assesshydraulic erodibility on the basis of actual observed erosion data. In this

context, we present a methodology to assess the applicability of the various indices
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used in hydr aulic erodibility assessments. This paper first describes the algorithm
of the method. We then present and discuss the results obtained from its

application.

3.2 DESCRIPTION OF THE METHODOLOGY

The methodology developed to determine the relevance of the various
indices for evaluating rock mass erosion is presented in Figure 3-3. Each step of

this methodology is described in the following subsections .
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Figure 3-3. Methodology for determining the relevance of the ind ex for the erosive force of water
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3.2.1DATA SETDEVELOPMENT

To evaluate the pertinence and applicability of each method, we used
observational data from several dam spillways that have experienced erosion.
This data set of erosion cases combines field data cdécted from more than 100
study cases compiled by Pells et al. (2016). We used this data set because it
involves case studies carried out on unlined flow channels of spillways of
selected dams in Australia and South Africa and contains many relevant
parameters useful for this study, including the degr ee of erosion, various indices
representing the intensity of the erosive force of the water (Umean z» and ), and
parameters that can be used to determine the resistance of the rock mass via
resistance indices that include Kn, eGS] and RMEle. The rock mass resistance
indices are determined according to the guidelines for each index using the
geomechanical rock mass taracteristics. We determined the erosive force of the
water analytically and by using software, including HEC -RAS (Pells 2016a)
3.2.2SELECTION OF A PARAMETER OF THE EROSIVE FORCE OF WATER
(©o -+EM|H= - -? T

To assess the representativeness of the indices used to evaluate the erosive
force of water, we applied our method to one intensity index at a time; this index
must be then coupled with the resistance indices of the rock mass also one at a

time. As the fir st step, an intensity or erosive force parameter is selected among
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6 A H O ; each one of these three parameters is analyzed individually,
sequentially .
3.2.3SELECTION OF ROCK MASS INDEX (Kn, eGSland RMElIs)

This step of characterizing of the rock mass consists of selecting a rock mass
strength index among Kn, eGS] and RMEIs to be able to apply the subsequent
steps. First, the various geomechantcal parameter elements defined by these
indices to characterize hydraulic erosion must be determined. Then, according to
these hydraulic erosion evaluation methods, the resistance indices break down
rock masses into classes on the basis of their resistanceTable 3-2 and Table 33
present the rock mass classes defined by Kirsten and by Pells, respectively

Table 3-2. Class of rock mass in terms of eae of excavation(Kirsten 1982a)

Rock mass class Kn) in terms of ease of excavation
1,2et3 Sedimentary rock 0t0.9
4 Easy 1¢9.9
5 Difficult 10t99.9
6 Rock Very difficult 100t 999
7 Extremely 100G 9999
difficult
8 Explosive >10 000

Table 3-3. Class of rock mass according to Pells (2016&GS| derived from the GSI
of Hoek (Hoek et al.1998)

Rock massclass €GSI)
1 Very poor <20
2 Poor 21440
3 Moderate 41460
4 Good 61+ 80
5 Very good 814100
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Table 3-4 presents a categorization of the rock mass according to theRMEIs
index used for application purposes. This classification was inspired by that of
Pells et al.2016 fFigure 3-1.d).

Table 3-4. Class of rock mass according to PellsRMEIls index

Rock mass class (RMElI s)

1 Very poor <499

2 Poor 500t 999
3 Moderate 100G 1499
4 Moderately good 150G 1999
5 Good 200G 249
6 Very good 2500 3000
7 Extremely good >3000

The rock mass classes defined by these indices(Table 32, 3-3 and 3-4)
generally make it possible to group rock masses of the same resistance; i.e.,
classified rock masses characterized by the same geomechanical parameters
3.2.4 CLASSIFICATION OF THE DATA SET ACCORDING TO SELECTED
ROCK MASS INDEX

Once the parameters allowing the evaluation of hydraulic erosion are
determined, for example 6 0 iU or T U QO M@ next step consists of classifying
the data set by rock mass class defined bythe value of the resistance index. After
classifying the data set, the methodology continues by considering the rock mass

classes indvidually .
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3.2.50RGANIZATION OF THE DAT A ACCORDING TO DAMAGE CLASSES
FOR THE SELECTED ROCK MASS CLASS

The application of the remaining steps of the methodology by rock mass class
requires the use of a third parameter characteristic of hydraulic erosion process,
either the degree of damage or the erosion classes of the rock mass. Different
classifications are used in the literature for the degree of erosion; erosion is
gualified into classes according to the depth of erosion or the volume of eroded
rockby 100m8d w EEQUEDOT wOOw O\oradd&iee1995)zthe préseridd O E w
of erosion is defined once 2 m of the rock mass is eroded. However, the erosion

classes presented by Van Schalkwyk and Pells are more detailed(Van Schalkwyk

et al.1994; Pellset al.2016b) as summarized in Table 3-5and Table 3-6.

Table 3-5. Erosion classesas defined by Van Schalkwyk et al.(1994)

Depth of erosion (m) Erosion class
<0.2 No erosion

0.2t0 0.5 Minor erosion

0.5t02 Moderate erosion

>2 Large erosion

Table 3-6. Erosion classesas defined by Pells et al.2016

Max depth General extent Class Descriptor
(m) m? per 100 n?
<0.3 <10 I Negligible
0.3to1l 10 to 30 I Minor
1to2 30 to 100 [l Moderate
2to7 100 to 350 v Large
>7 > 350 \% Extensive
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This step consists of treating each resistance class of the rock mass, as defined
by the rock mass index, independently. These rock mass classes are in turn sorted
according to the degree of damage, ranging from negligible€ to extensived &or
example, in the previous step with eGSlas a characteristic index of the rock mass,
the second class obtained lies within 21 < eGSI < 40, corresponding to a pooré¢
quality rock mass (Table 33). This class is then sorted according to erosion or
damage class. When applying this method to the present case, however, the
damage classes used to classify each rock mass classes are thoseRells et al. 2016
(Table 3-6).

3.2.6 CALCULATION OF THE MEAN VALUE OF THE ROCK MASS INDEX
AND INTENSITY PARAMETER FOR EACH DAMAGE CLASS

With the class of rock mass categorized into erosion classes and containing
several case studies having different intensities of erosive force, the average value
of the erosion force is calculated per erosion class as is the average value of the
resistance index d the rock mass; Equation (3-7) presents the method for
determining the mean v alue of each index. Table 3-7 presents a summary of steps 5

to 7 of the methodology, using Class 2 of the eGSlindex as an example

e~ 3 B 8888
O¢ j ,

(3-7)
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where O¢ is the mean value of the index (erosive force or resistanceof
the rock mass) of the erosion class (ECper rock mass class (RMC), "Ods the index
for each erosion case by erosion class (EG)and 0 is the total amount of erosion
cases per erosion classgeeTable 3-7).

Table 3-7. Summary of steps 5 to 7 of the methodology applied to the parameters
umeanand eGSlparameters, considering only Class 2 of theeGSlindex.

Rock mass index class Peak Unean Chart

eGSI (mis) ID* Erosion Level | Q0" 6

Class 2
21<eGSI<40

25 5.2 Gar.1l Negligible

25 6.8 Gar.4 Negligible
*'Chart ID' represents the name of the dam (Pells 2016a)

Table 37 is then prepared for the rock mass classes defined by the index
chosen at the ouset. Table 3-8 presents a complete summary of the application of
the methodology from steps 1 to 7, using umeanand eGSlas the pair of indices to

assess erosion
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Table 3-8. Summary of steps 1 to 7 of the methodology applied to the paired
parameters umeasnand eGSI

Rock mass class _ Erosior_l class defined (Pells et al.2016b) .
according to eGS| Negligible | Minor -I Large | Extensive
Umean| €GSI| Umean| €GSI| Umean| €GSI| Umean| €GSI| Umean| €GSI
1| Very poor| <20 | ¢ t t t 9 9 |10 | 10 | 20 | 11
2 Poor 21440 | 6 | 25 |11 | 27 | 11 | 31 | 16 | 34 | 17 | 27
3| Moderate | 41460 | 4 | 46 | 6 | 51 | 11 | 50 | 10 | 55 | ¢ ¢
9

Good 614 80 70 | 12| 70 | 15| 69 | 22 | 72 | ¢ {
Very

141 { { { { { { { { { {
Good 81100

NB : (+) absence of erosion data for these classes of rock mass.

The representativeness of the water erosive force index can be evaluated after
all rock mass resistance indices are considered, and the results can be compared
(i.e., repeat step 3, choosing another resistance indexe.g., RMEls rather than the
eGSJ and visualize the behavior of the erosive force index of water in relation to
the various resistance indices of the rock mass)

3.2.7 GRAPHICAL REPRESENTATION OF THE EROSIVE FORCE OF WATER
VS. RESISTANCE INDICES OF THE ROCK MAS S

The data obtained in tabular form (e.g., Table 3-8) are then represented
graphically. The graphs constructed for each pair of hydraulic erosion evaluation
parameters, e.9.,000 h 6 O QOMD AO & 0 O Care characterized by curves
representing the erosion classes defined inTable 3-6. These various graphs allow
evaluating and comparing the pertinence of each erosive force index or intensity,

for each rock mass
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3.3RESULTS AND DISCUSSION

The above-described methodology aims to assess the relevance of the erosive
force of water indices for different resistance indices of the rock mass. The aim is to
determine the erosive force index best correlated with the degree of damage
observed in the field. We consider that this correlation is more reliable when a
logical sequence is respected between the intensity of the erosive force and the
resistance of the rock mass for each damage class. That is, when applying this
methodology, we expect that the regression curves passing through the erosion
case studies data will differ in slope, and this slope increases with greater erosion.
On the vertical axis, we would exp ect erosion cases to be ordered from negligible
to extensive, as defined by the expected logical sequence in the following sections.
We present the results in nine graphs obtained by comparing each of the three
selected indices of erosive force with each d the three considered indices of rock
mass resistance, three graphs being grouped within the same figure for each index
of the intensity of erosive force. These results are represented, interpreted, and
discussed in the following subsections.
3.3.1umean AS A FUNCTION OF ROCK MASS RESISTANCE IND EX
With the average flow velocity ( umea) representing the erosive force, the observed

erosion damage at more than 100 considered sites is plotted against the three
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different resistance indices of the rock mass (Kn, eGSland RMEIls), one index at a

time and grouped by class (Figure 3-4).
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Figure 3-4. Observed erosion damage plotted using umeanas the intensity of the erosive force of
water vs. the various resistance indices of the rock mass K, eGS| and RMElI&s)
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The points within the yellow ellipses in Figure 3-4 respect a logical sequence
of erosion classes for the relationship between the resistance 6the rock mass and
the erosive force of the water. Rock masses of the same class should share simita
characteristics and should experience similar erosion levels for a given erosive
force intensity. As the erosive force of water increases for a given rok mass

s oA N A~ AN ~ PN T
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logical sequence (negligible to extensive erosion moving upward along the

vertical axis). However, the points within the red ellipses present abnormal

sequences. Here,two rock masses of similar resistance show, in one case,

negligible erosion while experiencing a hig h erosive force and, in the second case,

minor erosion while experiencing a minor erosive force.

The regression curves on these graphs allow further differentiation of the
erosion classes. The regression curves irFigure 3-4.a illustrate that the erosion
classes do not always present an expected logical sequence; the negligible,
moderate, and large erosional classes éllow the expected sequence, whereas the
minor and extensive erosion classes do not. A more logical pattern among erosion
classes is olserved in Figure 3-4.b; ; however, the R2 values of the corresponding
regression curves are generally lower, suggesting a higher variability in the mean

flow velocity used to represent the erosive force of water. The erosion case studies

do not present any logical sequence in terms of erosion class Figure 3-4.c); thus,
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RMEIle does not adequately characterize the resistance of the rock mass. With the
exception of the minor € erosion class,the regression curvesFigure 3-4.c (RMEls)
are organized in a logical sequence; however, theR? of these regression lines is
generally lower than observed with the other indices. Therefore, the
representativeness of these regression curves igjuestionable.
3.3.23,AS A FUNCTION OF ROCK MASS RESISTANCE IND EX

Using the shear stress of the bed of a channel 4v) representing the erosive
force, we can plot the considered erosion damage classes against three different
resistance indices of therock mass (Kn, eGSI, and RME), one index at a time and

grouped by rock mass class(Figure 3-5).
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T, Vs resistance of rock mass (b)
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Figure 3-5. Observed erosion damage plotted using 3» as the intensity of the erosive force of water
vs. the various resistance indices of the rock mass Kn, eGSland RMElI s)

Figure 3-5.ais very similar to that of Figure 3-4.a. The difference is found at
the level of the regression curves, as theR? of these lines becomes acceptable for
most erosion classes (as the value oR? gets closer to 1, the more acceptable it is).
However, a clear improvement is observed in Figure 3-5.b representing v vs.
eGSI In most cases, the distribution of erosion classes follows an expected logical
sequence between the erosive force and the resistance of the rock. The obtained
regression curves also follow a logical sequence, and theR2 of these regression

curves is genegally more representative than the previous abovementioned
99



values. Hence, shear stress is a better representative indexFigure 3-5.c presents
some marked improvements and similar results as to those in Figure 3-4.c. The
distribution of some erosion cases follows the expected logical sequence, and the
R? of the regression curves is much more acceptable; however, the arrangement of
these curves is less clear. Compamg Figure 3-4.c and Figure 3-5.c, we note that z»
best represents the erosive force of the water in assessments of hydraulic erosion
3.3.3 Ruo AS A FUNCTION OF ROCK MASS RE SISTANCE | NDEX

With the dissipation of energy () to represent the erosive force, we can
plot the considered erosion damage classes against the three different resistance
indices of the rock mass Kn, eGSl, and RMH), one index at a time and then

grouped by class (Figure 3-6).
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Figure 3-6. Observed erosion damage plotted using as the intensity of the erosive force of

water vs. the various resistance indices of therock mass Kn, eGSland RMEls)

Figure 3-6, with as the erosive force of water, shows a less clear pattern
than the patterns observed in Figure 3-4 and 3-5. In Figure 3-6, the distribution of
most erosion cases contains abnormal sequences, and the regression curves of
these erosion cases are not ordered logicalf. With the exception of Figure 3-6.b
( vs eGS), few erosion casesshow the expected logical sequence (points
within yellow ellipses). In the same figure, a notable grouped logical sequence
lies between the regression curves of the erosion classes. A logical sequence is

found between the negligible and moderate erosion classes; the minor and large
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erosion classes also present a logical squence. However, when combined, these
two groups are not ordered logically. Hence, using energy dissipation to
represent the erosive force of water is questionable. With RMEIls as an index to
characterize the resistance of the rock mass and to represent the erosive of
the water (Figure 3-6.c), neither the erosion cases nor the corresponding
regression curves are organized logically with respect to erosion class

To summarize, we can first conclude that our approach makes it possible to
visualize the relevance of the different indices used to represent the erosive force
of water. Among these indices, energy dissipation is that which pre sents the least
representative results, whereas it is the most commonly used in practice. The
most representative index producing relevant results is the shear stress of the bed
of a channel; an expected logical sequence is observed for most erosion cases
according to erosion class (erosion casesre ordered from negligible to extensive).
Results obtained using the mean flow velocity as an erosive force are less
representative than using shear stress and a maximum variability is observed in
the distributio n of the observed erosion cases

wUOOwWUT T wxU
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relevance of the indices in regard to the erosive force of the water (Figure 3-4) also

demonstrates that the average flow velocity is characterized by maximum
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variability; thus, the average shear stress atthe bottom of the flow channel 1 is
the most representative index. However, shear stress does not explain all possible
erosion mechanisms within spillways (Koulibaly et al.2021) e.g., erosion by the
dynamic removal of blocks or erosion by the brittle fracture of large blocks into
smaller blocks. Theselimitations in explaining the erosion mechanisms coupled
with these parameters being difficult to estimate explain the non -use of this index
in the field. In contrast, energy dissipation as an erosive force is the most
commonly used index because of its smplicity in calculation, not because of its
representativeness. The latter index is qualified as incomplete, as it does not
include all the complexities of the erosion process. Our analyses illustrate that use
of energy dissipation as an index of erosive force is not optimal because a strong
correlation is not observed between this index and the erosion classes according
to rock mass resistance

Another important point deduced from our method is the
representativeness of the resistane indices of the rock mass. The graphs inFigure
3-5 present an expected logical sequence of the distribution of erosion cases only
when eGSlis used asthe resistance index of the rock mass(Figure 3-5.b). And
among these three rock mass resistance indices,RMEls is the index which
presents the least conclusive results. HenceeGSlbest defines the resistance of a

rock massrelative to other indices of rock mass resistance
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3.4 CONCLUSION

Here, we developed a methodology to assess the relevance of indices used to
represent the erosive force of water; our approach is based on observed cases of
erosion in spillways and the corresponding rock mass resistance. It appears that
the shear stress at the lase of the fow channel and the mean flow velocity are
better at representing the erosive force of water than the dissipation of energy,
with shear stress showing better results than flow velocity. The relevance of shear
stress and mean flow velocity can be explained by the direct relationship of these
two indices with the pressure exerted on the bottom of the flow channel. However,
these indices poorly assess the lifting force of a block because the main force
causing erosion by removal of the blocks is the pressure gplied to the joints
around the blocks. Nevertheless, the equations for determining the shear stress at
the base of a flow channel must be improved to be applied to the various known
erosion modes.
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HIGHLIGHTS

1 A new vector method for calculat ing block volume has been developed for a
rock mass consisting of 3 persistent joint sets.

91 Previously developed models produce noticeable inconsistencies in
calculating block volume.

1 The spacings and orientations of the joint sets are the main influential

parameters in calculating the volume of the block.
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1 The inconsistencies of previous methods in calculating block volume has

been calculated for a series of field data.

ABSTRACT

The size of rock block is an important parameter not only for stability
calculations of underground excavations and slopes in a rock mass, but also in
determining the risk of erosion in dam spillways. A new method based on vector
operations is developed and compared with existin g models for calculation of the
volume of the block form ed by cross-cutting of joint sets. The rock mass is assumed
to include three persistent joint sets with various values of spacing and orientation.
The volume of the resulting rock blocks is calculated through the multiplication of
output of the numerical simulations using 3DEC version 7.0 software. A real
database of field data for block volume is compared with the resul ts of the
proposed model and previously developed method s and the degree of accuracy

for each method is determined.

KEYWORDS

Block volume, Rock mass, Analytical method, Vector multiplication
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4.1 INTRODUCTION

Hydraulic erosion of the discharge channels in unlined spillways is one of the
present-day concerns of hydropower industries. This phenomenon occurs when
the hydraulic power of the water in a spillway is greater than the strength of the
rock mass, and the rock mass erodes by the dynamic displacement & rock blocks.
The erodibility of the rock mass directly depends on its mechanical properties,
most of which are defined by the discontinuity system of the rock mass
(Palmstrom 2001a) The most important geomechanical parameters affecting the
rock mass strength are the uniaxial compressive strength (UCS), the inter-block
shear strength (3/%), block size (Vv), the opening of the joints (&), and the
arrangement of the joints in relation to the flow direction ( kand Edo9. In this regard,
the block size plays an important role in the stability of underground and surface
structures (Palmstrém 2001a; Palmstrom 2005; Boumaizeet al. 2019a) particularly
for erosion, the block size is the main parameter that influence directly the relative
displacement of the rock blocks under the effect of the erosion force of the water.
Several methods for calculating the block volume have been proposed (Barton & al.
1974; Palmstrom 1982; Palmstrom 1996; Palmstrom 2001a; Caet al. 2004b;
Palmstrom 2005; Elci et Turk 2014) and various equations have been developed
(Table 41). Nevertheless, calculated block volumes mostly deviate from actual

field values. For example, based on data from discontinuity survey from 11
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limestone quarries in Karaburn Peninsula (Izmir i n Turkey), Elci and Turk (Elci et

Turk 2014) calculated the block volume (Vv) using the average spacing of the

discontinuities ( ), their real spacing (S), and the number of volumetric joints ( J).

The calculated Vv values showed significant differences with real values of the

block volume.

Table 4-1: Methods for calculation of the block volume of a fractured rock mass

. T f
Reference Equation Parameters ypes o Method
measurement
(Barton et N RQD: Rgck Quality 1D measgrement
al. 1974) Yo Q@ Designator on the drill core B
' J: number of joint sets direction
. - 3D indirect
(Palmstrom T 0 Ji: joint set number measurement on a c
198 i "Me | Qe i Qe : block shape factor
2 Lpe 1 e 1 pe 0 P rock surface
pamsron | Y Y Y| e e e enetona |
1996 OET ORI OEIl .
joint sets rock surface
(Palmstréom . S average spacing of all 3D direct
Y - measurement on a E
1996 joint sets (m)
rock surface
. R wJd: weighted joint 1D or 2D indirect
(Palmstrom T 00Q density measurement on a E
1999 i Qe I Qe I Qe ¢: block shape factor rock su_rface oron
drill core
S: average spacing of set i .
(Caietal. Y Y v wbowEOI O wEI me:slirilrfg;ton G
2004a) OBITOETOET 00D joint sets
. - . rock surface
Pi: Persistence of joint set i
3D direct
(Latham et 5 i S average spacing of all | measurement on a H
al. 2006) ¢ 1< joint sets (m) rock surface or 1D
in drill cores.
(Palmstrom 0 If assumed J=2/S
1982 5ET OET OFT S avgrgge spacing of all 3D indirect |
(Latham et "Yi ¢ joint sets (m) measurement on a
al. 2006) rock surface

Rock mass classification systems, such as €ystem (Barton et al. 1974) and

excavation index (Kirsten 1982b), include the ratio of RQD/J, which represents the
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block size. However, the limitation of this quotient in estimating block size has

been frequently criticized by Bieniawiski (Bieniawski 1973), Edelbro (Edelbro
2003) Grenon and Hadjigeorgiou (Grenon et Hadjigeorgiou 2003), Palmstrém
(Palmstrom 2005), and Pells (Pells et al. 2017) Hence, this quotient is not
considered in this article. Palmstrom (Palmstrom 2005 mentioned that the 3D
determination of block volume helps characterize the geomechanical behavior of a
fractured rock mass. On this basis, he proposed a series of equations to estimad
the volume of the block (V) and in this regard, Eq. 4-1 is developed as the first
equation, as follows:

© Y, (4-1)
where S is the average spacing of all joint sets and could be determined byEqg. 4-2,

as follows:

v B (4-2)

where S is the spacing of joint seti, and n is the number of joint sets. This equation
is only applicable when the average spacing of at least three or more joint sets is
known. If the rock mass includes three persistent joint sets and the angle between
each par of sets is known, then the Eq. 4-3, which was developed by Palmstrom

(Palmstrém 1996), can be used to calculate the block volune:

@ ’ (4-3)
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where @, t@ and ware the angles between each pair of joint sets. If all joint sets are
perpendicular to one another, Eq. 4-3is simplified to EQq. 4-4, as follows:
® Y YTy, (4-4)

Egs. 4-3 and 4-4 are applicable only if the block s are formed by the assembly of
three joint sets. However, in many cases, either the blocks are formed by random
joints or some of the discontinuity sets do not appear in a rock exposure. Such a
phenomenon occurs when a rock mass includes less than three pint sets or the
joint spacings are large (Palmstrém 2005. For such cases, Palmstrém proposed the
use of Egs.4-5 and 4-6 to empirically calculate the block volume, as follows:

w Y UY uvY ¢y if one set is detectable (4-5)

w Y Y UY UuY Y if two sets are detectable (4-6)

The volumetric joint count ( J) is aso used for block volume calculation. J is
the number of joints cutting a volume of 1 m 3 of rock and can be calculated by

using Eq. 4-7 (Bergh-Christensen 1968, as follows:
b B —, (4-7)
where S is the average spacing of seti. To consider the effect of random joints,

Palmstrom (Palmstrom 1982) modified Eq. 4-7 to Eq. 4-8, as follows:

o — — — E — (4-8)
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where N: is the number of random joints that exist in a square meter of the
surveying area. Subsequently, the correlation between the volumetric joint count

(J) and the block volume (V) is defined by Eqg. 4-9 (Palmstrém 1995, as follows:

w [ 0 (4-9)

where ¢ is the shape factor of blocks and represents the ratio of spacings in a rock
mass. In the case of three joint sets¢ could be defined by Eq. 4-10, as follows:

I E— (4-10)
where Y:=S/S1 and Y:=S/S:; S is the minimum spacing, whereas Ss is the
maximum spacing of joint sets. For blocks with irregular shapes (more than 6
faces),¢ can be roughly estimated using Eq. 4-11, as follows:

I qmx0jw, (4-11)

where a and a represent the longest and shortest dimensions of the block,
respectively. In addition, J could be measured using other surveying methods, i.e.,
by borehole or surface scanning and by defining the weighted joint density ( wJd.
wJd is a representative index used to illustrate the angle between joint set and
surveying direction (core log) or plane (outcrop or ground surveying), and could
be estimated by using Eqs.4-12 and 4-13, as follows:

00 'Qm—_B"Q For surface survey, (4-12)

LOLQ-BQ For core logging, (4-13
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where A is the surface area of the survey,L is the length of the drill core, and fi is
the interval factor that could be defined by the angle between joint set and core
logging direction or the surface area of the survey. The value of the wJdis almost
equal to the volumetric joint count. According to Latham (Latham et al. 2006) wJd
is an extension ofJ and is used because of its feasibility of the measurenents, even

if it is potentially less precise than J.

The impact of joint persistence on the block volume calculation by Eq. 4-3
was investigated by Cai (Cai et al.2004b) Persistence is a term used to descrik the
ratio between the size of the discontinuity and rock mass dimension. If Ii is the
accumulated joint length of set "Qn a sampling plan, and L is the characteristic
length of the rock mass, then the joint persistence of seti (Pi) can be specified by

EqQ. 4-14, as follows:

CA

d e
g Q&0 (4-14)

P Q@ 0O

Accordingly, the block volume in the case of non -persistent joints could be

calculated by using Eq. 4-15, as follows:

oYY
OETOERTOET 000

(419

Given that the direction of core logging regarding the joint set orientation is

not often recorded in borehole logs, Latham (Latham et al. 2006) developed an
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approach to estimate the volume of blocks in this case, as shown in the following
Eq. 4-16.
w oo VYig , (4-16)

where S is the average joint spacing measured along the drill core.

Based on the abovementioned review of the common methods for block
volume calculation, and because the different models are already developed for
this purpose, the accuracy and applicability of each model for block volume
calculation should be evaluated. Also based on the results of the studies carried
out by Elci and Turk (Elci et Turk 2014), according to which the current methods of
calculating the volume of the blocks given inaccurate results, the development of a
new method to determine the volume of the blocks with precision is still necessary
to better characterize the rock mass For this purpose, a new analytical method to
calculate block volume is developed on the basis of vector multiplications and is
validated by 3D numeri EEOQwWOOET OPOT d w31 PUwOI UT OEwbUwWOEOD
article. To calculate the volume of the block, the rock mass is assumed to include
three persistent joint sets. The volume of the block that is created by the cross of
the joint sets is determined by UT 1 wYT EUOUwWOUOUDPxOPEEUDOOwWx U]
vectors. Generally, the block in this case will be a parallelepiped with six faces, and
each pair of frontside faces are identical. The block volume calculation with

Ol Ul OEw? ~» wbUuwi UOeaasfisodOthemihi2ficd simukaiivil Also,
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the block volume for a series of field data calculated by each method is compared
with that calculated by methoEw ? 2 OWEOEw UT 1T wUl 01 YEOUwW I UU
previous methods for block volume calculation tha t have been considered in this
article are summarized in Table 41. In Section4.20wUT T wOIl UT OEw? ~2 wbHUu
and validated by numerical simulation. In Section 4.3, the block volume

calculations by all models for a specific series of field data are compared.

42 DEVELOPMENT OF AN ANALYTICAL MODEL FOR
CALCULATION OF THE BLOCK VOLUME

Considering the common methods for bl ock volume calculation reviewed in
Section 4-1, and despite that Eq. 4-3 is widely used for this purpose (Palmstréom
1995; Caiet al.2004b; Palmstrom 2005) a noticeable difference is found among the
results of this model and real data. Thus, the block volume for 10 cases of rok
mass thatinclude three joint sets, has been calculated usingEq. 4-3 and compared

with the result of 3DEC software in Table 4-2.
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Table 4-2: Block volume calculation for a rock mass that includes three joint sets by
Eq. 43 and 3DEC software

Dip/dip direction Spacing Block volume (m3)
d N N N N N Eq.4-3 3DEC
1 Yy 50/120 10/300 2 1 3 26.54 23.39
2 30/20 10/100 80/300 4 1 0.5 4.14 4.52
3 10/20 50/200 10/300 1 5 0.5 21.7 23.57
4 0/0 30/130 20/27 2 2 7 260.13 167.64
5 39/44 10/130 20/340 1 2 0.5 5.73 3.70
6 0/10 30/45 40/340 1 2 20.70 13.73
7 60/10 25/60 55/300 0.5 4 1 57.58 77.65
8 70/20 45/70 40/240 2 3.5 2.5 24.14 25.30
9 0/10 60/100 70/20 3 6 23.28 22.46
10 55/60 20/95 90/180 2 3 2 20.57 25.47

Based onTable 42, a mnsiderable difference exists between the block volume
calculation obtained using a previously developed model ( Eg. 4-3) and the output
of numerical simulation. As a result, a new model that can be used to calculate the
volume of the block created by three persistent joint sets is developed in the
following section. Initially, the signifi cant rock mass parameters needed for block
volume calculati on are identified. Then, a vector model is developed to calculate
the block volume in the case of three persistent joint sets. The model is validated

by 3D numerical modeling using 3DEC software (ltasca Consulting Group 2021).

4.2.1 SELECTION OF THE SIGNIFICANT PARAMETERS FOR BLOCK SIZE
CALCULATION
Rock mass consists of intact rock and a system of discontinuities. In a

fractured rock mass, joint set is a family of parallel and evenly spaced planar
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discontinuities that can be characterized by dip, dip direction, spacing, and other
significant parameters as shown in Figure 4-1. The mechanical properties of a rock
mass depend largely on the characteristics of the system of digontinuities and the

strength of the intact rock (Palmstrom 2005).

Orientation

of joint sets
Number of

joint sets

o

Spacing )
Jomt
aperture

Persistence —_|

| Type of
discontinuity

Figure 4-1: The structural characteristics of a rock mass(Wyllie et Mah 2004)

Based onFigure 4-1, a rock mass is an assembly of blocks superimposed on
top of one another. Blocks are formed because of the presence of a system of
discontinuitie s in the rock. Block shape and dimensions are defined by geometrical
characteristics of joint sets, i.e., numter of joint sets, spacing, dip, dip direction,
and persistence. However, other geometrical properties of the rock mass, such as
aperture and surface profile, do not affect the block size. As an analytical approach

is used in this article, the ideal conditions of the discontinuities are assumed for
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development of the model. A series of simplifying assumptions are considered,
e.g., all joint sets are fully persistent and have fixed values of spacing and
orientation. As a result, dip, dip direction, and spacin g are assumed to be the only
parameters that define block volume. In addition, according to Palmstrom
(Palmstrom 1995) for a rock mass that includes less than three joint sets, the
random joints define the bl ock volume. For more than three joint sets, the block
volume could be determined by considering a rock mass with three joint sets
instead. Based o this statement and according to Table 41, the rock mass is

assumed to include three joint sets in order to develop the analytical model.

4.2.2 MODEL DEVELOPMENT

Figure 4-2.aillustrates the rock mass that is created by cross of three joint sets
considering the simplifying assumptions described in Section 4.2.1 However, by
creating a model, the boundary blocks are mostly cut by the boundaries of the
model, and only a couple of inner blocks remained intact, as shown in Figure 4-2.b
and c. The outcomes of all previously developed and current models are used to

calculate the volume of the intact blocks, i.e., the blocks shown in Figure 4-2.c.
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IDEC 7.00

202 e ek Geap, (a)
Block 1D

block cut by
boundaries

Figure 4-2. The methodology used for the analytical calculation of the block volume. (a) a model
comprising three joint sets, (b) blocks that not cut by the boundaries of the model and boundary
blocks (c) all the intact blocks are identical in dimension and volume (© A.S Koulibaly et al., 202])

Except for the boundary blocks, the geometries of the all-other blocks are
identical, as illustrated in Figure 4-2.c. To develop the model, one of the intact

blocks of Figure 4-2.cis selected and analyzed inFigure 4-3.

+—
[
7}
-
=
o=
=)
==

Figure 4-3. Block volume calculation method (a) an intact block that produced by three joint sets. (b)

normal to joint set (N 53, N:zand Nu3), edge vectors (A, B, and C) and true spacing of joint set 1 (9 as

well as the angle between alge vector Aand Stqp WE OE w01 1 wgE OT Ol wEIl Udp®1 OwNODOI
A.S Koulibaly et al., 202)

According to Figure 4-3.a, each couple of parallel sides of the parallelepiped
belongs to one joint set. On this basis, the edge veairs (A, B, and C) and normal
vectors to joint set planes (NJ;, Nz and N are presented in Figure 4-3.b. The

volume of the parallelepiped could be defined by Eq. 4-17, asfollows:
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W 0 08 , (4-17)
where V¢ is the analytically calculated block volume, and A, B, and C are the
cross product, and the point (.) shows the inner product of a pair of vectors. Every
vector, including an edge vector, have a direction and a magnitude. The direction
of a vector can be specified by a unit vector, and for the case of edge vectors, the

direction unit vectors could be def ined by Eq. 4-18, as follows:

0 0 o (4-198)

where Nii, Noz, and Nssare the normal vectors to joint set 1, 2, and &, and ua, us, and

uc are the unit vectors of A, B, and C, respectively. According to Figure 4-3, the

magnitude of edge vectors could be determined by Eq. 4-19, as follows:

. %
0 =
|
6 —, (4-19)
" "
° Xid

where A, B, and C are the magnitudes of each edge vectors;S;, S, and Ss are the
true spacing of joint sets 1, 2 and 3, respectively; andJ 1, J 2, and J 3 are the angles

between normal to joint sets and the direction of the edge vectors. These
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parameters are illustrated in Figure 4-3.b. w (or @ in Figure 4-3.b) is the angle
considered by the previous studies (Palmstrom 1995; Caiet al. 2004b; Palmstrom

2005)for the development of Eg. 4-3.

Based onEg. 4-19, to specify the magnitude of edge vectors, it is essential to
determine Ji. According to Figure 4-3.b, the angle J could be defined by
considering the inner product of normal to joint set vectors (NJ) and the unit edge
vectors (u) according to Eqg. 4-20, as follows:

68 s 0 Ail-9
6od Ps 0 AT-© (4-20)
od ©s 0 Al-O

Given that ua, us, and uc and Nui, N2, and Nss are unit vectors, their absolute
values are equal to 1. Then, by combiningEg. 4-18 and Eq. 4-20 we have:

A6 0 0 &
AT©6 0 0 & (4-21)
A6 0 &
Considering Eq. 4-18 Eq. 4-19, and Eq. 4-21, the vectors A, B, and C could be

determined by Eq. 4-22, as follows:
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0 0O o - 0 0
U v &
0 0 O ” ” - 0] 0] (4-22)
U v 8
, Y
0 0O O ” ” 0 0
U v 8

The normal vector to joint sets (Ns, Nz, and Nug) could be defined by Eq. 4-23, as
follows:
0 OEJO8E] hATA@ORE] h AT®™Q

0 OBEJO8EJ hAITGO8IEO h AT®7Q, (4-23

0 OBEJO8EJ hAIGO8EI h AT®NQ
where DD1, DDz, and DDs are dip directions, and D1, D2, and Ds are dip of the joint
sets 1, 2 and 3, respectively. Finally, block volume could be specified through the
incorporation of Eq. 4-23 and Eqg. 4-22 into Eq. 4-17. By obtaining the information
on the dip, dip direction, and true spacing of the three joint sets, the volume of the
intact blocks could be determined by Eq. 4-17. For easier use ofEq. 4-17, an excel

spreadsheet for calculating the block volume has been attachedto this article.

4.2.3 MODEL VALIDATION
The result of the proposed method for the calculation of the block volume
with Eq. 4-17 is compared with the output of the numerical simulations using

3DEC version 7 software (Itasca Consulting Group 2021). A series of 13 cases with
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various arrangements of dip, dip direction, and spacing are considered.
Accordingly, the results of each method are listed in Table 43. The volume
calculated in Table 42 and Table 4-3 belongs to the intact block, as shown in Figure

4-2.b and c.

Table 43 #PUEOOUPOUPUAZzZUWET EUEEUI UPUUPEUWUUIT Ew
calculation by analytical and numerical methods

Joint set 1 Joint set 2 Joint set 3 Block volume (m3)
Spacing 1 Spacing 2 Spacing
Case | DIP1 | DD 1 DIP2 | DD 2 DIP 3 DD 3 3DEC Eq4-17
(m) (m) 3 (m)
1 23 30 0.34 20 10 2.05 27 320 0.14 15.14 15.14
2 90 350 0.39 20 352 0.14 90 10 0.39 0.07 0.07
3 73 25 0.35 61 352 0.35 84 8 5.91 4.60 4.60
4 22 25 0.34 90 350 0.98 60 0 0.35 3.65 3.65
5 90 350 0.39 90 10 0.39 32 50 2.05 1.08 1.08
6 90 350 591 90 70 0.14 90 30 5.2 N/A N/A
7 20 350 0.34 22 25 1.37 61 354 5.2 17.02 17.@
8 54 65 0.34 90 350 0.98 90 30 0.35 0.31 0.31
9 80 0 591 90 70 0.14 66 292 0.34 1.04 1.04
10 60 0 3.46 67 340 5.2 90 30 0.87 85.36 85.35
11 90 30 3.46 54 295 1.37 80 0 3.94 124.94 124.90
12 90 70 0.34 43 300 1.37 73 25 5.2 7.09 7.09
13 43 60 0.14 73 335 5.2 90 10 0.39 0.51 0.51

To numerically calculate the volume of the intact block with 3DEC software, a
FISH function is embedded in the command lines to define the maximum block
size of the model. For this purpose, the numerical model should be large enough to
contain at least one intact block. The maximum block size did not change with

further increase of the model size.

In addition, according to Table 4-2, in most of the cases, a major difference
exists among the results of the previously developed model (Palmstrom 1995 and
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the output of the numerical simulations. However, the calculation of the block

volume with the developed model in this article is complete ly in accordance with
the results of 3DEC, as shown inTable 4-3. Furthermore, in case number 6 of Table
4-3, the block volume is defined to be unlimited by numerical simulat ions and by
Eq. 4-17. However, Eq. 4-3 specifies a real value for the block volume that is

calculated by this method (10.57 n¥).

A series of analytical models are already developed to calculate the volume of
blocks formed by the intersection of three joint sets in a rock mass, as listed in
Table 41. In the models, all joint sets can be assumed to be persistent, and the
orientations and spacing of the discontinuities are constant. As the results of these
methods are not sufficiently accurate, a more efficient model is developed in the
current study. This developed method calculates the block volume by determining

the dip, dip direction, and spacing of the joint sets.

Based onEq. 4-17, the block volume is defined by inner and cross products of
parallelepiped edge vectors. If all edge vectors (A, B, and C) are perpendicular to
each other, the voluml w Ol wUIl T wi OUOI EWEOOEOQwWHPUwI gUEOW
values. This case is correctly calculated by cosidering J1=J2=J3=w2in EqQ. 4-21
and Eq. 4-22 Accordingly, the block volume is defined by V¥ = AxBxC.

However, the volume of the case number 6 in Table 4-3 is defined as 10.57 ni by
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Eq. 4-3 despite the fact that Eq. 4-17 and the numerical model calculate the infinite

block volume for this case. For better comprehension of the case, a 3D model of
case number 6 with different values of spacing is illustrated in Figure 4-4. The
spacing is selected to be different from case number 6 for better visualization of the

formed block. However, it does not affect the whol e issue.

3DEC 7.00

©2020 ltasca Consulting Group, Inc.

Block ID

OCoOoO~NOO s wWwh =

Figure 4-4. A 20x20 m rock mass that includes three joint sets with dip/dip direction according to
case number 6 ofTable 4-3, but with different spacings (2, 3, and 4 meters for joint sets 1, 2, and 3,
respectively) (© A.S Koulibaly et al., 2027).

According to Figure 4-4, all formed blocks are stretched vertically. Hence, by
increasing the size of the numerical model, the blocks expand in an unlimited
manner. The output obtained using the developed model is in accordance with the
results of the numerical simulations, and both are in conflict with the results that

obtained from the previous ly developed model (Eq. 4-3).
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43 COMPARISON OF THE METHODS FOR BLOCK VOLUME
CALCULATION

4.3.1 PREPARATION OF THE DATABASE
The Pells database(Pells 2016b)was used to compare previously developed
OOEI OUwpPPUT wOTT woOOl wxUl Ul OUI EwbOwUT PUWEUUD
block volume. This database was made up of field data collected from more than
100 real case studies conducted on the uncoated flow channels of the spillways in
Australia and South Africa. In addition, it summarizes all the relevant
geomechanical parameters, i.e., dip,dip direction of joints, and spacings. To adjust
the compatibility betw een this database and the methods listed inTable 41, the
cases thatinclude only three persistent joint sets and do not comprise columnar

blocks, as shown inFigure 4-4, are selected in this study and listed in Table 4-4.
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Table 4-4: Characteristic data of the database summarizing the case studies of PellgPells 2016b)

Dip/Dip direction Joint spacing (m) Angle between joint sets (°) Dip/Dip direction Joint spacing (m) Angle between joint sets (°)

Joint Joint | Joint | Joint | Joint | Joint | Average | Angl | Angl | Angl Average Joint | Joint | Joint | Joint | Joint | Joint | Average | Angle | Angl | Angle Average

Set 1 Set2 | Set3 [ Setl| Set2| Set3 (Sa) el2 | el3 | e23 Setl | Set2 | Set3 | Setl| Set2| Set3 (Sa) 1-2 el3 2-3
1 | 25/110 | 30/230| 20/220| 0.75 1 1.5 1.08 47 36 11 31 37| 65/250| 85/190| 55/350| 0.4 | 0.13 | 04 0.31 60 83 135 93
2 | 10/50 | 90/192| 90/50 | 0.35| 2.5 6 2.95 97 80 142 106 38| 65/250 | 85/190| 55/350| 0.4 | 0.06 | 0.4 0.29 60 83 135 93
3 | 05/50 | 35/50 | 90/120| 0.35 6 4 3.45 30 88 78 65 39| 25/110| 90/90 | 90/0 0.4 1.3 1.3 1.00 66 98 90 85
4 | 10/50 | 80/130| 90/65 | 1.5 45 | 0.06 2.02 78 80 65 74 40| 25/110| 90/90 | 90/0 0.4 1.3 1.3 1.00 66 98 90 85
5 | 10/50 | 30/350| 90/50 | 1.2 | 0.75 | 10 3.98 26 80 75 60 41 25/110| 90/90 | 90/0 0.4 1.3 1.3 1.00 66 98 90 85
6 | 05/50 | 90/140| 90/80 | 1.75| 0.4 | 0.7 0.95 90 85 60 78 42| 25/110| 90/90 | 60/0 0.4 1.3 1.3 1.00 66 70 90 75
7 | 5/200 | 80/250| 80/225| 15 | 1.75 | 10 4.42 76 75 24 58 43| 25/110| 90/90 | 60/0 0.4 1.3 1.3 1.00 66 70 90 75
8 | 5/200 | 80/250| 80/225| 1.5 3 10 4.83 76 75 24 58 44| 45/55 | 57/235| 75/0 | 0.06 | 0.06 | 0.06 0.06 102 55 109 89
9 | 5/200 | 80/225| 80/140| 0.65| 6.5 | 0.65 2.60 75 77 83 78 45| 45/55 | 57/235| 75/0 | 0.06 | 0.06 | 0.06 0.06 102 55 109 89
10| 5/200 | 80/225| 80/140| 0.65| 6.5 | 0.65 2.60 75 77 83 78 46| 45/55 | 57/235| 75/0 | 0.06 | 0.06 | 0.06 0.06 102 55 109 89
11| 57/150 | 80/243| 19/165| 0.4 1.1 | 1.35 0.95 87 38 76 67 47| 45/55 | 57/235| 75/0 | 0.06 | 0.06 | 0.06 0.06 102 55 109 89
12| 57/150 | 80/243| 19/165| 0.4 1.1 | 1.35 0.95 87 38 76 67 48| 25/0 | 60/220| 63/145| 0.4 | 0.06 | 1.3 0.59 80 84 64 76
13| 57/150 | 80/243| 19/165| 0.4 1.1 | 1.35 0.95 87 38 76 67 49| 25/0 | 60/220| 63/145| 0.4 13 1.3 1.00 80 84 64 76
14| 70/77 | 80/335| 35/335| 0.22 | 0.3 | 0.4 0.31 97 80 45 74 50| 25/0 | 60/220| 63/145| 0.4 1.3 1.3 1.00 80 84 64 76
15| 20/74 | 80/335| 80/290| 0.8 | 0.55 | 1.6 0.98 83 96 44 74 51| 20/270| 72/180| 85/0 1.3 1.3 1.3 1.30 73 85 157 105
16| 20/63 | 80/316| 75/5 0.8 | 0.55 | 0.55 0.63 86 65 48 66 52| 20/270| 72/180| 85/0 1.3 1.3 1.3 1.30 73 85 157 105
17| 41/193 | 72/244| 80/337| 0.8 08 | 0.8 0.80 51 113 89 84 53| 20/270| 72/180| 85/0 04 | 04 0.4 0.40 73 85 157 105
18| 85/280 | 76/51 | 27/208| 0.65| 1.5 | 0.8 0.98 128 77 101 102 54| 20/270| 72/180| 85/0 04 | 04 0.4 0.40 73 85 157 105
19| 90/98 | 90/192| 0/100 | 0.7 0.7 0.5 0.63 94 90 90 91 55| 20/270| 72/180| 85/0 04 | 0.13| 04 0.31 73 85 157 105
20 | 50/160 | 90/255| 35/155| 0.9 04 | 115 0.82 71 15 79 55 56 | 15/150 | 80/250| 80/90 | 1.3 1.3 0.4 1.00 82 72 151 102
21| 9/105 | 90/237| 90/170| 0.4 8 20 9.47 96 86 67 83 57 | 15/150 | 80/250| 80/90 | 1.3 1.3 0.4 1.00 82 72 151 102
22| 9/105 | 90/237| 90/170| 0.4 8 20 9.47 96 86 67 83 58| 15/150 | 80/250| 80/90 | 1.3 1.3 0.4 1.00 82 72 151 102
23| 9/105 | 90/237| 90/170| 0.4 8 15 7.80 96 86 67 83 59 | 15/150 | 80/250| 80/90 | 1.3 1.3 0.4 1.00 82 72 151 102
24| 9/105 | 90/237| 90/170| 0.4 8 15 7.80 96 86 67 83 60| 15/150 | 80/250| 80/90 | 1.3 1.3 0.4 1.00 82 72 151 102
25| 0/150 | 90/75 | 90/202| 0.6 | 0.075| 0.2 0.29 90 90 127 102 61| 0/0 90/10 | 80/290| 1.3 1.3 1.3 1.30 90 80 80 83
26| 12/150 | 90/75 | 90/202| 0.6 | 0.075| 0.2 0.29 87 82 127 99 62| 0/0 90/10 | 80/290| 0.4 1.3 0.4 0.70 90 80 80 83
27| 10/65 | 62/75 | 90/310| 0.35 1 0.5 0.62 52 94 120 89 63| 0/0 90/10 | 80/290| 1.3 1.3 1.3 1.30 90 80 80 83
28| 35/200 | 90/202| 90/310| 0.35 | 0.2 0.5 0.35 55 101 108 88 64| 0/0 90/10 | 80/290| 1.3 1.3 1.3 1.30 90 80 80 83
29| 22/228 | 75/172| 77/246| 0.15 | 0.1 | 0.15 0.13 64 56 71 64 65| 0/0 90/10 | 80/290| 0.4 | 0.4 0.4 0.40 90 80 80 83
30| 80/278 | 80/130| 35/280| 10 0.3 | 0.55 3.62 142 45 110 99 66| 0/0 90/10 | 80/290| 1.3 1.3 1.3 1.30 90 80 80 83
31| 75/278 | 80/130| 58/200| 10 1 0.4 3.80 101 56 67 75 67| 0/0 90/10 | 80/290| 0.4 | 0.4 0.4 0.40 90 80 80 83
32| 90/220 | 86/103| 9/133 | 0.8 3 0.45 1.42 116 89 78 94 68| 30/12 | 90/105| 80/195| 0.4 | 0.4 | 0.13 0.31 91 110 90 97
33| 80/231 | 65/162| 15/250| 1.25 | 0.2 | 0.45 0.63 66 65 65 65 69| 30/12 | 90/105| 80/195| 0.4 | 0.4 | 0.13 0.31 91 110 90 97
34| 62/243 | 83/144| 34/130| 0.19 | 0.45 | 0.45 0.36 94 78 50 74 70| 30/12 | 90/105| 80/195| 0.4 | 0.4 | 0.13 0.31 91 110 90 97
35| 25/150 | 35/340| 85/250| 0.4 2 0.4 0.93 59 89 86 78 71| 30/12 | 90/105| 80/195| 0.4 | 0.4 | 0.13 0.31 91 110 90 97
36 | 25/150 | 35/340| 85/250| 0.4 2 0.4 0.93 59 89 86 78 72| 30/12 | 90/105| 80/195| 0.4 0.4 0.13 0.31 91 110 90 97
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4.3.2 BLOCK VOLUME CALCULATION

The block volume for 72 cases of joint setsthat listed in Table 44, is
calculated using the previously developed methods listed in Table 41 and the
method developed in this study ( Eq. 4-17- method ? 2 &0 the results are

presented in Figure 4-5.

_ BxJy®
b~ Sin Y1 X siny, x sinys
S, X8, X 8,
Vy=— - -
siny, X siny, x siny;
Vp =83
Vy =36 x (§,/2)3
_ 1
b siny; X siny, X sinys

8.19E+03
4.10E+03
2.05E+03
1.02E+03
5.12E+02
2.56E+02
1.28E+02
6.40E+01
3.20E+01
1.60E+01
8.00E+00
4.00E+00
2.00E+00
1.00E+00
5.00E-01
2.50E-01
1.25E-01
6.25E-02
3.13E-02
1.56E-02
7.81E-03
3.91E-03
1.95E-03
9.77E-04
4.88E-04
2.44E-04
1.22E-04
6.10E-05
3.05E-05

Pl

x (Sa/2)?

Yy

Block volume (m?3)

0 10 20 30 40 50 60 70
Case number

Figure 4-5. Graphical representation of the block volumes for the cases presented inTable 4-4, that
are calculated by models of Table 41 and the method that is developed in thisartDE O1 wpOIl U7 OE w?
NB: method C and D give the same results, which is why curve C is visible. (© A.S Koulibaly et al. ,
202)

According to Figure 4-5, the results of the models are compatible with each
other in some ranges and incompatible in other ranges. Most of the differences
exist in the range of case numbers 1to 11, 20 to 25, 29 to 3, 44 to 47, and 67 to 72.

Method A (EqQ. 4-17) can calculate the block volume accurately. Thus, whether the

129



method overestimates or underestimates the block volume was determined.
Comparison result of the graphs of other methods with method A shows that
methods C, D, E and | mostly underestimate, whereas method H greatly

overestimates block volume for the data of Table 4-4.

From Figure 4-5 and according to Elci and Turk (Elci et Turk 2014), a
noticeable difference exists between the actual value of the blockvolume and that
obtained using previously developed methods. To better evaluate the differences,
the Root Mean Square Error (RMSE) of the existing methods br block volume

calculation for the cases ofFigure 4-5is explained in detail in Section 4.3.3

4.3.3 ROOT MEAN SQUARE ERROR (RMSE) CALCULATION

RMSE measures the difference between the actual and expected values o&
specific parameter. The lower the RMSE value, the more accuracy is expected. For
block volume calculation, RMSE is defined by comparing results that obtained
using the previously deve loped models with method A (Eg. 4-17), as the accuracy
of this method is already validated in Section 4.2.3. The RMSE values of each

method are listed in Table 4-5.
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Table 4-5: RMSE of block volume calculation results obtained by previously
developed methods compared with the method developed in this study ( Eq. 417-
, 10T OEw? 2 Awi Bdedd 1 wEEUT Uwoi w

Method Equation Reference value RMSE
C & L9 7
OFEIl OEIl ORI
5 , Y Y Y 7
© BET OBl ORI
E w Y w 0 08& 148
H w 0@ "Yig 20
| &) P Yj ¢ 15
OFIlI OEFEI ORI

Based onTable 45, the accuracy of most of the previously developed models
is questioned. The RMSE varies from 7 to 148 and shows a noticeable deviation
between the actual and the calculated values of the blockvolume. The source of the
error is discussed in Section4.4 in order to identify the block characteristics that

affect the accuracy of block size values.

4.4 DISCUSSION

Geomechanical and geometrical charaderistics of the joints have an
indisputable impact on the mechanical properties of the rock mass. The block
volume is a geometrical parameter that has a significant impact on the mechanical
properties of the fractured rock mass. Commonly used methods for calculating
block size in a fractured rock mass were developed based on measurements of

spacings and the orientation of the joint sets. For better discussion of the various
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methods, all joint sets in a rock mass are assumed to be persistentEq. 4-3 is one of
the most widely used equations and comprises the spacings of the joint sets and
the angle between them. This equation comprises 3 parts(S/sinw), and as a result,
the author estimated sinw by cosg:; i.e., sinw e w &,0vlere ¢ is the angle between
apparent and true spacing of joint sets, as illustrated in Figure 4-3. Therefore,
S/sinm & wi2where Sp is the apparent spacing of joint seti. By these assumptions,
Eqg. 4-3 calculates the block volume by the multiplication of three apparent
spacings. Almost the same logic is behind the development of the other equations
for the calculation of the block volume. However, two major criticisms of the
utilization of these methods exist. First of all, approximation of the volume of a
parallelepiped block by multiplication of the apparent spacings by itself is
accompanied with error; it is a reminder of the right method for calculation of the
parallelepiped volume. The second source of the error belongs to the estimation of
the apparent spacings by true spacing and the angle between joint sets. The
apparent spacing is acarately calculated using the Sp = S/cosi relation. However,
approximation of sinw by cogi is fundamentally accompanied by the error in
calculation of the block volume. This phenomenon occurs despite the fact that the
angle giis considered for the development of Eq. 4-17. Table 45 lists the errors
produced by each method compared with the block volume calculated by Eqg. 4-17.

However, the error values differ from one mode | to another. At first glance, the
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accuracy of the method that has the least difference with method A, i.e., methods D
and C in Table 45, is more than that of the other models. However, the type of
data and geometrical characteristics of the rock mass that are used to determine the
error has a direct impact on the error value. To systematically evaluate the error of
each method for calculation of the block volume, the error function should be
specified in the range of variation of the effective parameters. By doing this,
specifying the ranges of reliability for each model becomes possible. However, the
error values listed in Table 45 are a sample of the field data for calculation of the

block volume and could represent the overall accuracy of each model.

4.5 CONCLUSION

An analytical model based on vector product has been developed to calculate
the block volume for the case of three persistent joint sets with constant values of
spacing and orientation. The accuracy of the model is validated by the numerical
simulation. The results of the developed model are more reliable than those of the
previously developed ones. The method could be applied using the vector product
(an excel gpreadsheet is attached to this article) by knowing dip, dip direction, and

spacings of joint sets.

The accuracy of previously developed methods in block volume calculation is
evaluated using a series of field data in Table 45. Despite that the error values
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differ from one model to an other, a range of variation for each parameter could be

specified, so that the accuracy level of the model can be acceptable.

4.6 DECLARATIONS

FUNDING
Natural Sciences and Engineering Research Council of Canada (NSERC) and

Hydro -Québec provide the funding through the CRD (CRD 537350) program.

DECLARATION OF COMPETING INTEREST
The authors declare that there is no conflict of interest associated with this

publication.

CODE AVAILABILITY
The Itasca 3DEC version 7.0 software with license number 215001-026600001

under the IEP loan program has been used in this research.

ACKNOWLEDGMENT

The authors would like to thank the Natural Sciences and Engineering
Resarch Council of Canada (NSERC) andHydro -Québec for funding through the
RDC (RDC 537350) program. Furthermore, the authors want to deeply thank Itasca
Consulting Group in Minneapolis for the IEP Research Program, especially Jim

Hazzard, for his valuable te chnical help and advice.

134



CHAPITRE 5

CONCEPTION D'UN MODELE PHYSIQUE REDUIT
D'EVACUATEUR DE CRUES POUR L'EVALUATION DE
L'ERODABILITE HYDRAULIQUE D'UN MASSIF ROCHEUX

FRACTURE

Ce chapitre reprend un article dont le 1¢" auteur est Oz EUUT UUWEIT. WwET wOi
Le chapitre présenteOE WE OO E T xno@Re QB YO GFUI wUBEUDPUWEZ7Z 8 YE

@Ul OUI UwUsUUOUEUUwWPUUUUWEUwWUI UOwEZB8EOUOI Ol

+Z EUUDEOI wi UU wbrhvadtYderissiorE | wOEwWUG YDUD
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ABSTRACT

Hydraulic erosion of the rock mass at the dam spillway is an important
phenomenon considered in assessing the stability of dam infrastructure s. As it is
clearly resulting from the interaction between water and the rock mass of the
spillways , the methods commonly used to assess this phenomenon use the notion
of a threshold line, a correlation between the erosive force of the water and the
resistance of the rock mass against erosion.These methods are empirical or semt
empirical in nature, and they have been developed based ona limited amount of
available data from dam sites, and on data from other rock engineering domains
such as exavability . The effect of each mrameter of the rock mass on the erosion
processes have notbeen determined due to the limitation of exi sting data. The
laboratory -scale physical model that is presented in this paper has been dewloped
to determine the effects of rock mass paraneters on eosion. This model is

designed for considering and measuring the effect of several parameterson the
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rock mass erosion, such asjoint opening, block size, joint shear strength and the

nature of potentially erodible surface.

ARTICLE HIGHLIGHTS

V Design of areduced physical model of a spillway.

V Identification of various rock mass parameters controlling the resistance of
bedrock against the erosive force of water.

V Identification of the various charac teristic parameters of the hydraulic load
at the spillways.

V Variation of the erosive force of the water according to the various
geomechanical parameters of the rock mass.

KEYWORDS

Erosive force, Hydraulic erosion, Hy draulic pressure, Rock mass, Physical model,

Spillway.

5.1 INTRODUCTION

Water retention structures such as dams are equipped with spillway to
discharge excess water arriving at the dam during high-flow periods to ensure the
stability of the dams. These dructures are provided with either a flow channel or a
plunge pool excavated in the rock. Sometimes thebedrock is covered with concrete
if it is assessedo be not resistant enough against the erosive force of the water. In
most cases,though, the bedrock is not lined, asit is considered as capable toresist

the erosive force of water, but a number of cases of important erosion has been
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observed over time. In February 2017, alarge cavity was observed in the spillway
of Oroville dam in California following a water discharge. Another example is
given by the 113 m high Copeton embankment dam in Australia where a 20 m
deep gorge was observed in the rocky mass of the spillway (Pells 2016a)after
operation. Several methods are proposed to assess the hydraulic erosion of rok
mass downstream of dam spillways. Some of these methods are currently used in
the spillway design phase (Moore et al. 1994; Pells 2016a)In these methods, the
hydraulic conditions are assessed, by considering an erosive force called
dissipation of th e hydraulic power of the water and the quality of the rock mass by
way of an index developed by a number of researchers. Most of these methods are
empirical in nature and based mainly on the results of a few small -scale prototypes
in the laboratory (Annandale 20063. Hence important questions are yet
unanswered concerning effectiveness of the methods that are used for predicting
hydraulic erosion of rock mass. All of these methods use the notion of a "threshold
line", obtained by the correlation between the erosive force of the water and the
resistance of the rock mass. The methods commonly cited in the literature are

summarized in Table 5-1.
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Table 51. Methods currently used to assess hyraulic erosion of rock mass.

Methods Correlation function Types of Considered parameters
methods
(Moore et al.1994)
Van Schalkwyk et . 0
( o 1994)y Energy dissipation Vs. - K) y e 20O
' Kirsten's index - Qo
(Annandale 1995) Empirical to
(Kirsten et al.2000) zemi_ 6 0 0 O U
Energy dissipation Vs. Vs empirical I
Geological strength ' b QOYOOYOO
. o eGSl methods
(PEHS et aI2016b) Elndex fgr e_rOdI_blllt)\// 1, $ (A plder #66 ol 4P L B + U L&y #6HIpPD % Fbo
nergy |53|pat|qn_ _ S. V. o rip i T 0 &Y mut T o
Rock mass erodibility RMEI
index 05 mmndgdtnp Yé Y mfmu,t 1 ¢
(Bollaert et . . Lo S
. Stress applied to the . &) {3
Schieiss 2002; rock masrfsst In-situ Semk ’ @ e
Bollaert 2004; . ' Ki Vs. Ki-in analytical
resistance of a rock
methods

Bollaert et Schleiss
2005)

mass
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A number of indices have been developed to determine the resistance to erosion

using different p arameters of the intact rock and the rock mass

- The Kirsten index (Kn) is based onthe confined compressive strength of the
intact rock (0 , the shear strength of the rock joints (Kd), the size of the rock
blocks 0 , the relative structure of the blocks (%), which considers the
effect of the shape and orientation of the blocks with respect to the flow
direction of water in the canal.

- The Geological Strength index for erodibility ( eGS) is based on the
Geological Strength IndeXGSI), a classification index of the rock mass
developed by Hoek (Hoek et al.1998)and the relative structure of the blocks
(Edo9, Which considers the effect of the shape and orientation of the blocks
with respect to the flow direction of water in the channel.

- The Rock Mass Erodibility Index (RMEIls) is based on the relative
importance factor (RF) and the likelihood (LF) of 5 geomechanical
parameters (P1to P5), representing P1 the viable mechanisms at kinematic
separation of the blocks, P2 the nature of the potentially eroded surface, P3
the nature of the joints contained in the rock mass, P4 the spacing between

the joints, and P5the shape of the blocks.
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- The In-situ resistance indices (Kiin) is based on thetensile strength of the
rock (T), the unconfined compressive strength (UCS in MPa) and the

horizontal confinement in situ stress (b in MPa).

Concerning the erosive force of water, two different indices or hydraulic
parameters aremost often considered.

- The Dissipation of energy ( in KW.m ) include the density of water (” in

kg.m-), the gravity acceleration (Cin m.s?), the flow rate per unit length of

channelwidth B 0j6 FET 8 where 6 is the channel width (m) and
0 is the water flow rate (m3.s?), and the energy loss during flow — .

- The Stress applied to the rock mass Ki in MPa.m??) include the maximum
instantaneous dynamic pressure in the diving pool (Pma), the correction
factor depending on the types of the joint when it is persistent (F) and the
total length of a joint (Lfin m).

The application of these methods on some dams suggests that no strong
erosion should occur, but the observations made after the dams have been put into
operation indicate the opposite. The empirical nature of these methods makes it
difficult to identify the conditions for which the method does not all ow a correct
prediction, in particular it is impossible to study the combined effects of several

geomechanical parameters on erosion using these methods. Also all of these
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methods have been developed based on erosion results observed on a few dams in
Austr alia, the United States and South Africa. These results are limited and do not
cover all the geomechanical and hydraulic conditions observed at spillways
around the world. In this context, the use of laboratory -scale prototypes is a very
effective option for determining the effects of several parameters controlling

erosion process.

A number of physical models have been developed to study hydraulic
erosion process. These reduced-scale models are designed either to study the
hydraulic characteristics of the flow, or the phenomena of erosion in granular
materials or in rock mass, or to validate the hypotheses which are the basis for the
establishment of some erosion evaluation methods. These models generally allow
the acquisition of data from tests on different configurations of spillways and

different types of rock mass.

In general, these reduced models can beclassified into two categories, namely
models which only study the hydraulic parameters and models also inclu ding the
study of the geomechanical parameters of the rock mass of erosion. Tle first
category of physical model focuses in particular on the study of hydraulic
parameters affecting erosion such as the slope of the channel, the flow rate, and the

roughness of the surface on the hydraulic parameter | ike pressure and energy
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(Withers 1991; Manso et Schleiss 2006; Lesleightest al.2016; Guet al.2017; Kote et
Nangare 2019) Some models in this first category aim to study different solutions
for reducing hydrau lic power downstream of spillways and others serve at
simulating water flow or spillway erosion downstream in specific situations

(Sawadogo 2010; Tuna 2012; Wilkinsoret al.2018)

The second category ofmodels study the effects of geomechanical parameters
of the rock mass on the hydraulic erosion process. These models make it possible
to evaluate the distribution of the pressure applied by the flow on instrumented
blocks; the configuration of these blocks is intrinsically linked to a few
geomechanical parameters including the orientation of the joints, as well as the
shape and the protrusion of the blocks. The type of water flow that is considered is
either a plunging jet or an open flow channel (Table 52). This table summarize
information that characterizes these models, whether they represent a
reproduction of a real spillway, the hydraulic parameters used (flow rate or
velocity), the geomechanical that evaluated, and their mode of quantification of
these parameters; either quantitative if measurements are carried out or qualitative

if the parameter is characterized by simple comparison.
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Table 5-2. Summary of reduced physical models of spillways developed to study the effectsof the geomechanical

parameters of the rock mass on erosion.

Maximum flow or

Analysis method of measured

(Pells 2016a)

inclined at 4.6° to 11.1°

Flow characteristics
Fixe: Opening the joints

Authors Model types Configuration .
velocity parameters
Variable : Vertical orientation of blocks Quantitative
(Montgomery 1984) Horizontal f low channel Opening the joints 250 L/s Pressure measurements on the
Fix: Size and shape of blocks faces of a block
Variable : Vertical orientation of blocks Quantitative
(Reinius 1986) Horizontal f low channel Fix: Opening the joints 311 L/s Pressure measurements on the
Size and shape of blocks faces of a block
Fix: Disposition of Block Quantitative
(Annandale et al.1998) Jet plunging into a pool . 3400 L/s Pressure measurements in the
Jet characteristics L
joints
1: 100 scale model ofa Variable : Size of blocks Quantitative
(Liu et al.1998) plunging jet type Jet characteristics 87 L/s Pressure measured under the
evacuator Fix: Orientation and opening of joints block
(Bollaert et Schieiss S _ Variable : Jet ch_a_racteristics Quantitative_ N
2002) Vertical jet in a basin _ Typ_es ofjglnts _ 120 Us Pressures measured in the JOI!’ltS
Fixe : Joints orientation and at the surface of the basin
Flow channel and 1: 100 Variable : Inclinati on of the spillway Quantitative
(Wang et Jiang 2010) scale model of a spillway Fixe: Geometric configuration and 38m/s Channel: Pressure drop
Inclination : 1.44-2.62% discharge Model: Flow velocity
Tetrahedral block placed Variable: Orientation of block Quantitative
(George et al.2015) in a flow channel inclined Fixe: Inclination of the channel 300 L/s Block movement and ejection
at21° Block size and shape speed
Cubic block placed in the Variable : Orientation and protrusion of Quantitative
the block Pressure and force
center of a flow channel 350 L/s

measurements on the faces of the
block




Some of the physical models of this category make it possible to relate the
hydraulic parameters to some geomechanical parameters. To assess hydraulic
erosion, these modelsconsidered different geomechanical parameters individual ly
in relation to hydraulic pressure. A more comprehensive approach would be to
evaluate also possible interactions between these geomechanicaparameters, and
their combined effects on the erosion process,because most of the geomechanical

parameters areinterrelated.

Boumaiza et al. (2019)have proposed a hierarchy of the most important rock
mass parameters affecting the erosion processin a spillway. The physicals models
present in Table 52 can be further classified according to their applicability to
study the effect of each one of theidentified geomechanical parameters on the
erosion process (Table 5-3).

Table 53. Summary of the parameters evaluated by the existing scale model

Orientation )
Type of flow s Model Jo Vb Kad NPES | Protrusion
parameter
(Annandale et al.
1998)
Plunging jet (Liu etal. 1998) X
(Bollaert et Schleiss 5
2002)
(Montgomery 1984) X X X
(Reinius 1986) X X
Open channel (Wang et Jiang 2010) X
(Georgeet al.2015) X X
(Pells 2016a) X X

Note : NPES corresponds to the nature of the potentially erodible su rface.
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It appears that some parameters are studied much more than others, such as
the orientation of the joints and the protrusion of the blocks. Most of the other
parameters are very little investigated. For example, the shear strength of joints
was not studied although th is parameter is identified as having an impo rtant role
in the erosion of rock mass. Thus, these physical models only allow a partial
evaluation of the hydraulic erosion process. Also, a major problem associated with
the existing physical models is the representativeness of the characteristic
parameters of the erosion phenomenon. Often problems encountered in a number
of cases include the following: the shape of the models daes not reflect reality, the
flow rates that are used are very low compared to the flow rates in spillways, and
also the non-representativeness of the rock mass. For example, the use of a single
block instrumented with concealed joints to represent the rock mass (Montgomery
1984; Reinius 1986; Pells 2016a)Other problems include using several blocks that
do not allow the quantification of geomechanical parameters (Annandale et al.
1998; Sawadogo 201Q)or, using steel blocks with slot, which is not representative
of a rock mass (Bollaert et Schleiss 2002) A more appropriate physical model
should permit to study the effect of individual parameters, as well as their
interaction to better characterize the hydraulic erosion process. This paper
describes the design of a physical model of a spillway with an inclined flow

channel. This Reduced-Scale Physical Model (RSPM)permit to study the various
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hydraulic and geomechanical parameters affecting the erosion phenomenon, and

also examine the interactions between these parameters.

5.2 DESIGN METHODOLOGY

We developed a methodology to design this RSPM of a spillway to study the
important characteristic elements of hydraulic erosion (Figure 5-1). Spillways can
be classified according to the energy dissipation process associated with the flow
of water. The energy is dissipated either in the flow channel or in the plunge pool
at the downstream end of the spillway structure. In the first case, different
configurations can be applied depending on the geometry of the channel,
including flow parallel to the channel bed, hydraulic jumps and knickpoint flows
caused by changes in the angle of the channel. For the second mode of energy
dissipation, the main flow mode is a jet plunging into a dissipation pool. In
addition, these two modes of energy dissipation are carried out directly on unlined
rock masses in the majority of field cases and the spillways with flow channels are
the most widespread in the world (Khatsuria 2004). These are the reasons why, the

RSPMis designed to represents a flow channel spillway .
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Figure 5-1. The design stages of the physical model

5.2.1 MECHANISSME OF ROCK MASS HYDRAULIQUE EROSION

Hydraulic erosion may proceed by tree different mechanisms; 1) erosion by
instantaneous brittle fracturing, 2) continuous brittle fracturing of the rock mass ,
and 3) dynamic removal of rock blocks from the rock mass (Bollaert et Schleiss
2002; Annandale 2006b; Bollaert 2010) Erosion of the rock mass by the
instantaneous brittle fracturing, occurs when the intensity of the indu ced

fluctuating pressure in the joints is larger than the resistance of the rock, and

148




hence, the rock mass erodes into small pieces and easily transported by the

flowing water (Figure 5-2).

Fluctuating pressures

|

Fluctuating pressures —Fissure

introduced into the fissure SRS T S R—

Fracture

Stress intensity toughness

of rock

1 1
A -

—_— O

Fluctuating pressures Brittle fracture occurs if stress
acting on a rock with intensity exceeds fracture toughness
fissures (sudden explosive failure)

Figure 5-2. Erosion by instantaneous brittle fracture (Annandale 2006b).

The second mechanism is continuous fracturing or fatigue failure mode,
which takes place if an instantaneous brittle fracture of rock mass is not possible.
That fatigue failure occurs when the intensity of the stress in the joints does not
exceed he resistance of the rock mass. However, the rock mass isbroken by
continuous loads of water pressure present in the joints, an erosion mechanism

that is highly time-dependent (Figure 5-3).
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Figure 5-3. Erosion by continuous fragile fracturing of rock mass or hydrofracturing by fatigue
(Annandale 2006b).

The third mechanism of erosion is the removal of blocks, a process depending
on the water pressure in the joints of fractured rock mass. The amplitude of the
fluctuating pressure changes with time during a turbulent flow, and the pressure
applied inside rock joints can cause an increase in pressure directly below the
blocks. In addition, the rock mass is eroded by dynamic expulsion of the blocks
when the lifting pressure under the block exceeds the load resistance of the block
in the rock mass (Figure 5-4). The load as a resistance component include the
submerged weight of the block "O , the pressure forces on top of the block "O,

and the shear resistance forces along the sides of the block"O
150



-.(b_v . Jacking >

_ 3 > > S

— _ — -
- N ]
Rock N/ Rock
7 // "

Figure 5-4. Erosion by block removal called dynamic block impulses, (a) erosion by removal o f
blocks in a plunging stream (Bollaert et Schleiss 2002; Annandale 2006h)xand (b) erosion by
removal of blocks in a flow parallel to th e bottom of the flow channel (Annandale 1995).

Of these three erosion mechanisms, dynamic block removal seems to be the
most common erosion mechanism of the fractured rock mass in spillways specially
in the crystalline rock masses which are classified asvery high stren gth rocks. This
remark is justified by observations made in several field studies carried out around

the world (Boumaiza et d. 2019hb)

5.2.2 IDENTIFICATION OF THE RELEVANT PARAMETERS IN THE
EROSION PROCESS
As mentioned above, the forces involved in the hydraulic erosion process are

the erosive force of the water and the resistance force of the rock mass. Regarding
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the resistance of the rock mass, it emerges from the various erosion mechanisms
and resistance indices, that ths resistance depends on several geomechanical
parameters including the UCS, Kb, Kd, Vb, &, Edaq  and NPES (Table 51). The effect
of each one of these parameters on rock mass erosion have been investigatedt has
been qualified, some of these parameters have no significant effect on the rock
mass erosion armd others doesO 7 fifaperly reflect the considered rock mass
parameters. For example, the irrelevance of the block size (Kv) is linked to the
limited performance of the RQD in the characterization of a rock mass (Palmstréom
2001b; Palmstrom 2005; Pellset al. 2016b) It is also recognized that UCS is not
suitable for evaluating the resistance of the rock massto erodibility, because high
values of this parameters are observed at mostdam sites. In reality, in the majority
of cases,UCS value are higher than the compressive strength of concrete used
lined spillways. That is the case ofthe Mokolo dam in South Africa, where high

erosion rate has been observed on strong rockdbased onUCS values.

In reality the rock mass resistance to erosive force depends mainly on the
discontinuit ies present in arock mass, and related parameters such as spacing,
persistence, and the roughness of the joints of the joint sets (Bieniawski 1989).
Boumaiza et al. (2019) developed a methodology for determining the most
important parameters on the erosion process based on the rock mass parametes

and observed erosion data of 110 dam sites in the wor Id. They concluded that the
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most relevant parameters for erodibility are the shear strength of the joints (Kd or
Fs), the opening of the joints (%), the volume of the rock blocks (Vs), the shape and
orientation of the blocks in relation to the direction of water flow ( Ed9 and the

nature of the surface potentially erodible ( NPES).

Regarding the erosive force of water, indices that are commonly used are the
rate of energy dissipation EE7i ), the average flow velocity 60ET O
and the average shear stress on the bottom surface of flow channel ffE E 0 A
Koulibaly et al.(2021) have noted no good agreement on the representativeness of
these indices. Most studies have shown that the indices depending mainly on the
pressure (Pr) are most relevant to represent the erosive force of water. Also, when
considering the different erosion mechanisms (Figure 5-2 to 5-4), it appears that the
hydraulic pressure represents the main force in the brittle fracturing of the rock

and the block uplift ing.

An interesting application of the reduced-scale physical model (RSPM)is to
study the water flow to have a good representation of the erosive force of the
water, and its interaction with the rock mass . In this paper we focus on the design
of the RSPM for studying the hydraulic erosion process, especially theeffects of
relevant geomechanical parameters on the erosive process (K¢, b, Vb, Edoa and

NPES.
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5.2.3 DIMENSIONAL ANALYSIS FOR CHOOSING THE HYDRAULIC
PARAMETERS OF PHYSICAL MODEL

In the domain of fluid mechanics, | aboratory-scale models are generally
developed to study phenomena that are difficult or impossible to study on a larger
field scale A dimensional analysis is required to ensure the representativeness of
hydraulic parameters at different scales. The three aspects to consider in this
analysis are the geometric, the kinematic and the dynamic similarities. The
geometric similarity, suggesting that the reduced model should have the same
geometric shape as thereal model, perform using scaling. Kinematic similarity,
mean that the flow velocity at any point in the reduced model must be
proportional to the velocity at the corresponding point i n the real system. The
dynamic simi larity is obtained when all the forces of the reduced model flow are

proportional to the corresponding forces in the real model flow.

It is common practice in the hydroelectric dam industry to predefine
hydraulic paramete rs to reduce the effects of the ersive force of the water. The
velocity of the water leaving the reservoir and in the flow channel must be
between 15 and 30 ms! depending on the nature of the rock mass. The RSPM
described below is designed according to filed data from the Romaine- IV dam

spillway (Hydro -Quebec, Figure 5-5).
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e =

Figure 5-5. Spillway of Romaine IV dam (Hydro -Québec)

P

The similarity conditions are met by using appropriate val ues, including the
characteristic of the real model, the scale factor and the dimensionless number
allowing transposing the geometric dimensions and the hydraulic parameters. The
selected scale factor € is 1/4Q this value is based on the available latoratory
space and the allocated budget, and it is considered as ensuring an adequate
representativeness of theRSPM. For two dimensionless numbers that are used are
1) the Froude number (Fr) in order to respect the similarity conditions, and 2) the
Reynolds number (Re to check the invariance of the hydraulic conditions at the
two scales. Equation 5-1 is used to determine the characteristic dimensions of the
RSPMas a function of the dimensions of the real model.

"0 — O — (5-1)
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where Frrv is the Froude number on the scale of thereal model (RM), and Frrsev at
the scale of thereduced-scale physical model (RSPM), u is the flow velocity at both

scales, | represents the dimensions in meters at both scales, andg is the
gravitational acceleration. The dimensions obtained for RSPM with Eq. 51 are
summarized in Table 5-4.

Table 54. Summary of the dimensional parameters of the real model and the

RSPM
RM (RO-4) (m) Ratio factor RSPM (m)
0 166,4 0 4,2
W 27,2 W 0,68
[ 35 W 0,87
”n, -Q p ]
(O] 22,3 © Tn O 0,56
00 30 00 0,75
00 30 00 0,75
0 2950 "0Q P D D 0K 0 0,292 jO
’ P | p o ’
@ 20 oQ oocu | @ 3,162 m/s
— 15% &9 - — 15% &9

Note : RO-4 = Romaine-4 dam spillway, RM = real model, RSPM = reduced-scale
physical model, 4 = length of the flow channel selected, 5 =width of the channel at
upstream and downstream, 51 = height of the spillway in relation to the reference surface,
| 31 = height of the banks of the flow channel at upstream and downstream, |k = flow rate,
1 = Velocity, and P = slope of the flow channel.

The Reynolds number then serves to determine the flow conditions in the

RSPM using Equation 5-2, and then compared with the flow condition of the RM.

o) ¢ 1 ohp o

Y'Q : ST T xtmepn ¢nnnt OOOA@H Al

e - 5-2)
o 0d) opoecgmmwg . o
Y'Q : o T T cwen ¢nmn OOOAGH A
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Where u is the flow velocity upstream of the spillway, 7is the kinematic
viscosity of water at 20° C (1,002.16 m2.s?) (Cengel 2014) L is the characteristic
length corresponding to the hydraulic radius of the channel , the RM designate the
real model (RO-4), and RSPM designate the reduced-scale physical model.
Calculations performed with Re numbers give the same flow conditions at both

scales,hencethe dimensional analysis is accepted

5.2.4 DESIGN OF ROCK MASS TEST SECTION

Rock mass eroson generally begins at as specific location in a spillway,
depending on the characteristic of the rock mas and the flow patterns that are
encountered (Kirsten et al. 2000) For inclined channel spillways, erosion often
begins in the downstream area, where there may be a sudden change in the flow
regime. An example is given by the erosion at the Copeton dam in Australia
(Figure 5-6). Therefore, the place of the rock mass in thetest section of the RSPMis

located in the downstream area, but this location could be changed eventually.
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Control
structure

Rock mass (b)

Scour hole

Figure 5-6. Location of areas subjectto erosion on an inclined spillway, a) downstream erosion at
the Copeton dam in Australia (Pells 2016a) and b) area sensitive to erosion an inclinedflow
channel (Kirsten 2000)

The test sectionthe RSPM (Figure 5-7 and 5-8) is designed using the data in
Table 54. This test section (reduced spillway) is integrated within a water
recirculation system (Figure 5-9) to maintaining stable and continuous test

conditions, using pump, and the two water reservoirs.
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Figure 5-7. Plan of the test section of theRSPM (dimension in centimeters) (© A.S Koulibaly, 2021)
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Figure 5-8. Cross-section of the test section of the RSPM at upstream (A-A) and downstream (B -B)
location along flume (dimension in centimeters) (© A.S Koulibaly, 2021).

159




Concrete block

installation box

(a)

Upstream reservoir

¥%"thick plexiglass side

Steel support

Downstream

Teservoir

Test section

3/8" thick plexiglass

with retaining plate

Aluminum Gateway

(b)

Double valve opening

Upstream reservoir
o Jointed rock
mass part

Test section l

Pump
Downstream reservoir

Figure 5-9. The designed RSPMof the spillway. (a) 3D view, and (b) sectional view of the system (©
A.S Koulibaly, 2021).
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The closed-circuit physical model (Figure 5-9) is made up of four parts, the
concrete basin includes a downstream reservoir and a centrifugal pump . The
purpose of this pump is to provide water at a controlled rate from the concrete
basin constituting the downstream reservoir to the upstream aluminum reservoir
connected to the test section The selected pump yields a maximum flow rate of
400L/s. The volume of water circulating through a downstream reservoir is 24000
liters. A double valve opening system is used to control the flow rate and velocity
entering the test section, andto assessthe effect of asymmetric flow on the rock

mass (Figure 5-10).

Double valve opening
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|

[

/ Steel support of the test section

Figure 5-10. View of the double valve system in model (© A.S Koulibaly, 2021)
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The RSPMis also equipped with a velocity sensor to measure the velocity in

the channel, and their specification are presented in Table 55.

Once of the most important factors of RSPM is the representativenessof the
rock masstest section. A cavity located in the downstream part of the test section is
designed to receive concrete blocksthat are specially designed and equipped to
monitor and investigate the behavior of rock mass against water flow (Figure 5-7
and Figure 5-11). Nine concrete blocks and two casing with various dimensions
and arrangements are planned to evaluate different geomechanical parameters of

the rock mass.

(@)

Figure 5-11 Schematic view of the initial configuration of casing of concrete blocks. (a) Plan view of
concrete blocks and (b) Longitudinal profile of concrete blocks (dimension in centimeters) (© A.S
Koulibaly, 2021).
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5.2.5 MONITORING AND INSTRUMENTATION DESIGN

To investigate the reaction of some rock mass parameters agains the water
erosive forces three of nine blocks in the casing have been instrumented by eight
pressure sensorsto measure the water pressure apply on eachside of the block
(Figure 5-12, Table 55). On each side of the block, we have two holes for inlets
water (red arrow), and points of outlets water (green arrow) on the top side, which
are connecting to pressure sensors. The holes in the blockcontain %" diameter
copper tubing and are effective in reducing pressure loss; and Figure 5-13 shows
the conception materials and an example of a test block fitted with a pressure
sensor. An accelerometer is placed on the topside of each instrumented block to
study the geomechanical parameters which control the relative displacement of the

block under the effect of the pressure.

Figure 5-12. Example of concrete block instrument ed to measure the water pressure on eachside (©
A.S Koulibaly, 2021).
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Figure 5-13. a) ¥4' diameter copper pipes, of different shapes depending on the pressure
measurement points, b) Wooden mold with copper pipes installed on each face of the block, mold
for blocks with smooth surface, ¢) Wooden mold with 3D printing of a rough profile , mold for

blocks with a rough surface, d) Pouring a concrete block, and e)Pressure sensor installed on a
concrete block for a pressure measurement for validation test on each face of he block (© A.S
Koulibaly, 2021).
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Table 55. Characteristics of measuring instruments

ltem Description
CADO01100; KSB type Amacan PA4 606850/256UAG1,
Pump Vertical Electric Pump ; Motor 37HP, 575V / 3 Ph / 60 Hz;
Maximum flow rat e of 400liters/s.
Flowmeters GLOBAL WATER FP111, Flow/ UOE |tttz ®A 7

Heavy-Duty Displacement Sensor/Position Sensor/Motion
Sensor; LDF128450A010A
Dwyer 623-07-GH-P-1-E4-S1, PressureTransmitter, 0-15
Psi with 1.0% accuracy and generalpurpose housing.

Velocity sensor

Pressure sensor

Data acquisition
system (Ni 3080
card + Computer)

USB-6343Series data acquisition boxX (32 analog inputs,
48 E/Sdigital , 4 analog outputs).

5.2.6 TEST DESIGN FOR STUDYING THE EFFECT OF GEOMECHANICAL
PARAMETER

The am of this RSPMis the evaluation of the interaction between the water
forces and rock mass parameters. The representativeness of themodel requires that
the set of concrete blocksare characterized by geomechanical parameters including
Ka, &, Vb, Edscaand NPES,
5.2.6.1 Design for evaluat ing the effect of blocks orientation on the erosion

The block orientation represents a very important parameter in the hydraulic
erosion process. |t is increasingly easy to move the blocks under the effect of the
erosive force of water when the dip of these blocks is in the same direction as the
flow. In contrast, these blocks are more resistant to flow when their dip is opposite

to the direction of fl ow (Kirsten et al. 2000) Two parameters are known to
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characterize the effect of the orientation of the blocks, k and Edwa However, k is
qualified by some authors as not representative for erosion (Pells et al. 2016b;
Boumaiza et al. 2019b) thus, Eda serves as a basis to define three dip values for
block orientation. Initially the blocks are aranged at 90°, -45° and 45° to the

direction of water flow (Figure 5-14).
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Figure 5-14. Arrangement of the blocks with respect to the direction of water flow (DWF) (distancein centimeters) (© A.S Koulibaly, 2021).
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5.2.6.2 Design for evaluati ng the effect of joint shear strength on erosion

In a rock mass classification, the shear strength (Fsn) of the joints is usually
related to the ratio between the joints roughness (J) and the degree of alteration of
the joints face (&) (Kirsten et al. 2000) However, during the course of erosion, the
alteration zonesor the filling materials of joint s are leached and eroded inan initial
phase of the process (Figure 5-15). Consequently, the important parameters to
characterize the shear strength of joints submitted to erosion are joints opening (J),
as well as joint surface irregularities capture by the Joint Roughness Coefficient
(JRC) parameter. Inthis RSPM, the configuration of the casing and the concrete
blocks allows to study the effect of the joint opening on rock mass erosion For the
joint roughness, different JRC profiles (smooth to very rough) are obtained using
3D printing ; an example of a block with smooth surface and another with rough

surfaces is show in Figure 5-16.

Excavation force

Face of weathered
blocks (Low resistance

materials)

Water Water
pression pre 55:‘[0([\\4

.q

Leaching of the
altered area

Figure 5-15. Altered joint behavior of a rock mass under the effect of forces of different nature (©
A.S Koulibaly, 2021)
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