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ϖ1, ϖ2, and ϖ3: Angle between each pair 

of joint sets 

ϕ: Form factor of the blocks 

— : Channel tilt angle (°)  

’ : Kinematic viscosity (m.s -1) 

‚ : Slope of the dividing line  

” : Density of water (k g.m-3) 

‪ : Ratio of the energy dissipation 

capacity 

†: Shear stress at the surface of the 

flow channel  (kPa) 

ØUD: Energy dissipation (W.m -2) 

 

 

 

 

 

 

 



 

 

 

RÉSUMÉ 

+ɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯËu massif rocheux dɀÜÕ évacuateur de crues résulte de 

ÓɀÈÊÛÐÖÕɯËÌɯÓɀÌÈÜɯÚÜÙɯÊÌÓÜÐ-ci, un phénomène évalué par différentes méthodes en 

ÜÛÐÓÐÚÈÕÛɯÓÈɯÊÖÙÙõÓÈÛÐÖÕɯÌÕÛÙÌɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌÛɯÓÈɯÊÈ×ÈÊÐÛõɯËɀÜÕÌɯÔÈÚÚÌɯ

rocheuse à y résister. +ɀõÙÖÚÐÖÕɯÚÌɯ×ÙÖËÜÐÛɯÓÖÙÚØÜÌɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯde ÓɀÌÈÜɯËõ×ÈÚÚÌɯ

la capacité de résistance des formations rocheuses. La résistance ËɀÜÕɯ ÔÈÚÚÐÍɯ

rocheux est alors estimée par différents indices ainsi que ÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜ. 

Avec ces indices et sur la base de certaines études de laboratoire, des méthodes 

ËɀõÝÈÓÜÈÛÐÖÕ ËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯÖÕÛɯõÛõɯËõÝÌÓÖ××õÌÚȭɯ"Ì×ÌÕËÈÕÛɯÓÌÚɯÙõÚÜÓÛÈÛÚɯ

obtenus par ces méthodes comportent plusieurs incohérences, notamment 

ÓɀÜÛÐÓÐÚÈÛÐÖÕɯ ËÌ certains paramètres hydrauliques et géomécaniques jugés non 

pertinents dans la détermination des forces en cause ËÜɯ ×ÙÖÊÌÚÚÜÚɯ ËɀõÙÖÚÐÖÕɯ

hydraulique. Le contenu de ce mémoire présente de nouvelles avancées dans 

ÓɀÐÕÝÌÚÛÐÎÈÛÐÖÕɯËÜɯ×ÏõÕÖÔöÕÌɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌȭɯ-ÖÛÈÔÔÌÕÛȮɯÓɀÐËÌÕÛÐÍÐÊÈÛÐÖÕɯ

des incoÏõÙÌÕÊÌÚɯ ÓÐõÌÚɯ ÈÜßɯ ÈÕÊÐÌÕÕÌÚɯ ÔõÛÏÖËÌÚɯ ËɀõÝÈÓÜÈÛÐÖÕɯ ËÌɯ ÓɀõÙÖÚÐÖÕɯ

hydraulique à travers une revue de littérature, à la suite de laquelle nous 

essaierons de développer une méthode permettant la détermination de 

ÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯ ËÌÚɯ ×ÈÙÈÔöÛÙÌÚɯ ÏàËÙÈÜÓÐØÜÌɯ ËÈÕÚɯle processus dɀõÙÖÚÐÖÕȭɯDe 

nouvelles solutions sont donc proposées dans le but de mieux caractériser le 
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×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ, dont  le développement Ëɀune nouvelle méthode 

de détermination du volume exact des blocs de roche dans un massif rocheux. La 

conception Ëɀun modèle physique rédu it  ËɀõÝÈÊÜÈÛÌÜÙɯËÌɯÊÙÜÌɯa également été 

nécessaire dans le but de pouvoir  de caractériser le phénomène ËɀõÙÖÚÐÖÕ. Ce 

modèle regroupe tous les paramètres considérés comme pertinents dans le 

×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÌÛɯÚÈɯÙÌ×ÙõÚÌÕÛÈÛÐÝÐÛõɯËÈÕÚɯÓɀétude de ÓɀÐÕÛÌÙÈction entre la force 

õÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌÛɯÓÌÚɯ×ÈÙÈÔöÛÙÌÚɯÎõÖÔõÊÈÕÐØÜÌÚ a été validée à travers des essais 

ËɀõÊÖÜÓÌÔÌÕÛ. Les paramètres hydrauliques considérés dans la conception du 

ÔÖËöÓÌɯÚÖÕÛɯÓÌɯËõÉÐÛȮɯÓÈɯÝÐÛÌÚÚÌɯËɀõÊÖÜÓÌÔÌÕÛȮɯÓÈɯ×ÙÌÚÚÐÖÕɯËɀÌÈÜɯÌÛɯÓÈɯ×ÌÕÛÌ du 

canal. Concernant les paramètres géomécaniques, nous avons le volume des blocs, 

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

dÐÙÌÊÛÐÖÕɯËÌɯÓɀõÊÖÜÓÌÔÌÕÛȮɯÓɀÖÜÝÌÙÛÜÙÌɯËÌÚɯÑÖÐÕÛÚȮɯÓɀÈÓÛõÙÈÛÐÖÕɯËÌÚɯÑÖÐÕÛÚɯÌÛɯÓÈɯÕÈÛÜÙÌɯ

de la surface du canal potentiellement érodable.  

 

 

 

 

 



 

 

 

AVANT -PROPOS 

Ce mémoire présente les résultats de nos travaux de recherche sur la 

caractérisation du phénomène ËɀõÙÖÚÐÖÕɯËÌÚɯÔÈÚÚÐÍÚɯÙÖÊÏÌÜßɯËÌÚɯõÝÈÊÜÈÛÌÜÙÚɯËÌɯ

crue. 

#ɀÌÕÛÙée de jeu, nous tenons à préciser que la structure de ce mémoire est 

particulière , car son contenu est entièrement présenté ãɯÓɀÈÐËÌ Ëɀarticles, et ce 

dépendamment de la méthodologie de recherche développée. #ÈÕÚɯÓɀÐÕÛÙÖËÜÊÛÐÖÕɯ

(chapitre 1ȺȮɯÜÕɯÙõÚÜÔõɯÚÖÔÔÈÐÙÌɯËÜɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÌst présenté, suivi par la 

problématique  générale de recherche. Pour résoudre cette problématique, un 

objectif principal  a été émis, consistant à mieux caractériser ÓɀõÙÖÚÐÖÕɯãɯÛÙÈÝÌÙÚ un 

modèle physique réduit.  Pour atteindre cet objectif, des problématiqu es  

intermédiaires  ont été mises en place. Dans la recherche de solution à ces 

problématiques, des méthodologies de recherche spécifiques ont été élaborées et 

des efforts ont été fournis pour présenter les résultats obtenus sous forÔÌɯËɀÈÙÛÐÊÓÌȭɯ 

Le premier article (chapitre 2) présente une revue de littérature générale, 

dans laquelle nous cherchons à identifier les incohérences liées aux méthodes 

existantes, et en même temps identifier les paramètres à considérer dans la 

conception du modèle réduit . DɀÈ×Ùös cette revue, deux sources potentielles 

ËɀÐÕÊÖÏõÙÌÕÊÌÚ ont été identifié es et ÍÖÕÛɯÓɀÖÉÑÌÛ des articles 2 et 3.  
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Le deuxième article (chapitre 3) répond à la premi ère problématique de la 

revue de littérature. Dans cet article, nous cherchons à déterminer ÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯ

des indices utilisée ×ÖÜÙɯÙÌ×ÙõÚÌÕÛÌÙɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȭ 

LɀÈÙÛÐÊÓÌɯÛÙÖÐÚ (chapitre 4) trait e la seconde problématique découlant de la 

revue de littérature et Ëɀune particularité  ËÌɯÓɀÖÉÑÌÊÛÐÍɯÎõÕõÙÈÓ. Dans cet article une 

nouvelle mõÛÏÖËÌɯËÌɯËõÛÌÙÔÐÕÈÛÐÖÕɯËÌɯÓÈɯÛÈÐÓÓÌɯËÌÚɯÉÓÖÊÚɯËɀÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜßɯÈɯõÛõɯ

développée pour mieux caractériser ce paramètre géomécanique. 

À la lumière de ces trois articlÌÚȮɯ ÕÖÜÚɯ ×ÙõÚÌÕÛÖÕÚɯ ËÈÕÚɯ ÓɀÈÙÛÐÊÓÌɯ ØÜÈÛÙÌɯ

(chapitre 5) la méthodologie de conception du modèle physique réduit selon les 

paramètres hydrauliques et géomécaniques identifiés précédemment. 

Pour clore cet avant-propos, nous spécifions que chaque article dans le 

mémoire présente une section discussion/perspectives de recherche et un résumé 

de chaque article est présenté dans la conclusion du mémoire (chapitre 6). 



 

 

 

CHAPITRE 1  INTRODUCTION  

1.1  MISE EN CONTEXTE  

La notion d'érodabilité hydraulique d'un massif rocheux est apparue vers 1900, 

après que des observations de la dégradation du massif rocheux sous les ponts 

aient été faites (Keaton 2013; Pells et al. 2016b). Par la suite, plusieurs cas d'érosion 

ont été observés en aval des déversoirs de barrages comme 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 phénomène, et plusieurs méthodes ont été développées 

pour évaluer l'érodabilité hydraulique des massifs rocheux  soutenant ces barrages 

à l'aide de méthodes semi-empiriques et semi-analytiques. Ces méthodes utilisent 

le concept de "ligne de seuil" (Annandale 1995; Pells et al. 2016b), une corrélation 

entrÌɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌt la capacité de la roche à résister à sa destruction. 

Ce concept est établi sur la base de trois mécanismes d'érosion, à savoir la 

fracturation fragile  instantanée, la fracturation fragile continue de la masse 

ÙÖÊÏÌÜÚÌɯÌÛɯÓɀõÙosion par enlèvement dynamique des blocs (Bollaert et Schleiss 

2002; Annandale 2006b; Bollaert 2010). Les résultats obtenus par ces méthodes sont 

des graphiques sous forme d'abaque mettant en relation trois paramètres à savoir 

l'intensité de la force érosive de l'eau, la résistance du massif rocheux et les classes 
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d'érosion ou classes de dommages subis par le massif rocheux. Cependant, ces 

abaques présentenÛɯ ×ÓÜÚÐÌÜÙÚɯ ÐÕÊÖÏõÙÌÕÊÌÚɯ ØÜÈÕÛɯ ãɯ ÓɀõÝÈÓÜÈÛÐÖÕɯ ËÜɯ ×ÙÖÊÌÚÚÜÚɯ

ËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ. LÌÚɯÊÈÚɯËɀõÙÖÚÐÖÕÚɯØÜÈÓÐÍÐõÚɯËÌɯnégligeables sur le terrain 

ÚÖÕÛɯËÈÕÚɯÓÈɯÔÈÑÖÙÐÛõɯËÌÚɯÊÈÚɯØÜÈÓÐÍÐõÚɯËɀõÙÖÚÐÖÕɯmineur e à moyenne selon les 

abaques et vice-versa. "ÌɯÛà×ÌɯËɀincohérence existe pour  les différentes classes 

ËɀõÙÖÚÐÖÕȮɯËÌɯnégligeable à extensive.  Par ailleurs, les études de laboratoires ayant 

servi de base au développement de ces méthodes comportent des limites quant à 

lɀÌÚÛÐÔÈÛÐÖÕɯËÌɯÓɀõÙÖÚÐÖÕ. De nombreux facteurs sont identifiés comme pouvant 

être la source de ces incohérences, dont  ÓɀÐÕÊÌÙÛÐÛÜËÌ liée à la représentativité de la 

ÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȮɯÓɀÐÕÊÌÙÛÐÛÜËÌɯÓÐõÌɯãɯÓÈɯËõÛÌÙÔÐÕÈÛÐÖÕɯËÌɯÓÈɯÛÈÐÓÓÌɯÌßÈÊÛÌɯËÌÚɯ

ÉÓÖÊÚɯ ËɀÜÕɯ ÔÈÚÚÐÍɯ ÙÖÊÏÌÜß et la détermination  de ÓɀÐÕÍÓÜÌÕÊÌɯ ËÌÚɯ ËÐÍÍõÙÌÕÛÚɯ

paramètres géomécaniques sur la fÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȭɯLe but de ce mémoire est 

donc à la recherche de solution à ces différentÌÚɯÚÖÜÙÊÌÚɯËɀÐÕÊÖÏõÙÌÕÊÌÚ.  

1.2 PROBLÉMATIQUE  

+Ìɯ ×ÏõÕÖÔöÕÌɯ ËɀõÙÖÚÐÖÕɯ ÏàËÙÈÜÓÐØÜÌɯ ËÌÚɯ ÔÈÚÚÐÍÚɯ ÙÖÊÏÌÜßɯ ÌÚÛɯ ÜÕÌɯ

problématique qui affecte grandement la stabilité deÚɯÖÜÝÙÈÎÌÚɯËÌɯÙõÛÌÕÛÐÖÕɯËɀÌÈÜɯ

et notamment les barrages hydroélectriques sur lesquels ils reposent. Les dégâts 

peuvent aller de simples dommaÎÌÚɯÈÜßɯÖÜÝÙÈÎÌÚȮɯÑÜÚØÜɀãɯÓÌÜÙɯÙÜ×ÛÜÙÌɯÊÖÔ×ÓöÛÌȭɯ

Les méthodes développées pour évaluer  ce phénomène utilisent une corrélation 
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ÌÕÛÙÌɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌÛɯÓÈɯÙõÚÐÚÛÈÕÊÌɯËÜɯÔÈÚÚÐÍɯÙÖÊÏÌÜß. La plupart de ces 

méthodes sont de nature empirique (Tableau 1-1).  

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

hydraulique.  

Auteurs  Fonction de corrélation  
Types de 

méthodes 

Moore et al. (1994) 

#ÐÚÚÐ×ÈÛÐÖÕɯËɀõÕÌÙÎÐÌ Vs. 

Indice de Kirsten 
ȉUD = f(K) 

Méthodes 

empiriques à 

semi-empiriques 

Van Schalkwyk  et 

al. (1994) 

Annand ale (1995) 

Kirsten  et al. (2000) 

Pells (2016a) 

#ÐÚÚÐ×ÈÛÐÖÕɯËɀõÕÌÙÎÐÌ Vs. 

Indice de force géologique 

×ÖÜÙɯÓɀõÙÖËÈÉÐÓÐÛõ 

ȉUD Vs. 

eGSI 

#ÐÚÚÐ×ÈÛÐÖÕɯËɀõÕÌÙÎÐÌ Vs.  

Indice de la masse rocheuse 

×ÖÜÙɯÓɀõÙÖËÈÉÐÓÐÛõ 

ȉUD Vs. 

RMEI 

Bollaert et Schleiss 

(2002; 2005); 

Bollaert 2004; 

Bollaert et al. (2012; 

2016)  

Contrainte appliqu ée au 

massif rocheux Vs. 

Résistance de la masse 

rocheuse in-situ 

KI Vs. KI-in 
Méthode semi-

analytique 

LÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌÚÛɯle plus souvent représentée par la dissipation de  

ÓɀõÕÌÙÎÐÌɯ(ȉUD; Tableau 1-1). Différentes méthodes ËɀÌÚÛÐÔation de cet indice sont 

proposées dans la littérature  et ces ÔõÛÏÖËÌÚɯ ËɀÌÚÛÐÔÈÛÐÖÕ donnent  

systématiquement des résultats différentsȭɯ#ɀÈÜÛÙÌÚ indices sont également utilisés 

pour repÙõÚÌÕÛÌÙɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȮɯËÖÕÛɯÓÈɯÝÐÛÌÚÚÌɯÔÖàÌÕÕÌɯËɀõÊÖÜÓÌÔÌÕÛɯ

(umean), la contrainte de cisaillement moyenne sur le ÓÐÛɯ ËɀÜÕɯ ÊÈÕÈÓɯ ȹϧb) et la 

contrainte (KI) appliqu ée aux joints dans le massif rocheux. +ɀensemble de ces 

indices utilisés pour représeÕÛÌÙɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯconsidèrent différe nts 
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paramètres hydrauliques dans la détermination cette force. Cependant, ÓɀÜÛÐÓÐÚÈÛÐÖÕɯ

de ces indices pour représenter la force érosive ËÌɯÓɀeau est largement critiquée 

ËÈÕÚɯÓɀõÝÈÓÜÈÛÐÖÕɯËÜɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ (Van Schalkwyk  et al. 1994; 

Annandale 2006a; Pells et al. 2016a). Les chapitres 2 et 3 de ce mémoire sont 

principalement dédiés aux indices utilisés pour représenter la force érosive de 

ÓɀÌÈÜȭ  

Concernant la résistance du massif rocheux, différents indices ont été 

développés sur la base des paramètres de la roche intacte et du massif rocheux 

(Tableau 1-1). 

- +ɀ(-#("$ɯ#$ɯ*(123$-ɯȹKh)  

+ɀindice de Kirsten a été établi pour õÝÈÓÜÌÙɯÓÈɯÙõÚÐÚÛÈÕÊÌɯËɀÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜßɯ

ÍÈÊÌɯ ãɯ ÜÕÌɯ ÍÖÙÊÌɯ ËɀÌßÊÈÝÈÛÐÖÕ. Il a par la suite été adapté pour  évaluer le 

phénomène ËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯÌÕɯÙÌÔ×ÓÈñÈÕÛɯÓÈɯÍÖÙÊÌɯËɀÌßÊÈÝÈÛÐÖÕɯ×ÈÙɯÓÈɯÍÖÙÊÌɯ

õÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯ(Moore et al. 1994; Van Schalkwyk et al. 1994; Annandale 1995; 

Kirsten  et al. 2000). "ÌÛɯÐÕËÐÊÌɯÚɀÌß×ÙÐÔÌɯ×ÈÙɯÓɀõØÜÈÛÐÖÕ 1. 

ὑ  ὓί  ὑ ὑ ὐί , (1) 

Où  Ms est la résistance à la compression confinée de la roche intacte, représentée 

par le produit de la résistance à la compression uniaxiale (UCS, en MPa) et du 

coefficient de densité (CrȺɯËõ×ÌÕËÈÕÛɯËÌɯÓÈɯÔÈÚÚÌɯÝÖÓÜÔÐØÜÌɯËɀÜÕÌɯÙÖÊÏÌ; Kb est le 
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paramètre estimatif de la taille des blocs équivalant à RQD/Jn, où, RQD est le Rock 

Quality Designation (Deere et Deere 1989), une mesure de la fréquence des joints 

contenue dans un massif rocheux, et Jn désigne le nombre de famille de joints dans 

un massif rocheux, déterminé lors de levés structuraux; Kd est la résistance en 

cisaillement des joints, défini e par le rapport de la rugosité d e la face des joints (Jr) 

ÌÛɯÓÌɯËÌÎÙõɯËɀÈÓÛõÙÈÛÐÖÕɯȹJa), et Js représente la structure relative des blocs, qui prend 

en compte l'effet de la forme et de l'orientation des blocs par rapport à la direction 

d'écoulement de l'eau dans le canal. 

- LE GEOLOGICAL S31$-&3'ɯ(-#$7ɯ/.41ɯ+ɀN1.# !(+(3N (eGSI) 

Le Geological Strength Index (GSI) est un indice de la masse rocheuse obtenu à 

partir d e lɀÐÕËÐÊÌɯRock Mass Rating (RMR) de Bieniawski  (Bieniawski 1989; Hoek et 

al. 1998). "ɀÌÚÛɯ Ün indice de résistance des massifs rocheux utilis é dans la 

conception des tunnels. Cet indice est modifié  ×ÈÙɯÓɀÈÑÖÜÛɯËɀÜÕɯÍÈÊÛÌÜÙɯËɀÈÑÜÚÛÌÔÌÕÛɯ

ÊÖÕÚÐËõÙÈÕÛɯÓɀeffet des discontinuité s sur ÓɀõÙÖËÈÉÐÓÐÛõ (Pells et al. 2016a)ȭɯ+ɀéquation 

2 est utilisée pour déterminer le eGSI. 

ὩὋὛὍ  ὋὛὍ  Ὁ
  
, (2) 

Où Edoa ÌÚÛɯÓÌɯÍÈÊÛÌÜÙɯËɀÈÑÜÚÛÌÔÌÕÛɯËÌɯÓɀÌÍÍÌÛɯdes discontinuités sur ÓɀõÙÖËÈÉÐÓÐÛõȮ 

similaire au  facteur Js ËÌɯÓɀÐÕËÐÊÌɯËÌɯ*ÐÙÚÛÌÕȮɯÌÛɯGSI est le Géological Strength Index à 

déterminer en utilisant le graphique de  Hoek (Hoek  et al. 1998). 
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- ROCK MASS EROSION INDEX (RMEI) (Pells et al. 2016a) 

Le Rock Mass Erosion Index (RMEI) est un indice de résistance de la masse 

rocheuse, basé sur la quantification de probabilité de détachement et de 

déplacement ËÌÚɯÉÓÖÊÚȭɯ+ɀÐÕËÐÊÌɯne considère que les paramètres géologiques les 

×ÓÜÚɯ ÐÔ×ÖÙÛÈÕÛÚɯ ÊÖÕÛÙĠÓÈÕÛɯ ÓÌɯ ÔõÊÈÕÐÚÔÌɯËɀõÙÖÚÐÖÕȮ et est déterminé de deux 

manières différentes (Éqs. 3 et 4), soit RMEIA et RMEIB. Le RMEIA a une plage de 

valeurs de 10 à 50 et le RMEIB peut avoir des valeurs comprises entre 36 et 4500. 

ὙὓὉὍ ὙὊὒὊ ὙὊὒὊ ὙὊὒὊ ὙὊὒὊ ὙὊὒὊ  , (3) 

2-%)   2&0ρȢ,&0ρ Ȣ 2&0ςȢ,&0ς Ȣ 2&0σȢ,&0σ   2&0τȢ,&0τ   2&0υȢ,&0υ , (4) 

Où RF ÌÚÛɯÓÌɯÍÈÊÛÌÜÙɯËɀÐÔ×ÖÙÛÈÕÊÌɯÙÌÓÈÛÐÝÌɯ×ÖÜÙɯÓÌÚɯ×ÈÙÈÔöÛÙÌÚɯËÌɯÝÜÓÕõÙÈÉÐÓÐÛõɯãɯ

ÓɀõÙÖÚÐÖÕȮɯLF est le facteur de vraisemblance pour les paramètres de vulnérabilité à 

ÓɀõÙÖÚÐÖÕɯËÌɯP1 à P5, P1 est le mécanisme cinématique viable pour le détachement 

ËɀÜÕɯÉÓÖÊȮɯP2 représente la nature de la surface potentiellement érodable, P3 la 

nature des discontinui tés (résistance des joints), P4 et P5 représentent 

respectivement lɀÌÚ×ÈÊÌÔÌÕÛɯËÌÚɯËÐÚÊÖÕÛÐÕÜÐÛõÚɯÉÈÚÈÓes et la forme des blocs. 

- RÉSISTANCE IN SITU DU MASSIF ROCHEUX  (KI,in) 

La résistance in situ du massif rocheux (KI-in, en MPa.m1/2) est un indice de 

résistance de la masse rocheuse, défini  comme étant la ténacité à la rupture in situ 

de la masse rocheuse (Bollaert 2004). Cet indice utilise soit la résistance à la traction 
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(T), ou la résistance à la compression non confinée (UCS) de la roche (Éq. 5 et Éq. 

6).  

ὑȟ πȟρπυ ὸέ πȟρσςὝ πȟπυτ„ πȟυσ , (5) 

ὑȟ πȟππψ ὸέ πȟπρπὟὅὛ πȟπυτ„ πȟτς , (6) 

Où T est la résistance à la traction de la roche (MPa), UCS est la résistance à la 

compression non confinée, et Ϧc la contrainte de confinement in  situ (MPa). 

Pour développer ces méthodes ËɀõÝÈÓÜÈÛÐÖÕɯ ËÌɯ ÓɀõÙÖËÈÉÐÓÐÛõɯ ÏàËÙÈÜÓÐØÜÌɯ

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

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

des modèles physiques réduit s. L'objectif de ces modèles réduits était de valider 

des Ïà×ÖÛÏöÚÌÚɯÖÜɯ×ÖÜÙɯõÛÜËÐÌÙɯÓÌÚɯÊÈÙÈÊÛõÙÐÚÛÐØÜÌÚɯÏàËÙÈÜÓÐØÜÌÚɯËÌɯÓɀõÊÖÜÓÌÔÌÕÛɯ

ainsi que les phénomènes ËɀõÙÖÚÐÖÕɯËÈÕÚɯÓÌÚɯÔÈÛõÙÐÈÜßɯÎÙÈÕÜÓÈÐÙÌÚɯÖÜɯËÈÕÚɯÓÌÚɯ

massifs rocheux. Ces modèles physiques réduits permettent en général 

ÓɀÈÊØÜÐÚÐÛÐÖÕɯ ËÌɯ ËÖÕÕõÌÚɯ ãɯ ×ÈÙÛÐÙɯ ËɀÌÚÚÈÐÚɯ ÚÜÙɯ ËÐÍÍõÙÌÕÛÌÚɯ ÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯ

ËɀõÝÈÊÜÈÛÌÜÙÚɯËÌɯÊÙÜÌÚɯÌÛɯËÐÍÍõÙÌÕÛÚɯÛà×Ìs de massifs rocheux. Cependant, ces 

modèles physiques réduits comportent des limitations du point de vue  de la 

ÙÌ×ÙõÚÌÕÛÈÛÐÝÐÛõɯËÜɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌȭɯLe chapitre 5 de ce mémoire 

õÛÈÕÛɯ×ÙÐÕÊÐ×ÈÓÌÔÌÕÛɯËõËÐõɯãɯÓÈɯÊÖÕÊÌ×ÛÐÖÕɯËɀÜÕɯÔÖËöÓÌɯ×ÏàÚÐØÜÌ réduit , une 

revue de littérature bien détaillée sur ces modèles est présentée. 
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À la lumière de cette revue de littérature sommaire , il ressort que le processus 

ËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯÕɀÌÚÛɯØÜÌɯ×ÈÙÛÐÌÓÓÌÔÌÕÛɯõÛÜËÐõɯ×ÈÙɯÓÌÚɯËÐÍÍõÙÌÕÛÚɯÔÖËöÓÌÚɯ

physiques rédui ts mis en place pour étudier ce processus. De plus, la 

représentativité des indices utilisés pour représenter les forces caractéristiques de 

ÓɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯÌÚÛɯÔÐÚÌɯen cause. Selon, Boumaiza et al. (2019a), les indices 

de résistance de la masse rocheuse utilise nt certains paramètres géomécaniques 

non pertinents ×ÖÜÙɯÓÌɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ (M s, Js et Kb) et ËɀõÕÖÙÔÌÚɯ

critiques viennent à ÓɀÌÕÊÖÕÛÙÌɯËÌɯÓɀÜÛÐÓÐÚÈÛÐÖÕɯËÌÚɯÐÕËÐÊÌÚɯÊÖÕÕÜÚɯ×ÖÜÙɯÙÌ×ÙõÚÌÕÛÌÙɯ

ÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȭ Et parmi  les paramètres qualifiés de pertinents pour 

ÓɀõÙÖÚÐÖÕɯ ÏàËÙÈÜÓÐØÜÌȮ le volume des blocs (Vb) représente un paramètre 

géomécanique très important, car il est intrinsèquement lié aux poids des blocs qui 

influencent grandement la force nécessaire au déplacement des blocs. Cependant, 

il ressort que les méthodes de quantification de ce paramètre (Vb) 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 nécessaires de nouvelles études pour compléter la caractérisation du 

×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ, en commençant par Óɀévaluation de la pertinence 

des indices utilis és pour représenter la force érosive ËÌɯÓɀeau, puis la recherche de 

nouvelles méthodes ËɀÌÚÛÐÔÈÛÐÖÕɯ ËÜɯ ÝÖÓÜÔÌɯ ËÌÚɯ ÉÓÖÊs et enfin ÓɀõÝÈÓÜÈÛÐÖÕɯ
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ÊÖÔ×ÓöÛÌɯ ËÌɯ ÓɀÐÕÛÌÙÈÊÛÐÖÕɯ ÌÕÛÙÌɯ ÓÈɯ ÍÖÙÊÌɯ õÙÖÚÐÝÌɯ ËÌɯ ÓɀÌÈÜɯ ÌÛɯ ÓÌÚɯ ×ÈÙÈÔöÛÙÌÚɯ

géomécaniques. 

1.3 OBJECTIFS  

+ɀÖÉÑÌÊÛÐÍɯ×ÙÐÕÊÐ×ÈÓ consiste à mettre en place un modèle physique réduit 

ËɀõÝÈÊÜÈÛÌÜÙɯ ËÌɯ ÊÙÜÌȮɯ ×ÌÙÔÌÛÛÈÕÛɯ ÜÕÌɯ ÊÈÙÈÊÛõÙÐÚÈÛÐÖÕ complète du processus 

ËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌȭɯ/ÖÜÙɯÊÌɯÍÈÐÙÌȮɯØÜÌÓØÜÌÚɯÖÉÑÌÊÛÐÍÚɯÚ×õÊÐÍÐØÜÌÚɯÚÖÕÛɯÕõÊÌÚÚÈÐÙÌÚɯ

pour réponËÙÌɯãɯÓɀÖÉÑÌÊÛÐÍɯ×ÙÐÕÊÐ×ÈÓȭɯ"ÌÚɯÖÉÑÌÊÛÐÍÚɯÚ×õÊÐÍÐØÜÌÚɯÚÖÕÛɯÓÌÚɯÚÜÐÝÈÕÛÚ :  

1- Identifi er lÌÚɯ ËÐÍÍõÙÌÕÛÚɯ ×ÈÙÈÔöÛÙÌÚɯ ÊÈÙÈÊÛõÙÐÚÛÐØÜÌÚɯ ËÌɯ ÓɀõÙÖsion 

hydraulique,  ÊɀÌÚÛ-à-dire les paramètres caractéristiques de la force érosive 

ËÌɯÓɀÌÈÜɯÌÛɯÊÌÜßɯÊÈÙÈÊÛõÙÐÚÛÐØÜÌÚɯËÌ la résistance du massif rocheux,  

2- Étudier la pertinence et ÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯdes paramètres caractéristiques de la 

ÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜ, 

3- Rechercher ÜÕÌɯÕÖÜÝÌÓÓÌɯÔõÛÏÖËÌɯËɀÌÚÛÐÔÈÛÐÖÕɯËÜɯÝÖÓÜÔÌɯËÌÚɯÉÓÖÊÚɯÐÕ situ 

ËɀÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜß, 

4- Étudier la représentativité des différents paramètres hydrauliques et  

géomécaniques à une échelle réduite;  

5- Concevoir et construire le modèle physique réduit,  

6- Valider la représentativité  du modèle physique réduit  construit .   
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1.4 MÉTHODOLOGIE   

La méthodologie adoptée tout  au long de cette recherche pour atteindre les 

objectifs énumérés ci-dessus est présentée à la Figure 1-1 sous forme de diagramme 

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

 

Figure 1-1 : Méthodologie de recherche appliquée dans ce mémoire 

Recherche de données  

Identification des paramètres 

ÊÈÙÈÊÛõÙÐÚÛÐØÜÌÚɯËÌɯÓɀõÙÖÚÐon 

hydraulique des massifs rocheux 

Identification des différents indices 

utilisés pour représenter la force 

õÙÖÚÐÝÌɯËÌɯÓɀÌÈÜ 

Études de la pertinence et 

ÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯËÌÚɯËÐÍÍõÙÌÕÛÚɯÐÕËÐÊÌÚɯ

utilisés pour représenter la force 

õÙÖÚÐÝÌɯËÌɯÓɀÌÈÜ 

Identif ication du paramètre 

hydraulique pertinent  pour 

représenter la force érosive 

1ÌÊÖÔÔÈÕËÈÛÐÖÕɯØÜÈÕÛɯãɯÓɀÜÛÐÓÐÚÈÛÐÖÕɯËÜɯ

modèle physique réduit  

Études de la représentativité du 

paramètre hydraulique à une 

échelle réduite  

Conception, construction et validation 

du modèle physique réduit 

ËɀõÝÈÊÜÈÛÌÜÙɯËÌɯÊÙÜÌ 

Études de la 

représentativité 

des paramètres 

géomécaniques 

pertinents à une 

échelle réduite  
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1.4.1  LA RECHERCHE DE DONNÉES  

Dans la littérature, i l existe de nombreuses études concernant la 

ÊÈÙÈÊÛõÙÐÚÈÛÐÖÕɯËÜɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌȭɯ/ÖÜÙɯentamer cette recherche, 

une compilation  ËÌÚɯ ÈÕÊÐÌÕÕÌÚɯ ÔõÛÏÖËÌÚɯËɀõÝÈÓÜÈÛÐÖÕɯËÜɯ ×ÙÖÊÌÚÚÜÚɯ ËɀõÙÖÚÐÖÕɯ

hydraulique est effectuée dans le ÉÜÛɯËÌɯËõÍÐÕÐÙɯÓɀõÛÈÛ des connaissances sur le 

×ÏõÕÖÔöÕÌɯ ËɀõÙÖÚÐÖÕɯ ÏàËÙÈÜÓÐØÜÌɯ ËÌÚɯ õÝÈÊÜÈÛÌÜÙÚɯ ËÌɯ ÊÙÜÌ, et de valid er les 

ÖÉÑÌÊÛÐÍÚɯ ËÌɯ ÊÖÕÊÌ×ÛÐÖÕɯ ËÜɯ ÔÖËöÓÌɯ ×ÏàÚÐØÜÌɯ ÙõËÜÐÛɯ ãɯÓɀõÛÜËÌȭɯ +ɀÌÕÚÌÔÉÓÌɯ ËÌÚɯ

ÔõÊÈÕÐÚÔÌÚɯËɀõÙÖÚÐÖÕɯsont étudi és et les différents paramètres caractéristiques de 

ÓɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯÖÕÛɯõÛõɯÙõ×ÌÙÛÖÙÐés. Les approximations  liées aux anciennes 

méthodes ont été identifié es et les objectifs de conception du modèle physique 

réduit  ÖÕÛɯõÛõɯÉÖÕÐÍÐõÚɯ×ÈÙɯÓɀÈÑÖÜÛɯËÌÚɯÕÖÜÝÌÓÓÌÚɯperspectives de recherches dans le 

but de pouvoir mettre en place un modèle physique réduit compl et. De plus, une 

ÉÈÚÌɯËÌɯËÖÕÕõÌÚɯËÌɯ×ÓÜÚɯËÌɯƕƔƔɯõÛÜËÌÚɯËÌɯÊÈÚɯËɀõÙÖÚÐÖÕÚɯËɀõÝÈÊÜÈÛÌÜÙÚɯËÌɯÊÙÜÌɯa 

été compilée sur la base des données existantes, dont principalement ceux de Van 

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

compilées portent sur  les paramètres caracÛõÙÐÚÛÐØÜÌÚɯ ËÌɯ ÓɀÏàËÙÈÜÓÐØÜÌɯ ËÌÚɯ

évacuateurs de ÊÙÜÌȮɯËÖÕÛɯÓÌɯËõÉÐÛɯËɀõÊÖÜÓÌÔÌÕÛ (Q), la décharge (q) et les pertes de 

charges liées aux écoulements (Sf ou S0)ȭɯ;ɯÓɀÖ××ÖÚõɯÓÌÚɯ×ÈÙÈÔöÛÙÌÚɯÎõÖÔõÊÈÕÐØÜÌÚɯ

compilés sont le RQD, Jn, Jr, Ja, Js, Jo, Ms, la persistance des joints, la rugosité des 

joints (JRCȺȮɯÓɀÌÚ×ÈÊÌÔÌÕÛɯÌÕÛÙÌɯÓÌÚɯÑÖÐÕÛÚɯȹS), le pendage et la direction de pendage 
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des joints (Dip/Dip -Direction) , la dir ection des écoulements et les classes de 

dommages pour chaque cas ËɀõÛÜËÌÚȭ 

1.4.2 +ɀ(#$-3(%(" 3(.- DES PARAMÈTRES CARACTÉRISTIQUES DE 

+ɀN1.2(.-ɯ'8#1 4+(04$ 

1.4.2.1 LES INDICES UTILISÉ S POU1ɯ+ ɯ%.1"$ɯN1.2(5$ɯ#$ɯ+ɀ$ 4 

 +ɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯõÛÈÕÛɯÊÈÙÈÊÛõÙÐÚée ×ÈÙɯÓÌɯÙõÚÜÓÛÈÛɯËÌɯÓɀÈÊÛÐÖÕɯËÌɯÓÈɯÍÖÙÊÌɯ

õÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÚÜÙɯÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜßȮɯÓÌÚɯÔõÛÏÖËÌÚɯËõÝÌÓÖ××ões pour prédire ce 

processus sont basés sur la corrélation entre cette force et la résistance du massif 

rocheuxȭɯ+ÌÚɯÊÈÚɯËɀõÙÖÚÐÖÕɯÚÖÕÛɯËõÍÐÕÐÚɯÓÖÙÚØÜÌɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌßÊöËÌɯÓÈɯ

résistance du massif rocheux et le contraire est qualifié de non-érosion. Pour ce 

faire, des méthodes ËɀÌÚÛÐÔÈÛÐÖÕɯËÌɯÊÌÚɯÍÖÙÊÌÚɯÖÕÛɯõÛõɯËõÝÌÓÖ××õÌÚɯËÌɯdifférentes 

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

érosive et les indices de résistances de la masse rocheuse. Étant donné que les 

résultats obtenus des différentes corrélations entre ces indices présentent des 

incohérences quant à la prédiction des classes de dommage, la source de ces 

incohérences est défini e comme étant liée aux indices de force caractéristiques des 

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

étude sur les indices de résistances de la masse rocheuse, et leur conclusion était 

que ces différents indices considèrent certains paramètres géomécaniques non 
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×ÌÙÛÐÕÌÕÛÚɯ ×ÖÜÙɯ ÓɀõÙÖÚÐÖÕɯ ÏàËÙÈÜÓÐØÜÌɯ ×ÖÜÙɯ ËõÍÐÕÐÙɯ ÓÈɯ ÙõÚÐÚÛÈÕÊÌɯ ËÌÚɯ ÔÈÚÚÐÍÚɯ

rocheux. 

Dans ce mémoire, les indices de force érosive sont investigués en première 

position  dans le ÉÜÛɯËɀÐËÌÕÛÐÍÐer les paramètres hydrauliques pertinents à prendre 

ÌÕɯÊÖÔ×ÛÌɯËÈÕÚɯÓÈɯÊÖÕÊÌ×ÛÐÖÕɯËÜɯÔÖËöÓÌɯ×ÏàÚÐØÜÌɯÙõËÜÐÛɯãɯÓɀõÛÜËÌ. Ensuite, ces 

ÐÕËÐÊÌÚɯ ÚÖÕÛɯ ÊÙÐÛÐØÜõÚɯ ÚÜÙɯ ÓÈɯ ÉÈÚÌɯ ËɀÜÕÌɯinterprétation du comportement des 

paramètres hydrauliques dans les mõÊÈÕÐÚÔÌÚɯËɀõÙÖÚÐÖÕ (chapitre 2). En utilisant 

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

×ÖÜÙɯõÝÈÓÜÌÙɯÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯËÌɯÊÌÚɯËÐÍÍõÙÌÕÛÚɯÐÕËÐÊÌÚȭɯ$ÛɯÓÌ paramètre hydraulique 

essentiel à considérer dans la conception du modèle physique réduit est 

doublement identifié  (chapitre 3). 

1.4.2.2 REPRÉSENTATIVITÉ DES PARAMÈTRES HYDRAU LIQUES À UNE 

ÉCHELLE RÉDUITE  

+ɀÜÕe des problématiques majeures liée aux anciens modèles physiques 

ÙõËÜÐÛÚɯËɀõÝÈÊÜÈÛÌÜÙɯËÌɯÊÙÜÌɯÌÚÛɯÓÈɯÙÌ×ÙõÚÌÕÛÈÛÐÝÐÛõɯËÌÚɯ×ÈÙÈÔöÛÙÌÚɯÊÈÙÈÊÛõÙÐÚÛÐØÜÌÚɯ

ËÌɯÓɀõÙÖÚÐÖÕȭɯ/ÈÙɯÌßÌÔ×ÓÌȮɯÓÌÚɯËõÉÐÛÚɯÜÛÐÓÐÚés étaient généralement faibl es ou trop 

élevés comparativement aux débits ËɀõÊÖÜÓÌÔÌÕÛɯËɀÜÕɯõÝÈÊuateur de crue. Pour 

remédier à ces problèmes dans la présente conceptionȮɯ ÓÈɯ ÕÖÛÐÖÕɯ ËɀÈÕÈÓàÚÌɯ

dimensionnel le (Cengel 2014) utilis ée dans le domaine de la mécanique des fluides 

×ÖÜÙɯ ÈÚÚÜÙÌÙɯ ÓɀÐÕÝÈÙÐÈÕÊÌɯ ËÌÚɯ ×ÈÙÈÔöÛÙÌÚɯ ÎõÖÔõÛÙÐØÜÌÚȮɯ ÊÐÕõÔÈÛÐØÜÌÚɯ ÌÛɯ
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dynamiques à différentes échelles a été appliqu ée. Pour ce faire, différentes étapes 

sont nécessaires dont :  

1- La sélectiÖÕɯ ËɀÜÕɯ ×ÙÖÛÖÛà×Ìɯ ȹÔÖËöÓÌɯ ãɯ ÎÙÈÕËÌɯ õÊÏÌÓÓÌȮɯ ÊɀÌÚÛ-à-dire un 

évacuateur de crue sur placeȺɯ ×ÌÙÔÌÛÛÈÕÛɯ ËɀÈÝÖÐÙɯ ÓÌÚɯdimensions 

géométriquesȮɯÓÌÚɯËÖÕÕõÌÚɯÊÐÕõÔÈÛÐØÜÌÚɯÌÛɯËàÕÈÔÐØÜÌÚɯËɀÜÕɯõÝÈÊÜÈÛÌÜÙɯËÌɯ

crue réel, 

2- +ÈɯÚõÓÌÊÛÐÖÕɯËɀÜÕɯÍÈÊÛÌÜÙɯËɀõÊÏÌÓÓÌɯ(Fe) ÌÛɯËɀÜÕɯnombre adimensionnel pour 

effectuer la transposition des différentes données, 

3- La vÈÓÐËÈÛÐÖÕɯËÌɯÓɀÈÕÈÓàÚÌɯËÐÔÌÕÚÐÖÕÕÌÓle. 

Sur la base des propositions  reçues Ëɀ'àËÙÖ-0ÜõÉÌÊȮɯÓɀõÝÈÊÜÈÛÌÜÙɯËÌɯÊÙÜÌɯËÜɯ

barrage Romaine ɬ 04 (RN-04) a été choisi comme modèle réel ãɯÓɀõÛÜËÌȭɯ/ÈÙɯÓÈɯ

suite, le nombre de Froude (Fr), étant le nombre adimensionnel permettant 

ËɀÜÛÐÓÐÚÌÙɯÓɀÌÈÜɯÊÖÔÔÌɯÍÓÜÐËe à différentes échelles (Cengel 2014), a été utilisé avec 

un ÍÈÊÛÌÜÙɯËɀõÊÏÌÓÓÌɯFe = 1/40 pour déterminer les dimensions du modèle physique 

réduit  dépendamment des dimensions de la RN-04. Cependant, le modèle 

physique réduit a été conçu ËɀÜÕÌɯ ÔÈÕÐöÙÌɯ ãɯ ×ÖÜÝÖÐÙɯÓɀÈËÈ×ÛÌÙ ãɯ ËɀÈÜÛÙÌÚ 

ÊÖÕËÐÛÐÖÕÚɯËɀõÊÖÜÓÌÔÌÕÛȮ car le débit, la ÝÐÛÌÚÚÌɯËɀõÊÖÜÓÌÔÌÕÛɯet la pente du canal 

sont variables ainsi que les paramètres géomécaniques. Et la validation de 

ÓɀÈÕÈÓàÚÌɯËÐÔÌÕÚÐÖÕÕÌÓle a été effectuée en utili sant le nombre Reynolds (Re). 
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+ɀÈÕÈÓàÚÌɯËÐÔÌÕÚÐÖÕÕÌÓle est valide lorsque le prototype et le modèle physique 

réduit sont caractérisés par le même ÔÖËÌɯËɀõÊÖÜÓÌÔÌÕÛȮ à savoir ÓɀõÊÖÜÓÌÔÌÕÛɯ

turbulent.  

1.4.3 REPRÉSENTATIVITÉ DES PARAMÈTRES GÉOMÉCANIQUES À UNE 

ÉCHELLE RÉDUITE  

+ɀÖÉÑÌÊÛÐÍɯ ×ÙÐÕÊÐ×ÈÓɯ ËÌɯ ÊÖÕÊÌ×ÛÐÖÕɯ ËÌɯ ÊÌɯ ÔÖËöÓÌɯ ×ÏàÚÐØÜÌɯ ÙõËÜÐÛɯ ÌÚÛɯ ÓÈɯ

×ÖÚÚÐÉÐÓÐÛõɯËɀõÛÜËÐÌÙɯÓɀÌÍÍÌÛɯËÌɯÓÈɯÝÈÙÐÈÛÐÖÕɯËÌÚɯËÐÍÍõÙÌÕÛÚɯ×ÈÙÈÔöÛÙÌÚɯÎõÖÔõÊÈÕÐØÜÌÚɯ

ÚÜÙɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȭɯ"Ì×ÌÕËÈÕÛȮɯÓɀÌÕÚÌÔÉÓÌɯËÌÚɯ×ÈÙÈÔöÛÙÌÚɯÎõÖÔõÊÈÕÐØÜÌÚɯ

affectant un massif rocheux, font en ÚÖÙÛÌɯØÜɀÜÕɯÔÈÚÚÐÍɯɯÙÖÊÏÌÜßɯÚÖÐÛɯÊÖÕÚÛÐÛÜõɯËɀÜÕɯ

assemblage de blocs de différentes tailles et 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 confectionnés avec 

différentes formes, différentes tailles, différentes densités et en ayant également 

des surfaces allant de lisses à très rugueuses. Ces blocs sont confectionnés de sorte 

à pouvoir tenir compte  de tous les paramètres géomécaniques pertinents dans 

ÓɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌȮɯËÖÕÛɯJn, Jr, Ja, Jo, Edao, Kd, Vb et NPES. Par 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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Figure 1-2 :  Ú×ÌÊÛɯÛà×ÐØÜÌɯËɀÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜßɯÍÙÈÊÛÜÙõɯȹ,ÖËÐÍÐõɯËÌɯ#ȭɯ'ÈÕÛáɯƖƔƕƙȺȭ 

On sait que ÓÈɯ×ÙÌÚÚÐÖÕɯÓÐõÌɯãɯÓɀõÊÖÜÓÌÔÌÕÛɯËÌɯÓɀÌÈÜɯÌÚÛɯÓÌɯ×ÈÙÈÔöÛÙÌɯÓÌɯ×ÓÜÚɯ

important  dans le processus ËɀõÙÖÚÐÖÕ hydraulique. La valeur de cette pression et 

sa variation selon des ×ÈÙÈÔöÛÙÌÚɯ ÎõÖÔõÊÈÕÐØÜÌÚɯ ÚÖÕÛɯ ÔÌÚÜÙõÌÚɯ ãɯ ÓɀÈÐËÌɯ ËÌɯ

capteurs de pression situés à différents endroits sur chaque face des blocs de béton. 

Par ailleurs, à la suite dÌɯÓɀÐÕÛÌÙ×ÙõÛÈÛÐÖÕɯËÌÚɯËÐÍÍõÙÌÕÛÚɯÔõÊÈÕÐÚÔÌÚɯËɀõÙÖÚÐÖÕȮɯÐÓɯ

ressort que certains paramètres géomécaniques ÕɀÖÕÛɯpas ËɀÐÕÍÓÜÌÕÊÌɯËÐÙÌÊÛÌɯÚÜÙɯÓÈɯ

pression hydraulique, mais plutôt sur le déplacement relatif des blocs . Cɀest 

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

(accéléromètre) ËÈÕÚɯÓÌɯÉÜÛɯËɀõÝÈÓÜÌÙɯÊÌɯ×ÈÙÈÔöÛÙÌȭ 
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1.4.4 CONCEPTION, CONSTRUCTION ET VALIDATION DU MODÈLE 

PHYSIQUE RÉDUIT  

Après savoir résolu les problèmes de représentativité des différents 

paramètres caractéristiques ËÌɯÓɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ, le plan du modèle physique 

réduit est conceptualisé avant de passer à la construction. Après la mise en place 

de ce modèle, des essais devront  être réalisés pour valider la représentativité du 

modèle réduit ainsi conçu. On ÚɀÈttend à ce que la pression liée à la circulation 

ËɀÌÈÜɯ ËÈÕÚɯ ÓÌÚɯ ÑÖÐÕÛÚɯ ȹÈÜÛÖÜÙ et en dessous des blocs de béton) varie selon 

différentes configurations  ËɀÈÚÚÌÔÉÓÈÎÌɯËÌÚɯÉÓÖÊÚɯËÌɯÉõÛÖÕȭ 

1.4.5 RECOMMANDATIONS  

À la suite des essais, des recommandations seront émises quant à 

ÓɀamélioratÐÖÕɯËÜɯÔÖËöÓÌȮɯÚÖÕɯÜÛÐÓÐÚÈÛÐÖÕɯÌÛɯÓÌÚɯËÐÍÍõÙÌÕÛÚɯÌÚÚÈÐÚɯËɀõÊÖÜÓÌÔÌÕÛɯãɯ

ÌÍÍÌÊÛÜÌÙɯ×ÖÜÙɯõÝÈÓÜÌÙɯÓÌɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯËÌɯÔÈÕÐöÙÌɯÊÖÔ×ÓöÛÌȭ 

1.5 STRUCTURE DU MÉMOIRE  

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

ÔÈÕÜÚÊÙÐÛÚɯËɀÈÙÛÐÊÓÌÚɯÚÊÐÌÕÛÐÍÐØÜÌÚɯȹ"ÏÈ×ÐÛÙÌɯƖȮɯƗȮɯƘɯÌÛɯƙȺɯdont un  publié, et dont  le 

premier auteur ÌÚÛɯÓɀÈÜÛÌÜÙɯËÌɯÊÌɯÔõÔÖÐÙÌȭɯ+ÌɯÔõÔÖÐÙÌɯÊÖÕÛÐÌÕÛɯÚÐßɯÊÏÈ×ÐÛÙÌÚɯ

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

ÓɀõÕÖÕÊõɯ ËÌɯ ÓÈɯ ×ÙÖÉÓõÔÈÛÐØÜÌɯ ËÌɯ ÙÌÊÏÌÙÊÏÌȮɯ ÓÌÚɯ ÖÉÑÌÊÛÐÍÚɯ ËÌɯ ÓÈɯ ÙÌÊÏÌÙÊÏÌȮɯ ÓÈɯ

méthodologie mise en place pour atteindre ces objectifs et un résumé de la 

structure du mémoire . 

Le chapitre 2 : RÌÝÜÌɯËÌɯÓÐÛÛõÙÈÛÜÙÌɯËÌÚɯÔõÛÏÖËÌÚɯËɀÌÚtimation de la force érosive 

ËÌɯÓɀÌÈÜ ØÜÐɯÙõ×ÖÕËɯãɯÓɀobjectif 1 . Dans ce chapitre, nous cherchons à identifier les 

ËÐÍÍõÙÌÕÛÚɯÐÕËÐÊÌÚɯÊÖÕÕÜÚɯ×ÖÜÙɯÙÌ×ÙõÚÌÕÛÌÙɯÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜȮɯprésenter les 

ÔõÛÏÖËÌÚɯ ËɀÌÚÛÐÔÈÛÐÖÕɯ ËÌɯ ÊÌÚɯ ÐÕËÐÊÌÚȮɯ ×ÙõÚÌÕÛÌÙɯ ÓÌÚɯ ÊÙÐÛÐques concernant les 

insuffisances liées à ces indices par rapport à leurs pertinences pour représenter la 

ÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜ. Des pistes de recherche sont proposées pour améliorer 

ÓɀÐÕËÐÊÌɯÓÌɯ×ÓÜÚɯ×ÌÙÛÐÕÌÕÛȭ 

Le chapitre 3 : Pour répondre à Óɀobjectif 2 , ce chapitre présente une méthode 

développée pour  õÝÈÓÜÌÙɯÓɀÈ××ÓÐÊÈÉÐÓÐÛõɯËÌÚɯÐÕËÐÊÌÚɯÊÖÕÕÜÚɯ×ÖÜÙɯÙÌ×ÙõÚÌÕÛÌÙɯÓÈɯ

ÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈu. 

Le chapitre 4 : CÖÕÊÌÙÕÈÕÛɯÓɀobjectif 3 , ce chapitre présente le développement 

ËɀÜÕÌɯÕÖÜÝÌÓÓÌɯÔõÛÏÖËÌɯvectorielle de dõÛÌÙÔÐÕÈÛÐÖÕɯËÜɯÝÖÓÜÔÌɯËÌÚɯÉÓÖÊÚɯËɀÜÕɯ

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 modèle physique réduit conçu en laboratoire 

(objectif s 4, 5 et 6). Ce modèle physique réduit conçu prend en compte les 
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paramètres propres à ÓÈɯÍÖÙÊÌɯõÙÖÚÐÝÌɯËÌɯÓɀÌÈÜɯÌÛɯÓÌÚɯ×ÈÙÈÔöÛÙÌÚɯÎõÖÔõÊÈÕÐØÜÌÚɯ

pertinents dans la définition de la résistance des massifs rocheux dans le processus 

Ëɀõrosion hydrauliq ue. 

Le chapitre 6 : Chapitre de conclusion contenant également des recommandations 

et les perspectives de recherche avec le modèle physique réduit conçu en 

laboratoire. 

 

 



 

 

 

CHAPITRE 2  

IDENTIFICATION DES PARAMÈTRES HYDRAULIQUES 

INFLUENÇANT L'ÉRODABILITÉ HYDR AULIQUE DES CANAUX 

D'ÉCOULEMENT DES DÉVERSOIRS   

Ce chapitre présente un article dont le 1er auteur ÌÚÛɯÓɀÈÜÛÌÜÙɯde ce mémoire. 

Le but ce chapitre est ÓɀÐËÌÕÛÐÍÐÊÈÛÐÖÕɯ ËÌÚɯ ËÐÍÍõÙÌÕÛÚɯ ×aramètres hydrauliques 

influen çant ÓÌɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌɯËÌÚ massifs rocheux des canaux 

ËɀõÊÖÜÓÌÔÌÕÛɯ ËÌÚɯ õÝÈÊÜÈÛÌÜÙÚɯ ËÌɯ ÊÙÜÌȭɯCet article a été publié  par la revue 

Hydraulics and Hydronamics dans la section Water,  le 20 octobre 2021 et est 

disponible en ligne :  https://www.mdpi.com/2073-4441/13/21/2950 

 

 

 

 

 

 

https://moncourrier.uqac.ca/owa/redir.aspx?REF=Km1YCr1WTgP4mzIe4p286VQdzp4Bfog4x_0H-gI7JnUJRkoQ5JTZCAFodHRwczovL3d3dy5tZHBpLmNvbS8yMDczLTQ0NDEvMTMvMjEvMjk1MA..
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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 between 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 of the flow channel, the stress applied to the internal 

mailto:ali_saeidi@uqac.ca
mailto:alain_rouleau@uqac.ca
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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 are associated with 

these methods. This paper presents and discusses the various means of calculating 

the erosive force of water as a hazard parameter for predicting 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. 

2.1 INTRODUCTION  

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 been developed for 
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evaluating the hydraulic erodibility of a rock mass using semi -empirical and semi -

ÈÕÈÓàÛÐÊÈÓɯÔÌÛÏÖËÚȭɯ3ÏÌÚÌɯÔÌÛÏÖËÚɯÏÈÝÌɯÈ××ÓÐÌËɯÛÏÌɯÊÖÕÊÌ×ÛɯÖÍɯÛÏÌɯɁÛÏÙÌÚÏÖÓËɯ

ÓÐÕÌȮɂ(Annandale  1995; Pells et 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 based on 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 resistance 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 Ὃ , the pressure on top of the block Ὂ , and the 

shear resistance along the sides of the block Ὂ . 
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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). 

 

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 not exceed 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). 

 

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 ὑ , BollaÌÙÛɀÚ in situ resistance of a rock mass ὑȟ ), and the indices of 

Pells, which are the geological strength index for erodibility ὩὋὛὍ and the rock 
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mass erodibility index ὙὓὉὍ). The hydraulic hazard parameter of water has been 

mainly rep resented by the dissipation of energy rate ɩ  Ὥὲ Ë7 Í ), 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 ὑ Ὥὲ -0Á Í ϳ  and in the form of  

force dynamic impulse or block lifting force  Ὅ  Ὥὲ +Ç Í Ó . Pells (Pells 2016a) 

illustrated that the average flow velocity ό Ὥὲ Í Ó  and the average shear stress 

on the bottom surface of flow channel †Ӷ Ὥὲ 0Á 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) maintai ned that the 

dissipation of hydraulic power ɩ  provides a good approximation of turbulent  

fluctuations. Moreover, a large combination of spillway geometry and flow types 

can be associated with a given measure of ɩ . Because the determination of ɩ  is 

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

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 erodibility 

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 di sadvantages 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 f orce, 
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and the dissipation of power or energy from a flow channel. We also discuss the 

limitations of these methods. 

2.2 TYPES 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 on-site properties determine the types of spillway that are 

instal led, for example (Khatsuria 2004): 

¶ ogee spillway, 

¶ chute spillway,  

¶ side-channel spillway,  

¶ shaft or tunnel spillway,  

¶ siphon spillway,  

¶ 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 representation of 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 
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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 been obtained, 

including 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, 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 †  ‘ȢὨόȾὨώ 

(Schlichting 1979; Pells et 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 varia tion 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 non-uniform flow, the total energy gradient is used to 

estimate the shear stresses in the channel. Figure 2-5 illustrates possible cases of 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 a non-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). 

†Ӷ ”ȢÇȢὙȢὛÃÏÓ—  (Uniform flow) ,  (2-1) 

 

†Ӷ ”ȢÇȢὙȢὛÃÏÓ—  (non-uniform flow) ,  (2-2) 

 

where ‘ is the dynamic viscosity of water, ό is the flow velocity, Ὑ is the 

hyd raulic radius, Ὓ is the slope of the channel equal to ὨᾀὨὼϳ , ὼ is the distance 

along the channel, ᾀ is the elevation above a datum, Ç is the gravitational 

acceleration, — is the angle of inclination of the channel, and Ὓ is the total energy 

gradient  equal to ὨὌὨὼϳ  Ὄ ὒȢÃÏÓ—ϳ , and Ὄ  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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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 †Ӷ represents the mean hydraulic shear stress on the 

surface of the channel. The actual shear stress at each 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 †Ӷ is generally replaced by the shear 

velocity όz ȟ which is calculated using Eq.(2-3). 

όz
ȢȢ

 ÇȢὙ ÓÉÎ—  Ǫ †Ӷ ”όz . 
(2-3) 

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 substitute the dynamic viscosity (‘) with the eddy viscosity (–) to 

calculate the shear stress 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.  

†  –Ȣ
Ὠό

Ὠώ
 

(2-4) 

In addition to Eqs. (2-1), (2-2), (2-3), and (2-4), expressions exist for estimating 

the shear stress at the 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 presented in 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 

Method  Cross-sectional shape 
Boundary roughness 

distribution  

Lundgren and Jonsson 

(1964) 
General 

Homogeneous and 

rough  

Flintham and Carling 

(1988) 
Rectangular, trapezoidal Homogeneous 

Pizzuto (1991) General Homogeneous 

Christensen and Fredsoe 

(1998) 
General Homogeneous 

Khodashenas and Paquier 

(1999) 
General Homogeneous 

Ramana Prasad and 

Russell Manson (2002) 
Rectangular, trapezoidal Homogeneous 

Berlamont et al. (2003) 
Rectangular, circular (with 

or without a flat bed)  
Homogeneous 

Yang and Lim (2005) and 

Yang et al. 2004 

Rectangular, trapezoidal, 

circular, V -notch, 

compounded 

Homogeneous 

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 (Khodashenas et al. 2008) 

- Merged perpendicular method  (Khodashenas et al. 2008) 

The merged perpendicular method (MPM) is a geometric method for 

calculating the local shear stress in an irregular cross section of a channel. 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 †  is thus 

obtained using Eq.(2-5). 

† ”ȢὫȢὙȢὐ , 
(2-5) 

where Ὑ is the local hydraulic radius, and ὐ is the average energy slope. 

Subsequently, the average boundary stresses acting on the 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 cha nnel. Moreover, the roughness distribution along the we tted 

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

 
Figure 2-6: Schematic illustration of the areas determined by the merged perpendicular meth od 

(Khodashenas et 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 ϷὛὊύ 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 widthɬdepth ratio ὦὬϳ  without accounting for 

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

ϷὛὊύ
ρππ†Ӷ

†Ӷ  †Ӷ
ὖ
ὖ

ừ
Ử
Ừ

Ử
ứςυτ

ὦ

Ὤ
  
ὦ

Ὤ
ς

ρππ

ὦ
Ὤ

  
ὦ

Ὤ
ς

 ȟ 
(2-6) 

where ὖ  and ὖ  represent the wetted perimeter of the bed and sidewalls, 

respectively. Knowing ϷὛὊύ, the following equations are used to determine the 

shear stress of the bed and the walls of a channel  †Ӷ and †Ӷ : 

ρ πȢπρϷὛὊύρ

πȢπρϷὛὊύρ  
. 

(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 ’όzϳ  (Yang et Lim 2005), where ’ is the 

kinematic viscosity of the fluid, and όz 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 perimeter; 

however, secondary currents are not considered. The distribution of average shear 

stresses along the bed †Ӷ  and side wall †Ӷ  for a smooth trapezoidal channel 

are determined using equations (2-8) through  (2-11). 

ừ
Ử
Ừ

Ử
ứ
†Ӷ

”ὫὬὐ
ρ
Ὤ

ὦ

ρ

ÔÁÎ‍
‪
Ὤ

ὦ

ρ

ÓÉÎ‍

†Ӷ

”ὫὬὐ

ρ

ς
‪

 ȟ (2-8) 

where Ὤ is the flow depth, ὦ 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 ‪ όz όzϳ . Equation (2-8) is applicable and valid  

under the following conditions:  

ς

ρ ‪ÃÏÓ‍ π
 . 

(2-9) 

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

where the intersection of the dividing lines is located above the water surface in 



 

39 

 

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 limits is given by 

Eq.(2-10). 

‚

‚
  , 

(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  

ς

ρ ‪ÃÏÓ‍ π
. 

(2-11) 

Thus, for channels having a rough and homogeneous trapezoidal section, the local 

bed and sidewall average stresses are obtained using Eqs. (2-8) and (2-10), with 

‪ ρ, 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 

w ithout 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 (Eq.(2-12)). 

!ÒÃÔÇÅØÐ ÅØÐ

ρ
 . 

(2-12) 

- Method of Seckin et al.  (Seckin et 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 ϷὛὊύ, Knight  et al. (1984) produce equations to determine this 

average shear stress (Eq.(2-13)). 

ρ πȢπρϷὛὊύρ

πȢπρϷὛὊύρ
 , 

(2-13) 

where Ὑ is the hydraulic radius, Ὓ is the energy gradient, ὄ is the width of the 

channel, Ὄ is the channel depth, and ϷὛὊύ is the percentage of the shear force 

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

ÌÏÇϷὛὊύ ρȢτπςφÌÏÇὄὌϳ σ ςȢφφως
ÏÒ 

ὛὊύÅØÐ‌ȟὭὲ ύὬὭὧὬ ‌ σȢςσÌÏÇὄὌϳ σ φȢρτφ
 Ȣ 

(2-14) 
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Reanalyzing the Knight et al. equations, Seckin et al. (2006) use a shifted power 

adjustment model to find ϷὛὊύ. They then use various function models to 

estimate the average wall and bed shear stress of a channel. Seckin et al. (2006) 

apply a rational function model to determine the average bed shear stress, †Ӷ, and 

a logistic model to determine the average wall shear stress †Ӷ . The developed 

respective equations are 

ừ
ỬỬ
Ừ

ỬỬ
ứ

†Ӷ

”ὫὙὛ

ὥ ὦὄὌϳ

ρ ὧὄὌϳ ὨὄὌϳ
ȟ

ύὬὩὶὩ ὥ πȢωτφȟὦ πȢρρχȟὧ πȢπψψ ὥὲὨ Ὠ πȢππρρ 
†Ӷ

”ὫὙὛ

ὥ

ρ ὦÅØÐὧὄὌϳ
ȟ

 ύὬὩὶὩ ὥ πȢπρρȟὦ πȢωψω ὥὲὨ ὧ πȢπππστ

 ȟ (2-15) 

where ὥ, ὦ, ὧȟ and Ὠ represent 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 Eq. (2-16) as a function of a resistance factor to calculate the local shear 

stress. 
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† Ὢ”ὠ , (2-16) 

where ὠ is the flow vel ocity, and f is the Darcy-Weisbach friction factor for  

gradually varying flows, in this case determined by  

Ὢ
ȢȢ Ȣ᷿

 , (2-17) 

where Ὓ is the energy gradient, ὼ is the longitudinal distance in the direction of 

flow propagation, ώ is the perpendicular elevation from the channel bed, ὣ  is the 

characteristic flow depth, ὅ is the fraction voids in the flow, ή  is the discharge, 

and Ὀ  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 shear 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 of 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, 

includ ing 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 

questionable. 

2.3.2 AVERAGE FLOW VELOCITY IN OPEN CHANNELS  

The average flow velocity ό 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 †Ӷθ  ό, 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). 

ό  ὅ ὙȢὛȠ ×ÈÅÒÅ ὅ
Ȣ
 , 

(2-18) 

where †Ӷ is the shear stress, ὅ is the resistance coefficient of Chézy, ό is the average 

cross-sectional flow velocity, and ὑ 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 (Ὢ) 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 f low channel. The resulting analytical 

equation is presented as Eq.(2-19). 

ό ὙȢὛÃÏÓ—Ƞ ×ÈÅÒÅ Ὄ Ὢ Ὢ
 
, 

(2-19) 
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where Ὄ  is the energy loss by friction (in m) over a distance ὒ, and Ὠ  is the 

effective diameter of channel function for the hydraulic radius of the channel 

Ὠ τὙ . 

Moreover, the calculation of the shear stress in a channel can be performed 

ÜÚÐÕÎɯ#ÈÙÊàɀÚɯcoefficient. Equation (2-20) was developed for this purpose.  

†Ӷ ”Ȣό
Ȣ

ÃÏÓ—   †Ӷ ”Ȣό . 
(2-20) 

Manning (1890) calculated the average velocity of a uniform flow from a 

channel with a flow resistance coefficient of ὲ via Eq.(2-21). It is noted that the 

Manning coeffi cient (ὲ) 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. 

ό Ὑ ϳὛϳȠ ×ÈÅÒÅ ὲ  
ϳ

Ὑ ϳ  . 
(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 flowɭin addition to the viscosity and the roughness of the walls of  a flow 

channelɭflow 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 associated with local acceleration or flow unsteadiness (Yen 2002). When 

the Weisbach coefficient of resistance (f) is applied, flow resistance can be 

expressed as: 

Ὢ Ὂ ὙὩȟὑȟ –ȟὔȟὊὶȟὟ , (2-22) 

where Ὂ represents a function, ὙὩ is the Reynolds number, ὑ is the relative 

roughness coefficient (usually expressed as Ὧ Ὑϳ , where Ὧ is the equivalent wall 

surface roughness and Ὑ is the hydraulic radius of the flow),  – is the cross-

sectional geometric shape, ὔ is the non-uniformity of the channel in bo th profile 

and plan, Ὂὶ is the Froude number, and Ὗ is 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 

ό

όz
ὊώᶻȟὯᶻ  ×ÈÅÒÅȡ ώᶻ

όᶻώ

’
 ȟÁÎÄ (2-23) 

ᶻ
Ὂ ȟὌ  , (2-24) 

where όz is the shear velocity (Eq.(2-3)), Ὧᶻ ÐÚɯÛÏÌɯ5ÖÕɯ*ÈÙÔÈÕɀs constant, ώᶻ is a 

constant equal to όᶻώ’ϳ , ’ is the kinematic viscosity of the fluid, Ὗ is the free 

stream velocity at the far end of the outer law, and ‏ is the boundary layer 

thickness. Ὄ is often called a shape factor, a nondimensional 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 (Eqs. (2-23) and (2-24)), and the power-law 



 

48 

 

distribution of Chen (1991) is also used (Yen 2002). These equations are presented 

respectively in Eqs. (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). 

ό

όz
ὧÌÏÇώᶻ ὧ ȟÁÎÄ (2-25) 

ᶻ
ὧώᶻ  , (2-26) 

where ὧ, ὧȟ and ὧ are constants for a given channel. From these equations, the 

open-channel resistance can be derived and extended from the resistance of a 

uniform flow in a circular rigid pipe.  

 

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, Eqs.(2-23) and (2-24) imply that, referring to 

Eq.(2-22), the resistance to a steady uniform flow is solely a function of the 
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Reynolds number ὙὩ and the relative roughness ὑ Ὧ Ὑϳ , provided that the  

Froude number is not high and its  effect is negligible. Hence, the resistance factors 

become 

Ὢȟ ϳȟЍ
ȟ ὊὙὩȟ  , (2-27) 

where Ὧ is the equivalent wall surface roughness, and Ὑ is the hydraulic radius.  

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

be derived, depending on ὙὩ. 

- For a uniform and regular laminar flow with a ὙὩ υππ, the resistance factor is 

obtained as 

Ὢ ὑ ὙὩ ϳ , (2-28) 

       where ὑ ςτ for wide channels and ὑ  ρφ for circular pipes.  

- For χππὙὩ ςυπππ, the resistance factor for a smooth pipe (and often used 

as an approximation for wide channels) is  

Ὢ πȢςςτὙὩȢ ϳ . (2-29) 

- For ὙὩ ςυπππ, the resistance factor becomes 

ὑÌÏÇ   , (2-30) 

where ὑ, ὑȟ and ὑ 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 

Ὢ  ÌÏÇ
Ȣ

Ȣ
ȟ . (2-31) 

From Eq.(2-31), Yen (1991) suggested a formula to calculate the flow resistance for 

large open channels having a ὙὩ σπππ and a Ὧ Ὑϳ πȢπυ (Yen 2002): 

Ὢ  ÌÏÇ
Ȣ
ȟ  . (2-32) 

For Eqs.(2-27)ï(2-32), flow resistance is determined in terms of limit shear, that is, 

from the p erspective 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 be examined 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 Eq. (2-28), Eq. (2-28) can be used for the momentum equation of laminar 

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

Ὢ ςτφφπ
Ȣ

 . (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 pÙÖÉÓÌÔɯÖÍɯɁÕÖÕ-ÜÕÐØÜÌÕÌÚÚɂɯÐÕɯÛÏÌɯÍÐÌÓËɯ

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 coefficients of 

Darcy-Weisbach, Chézy, and Manning are used to estimate mean flow velocity. 

The equations detailed above (Eqs.(2-28)ɬ(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 for 

the resistance coefficients. The application of these flow resistance coefficients in 

flood spillways also remains uncertain. Indeed, the theor y 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) or energy loss (energy 

movement gradient). These various Darcy-Weisbach, Manning, and Chézy 

resistance coefficients can be related (Eq.(2-27)), and there is no clear theoretical 

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 of C 

values. The n (Manning) coefficient has the advantage of being nearly constant and 

almost independent of flow depth, Reynolds number, or Ὧ Ὑϳ  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 values and consider it as an energy loss coefficient. Thus, it 

appears appropriate to refer to the Darcy-Weisbach f for point resistance, whereas 

,ÈÕÕÐÕÎɀÚɯn can serve for cross-sectional 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 -ÊÏÈÕÕÌÓɯÍÓÖÞÚȭɯ,ÈÕÕÐÕÎɀÚɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯ

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 range 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 2004; Bollaert 

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 ╚╘. 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 semi-analytical index developed by 

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

ὑ πȢψȢὖ ȢὊȢ“Ȣὒ , (2-34) 

where πȢψȢὖ  represents 80% of the maximum instantaneous dynamic pressure 

in the diving tank, Ὂ is the correction factor, which depends on the types of cracks 

when it is persi stent, and ὒ is the total length of a joint.  

In cases where brittle fracture is not likel y, 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 not exceed the fracture toughness of the 

rock mass, the existence of a continuous fluctuating pressure 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 ɝὑ , 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% of ὑ.  

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 2004; 

Bollaert et Schleiss 2005; Bollaert 2010) estimated 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 force applied on top of the block 

Ὂ , the lifting force beneath the block Ὂ , the submerged weight of the block 

Ὃ ȟ and the friction along the sides of the block Ὂ ) (Figure 2-1). The equation 

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

35). 

Ὅ ᷿ Ὂ Ὂ Ὃ Ὂ ȢὨὸ άȢὠ  , (2-35) 

where ὠ  is the velocity of the fluid in the joint, and ά 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 2010) defining 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 (ὑ and Ὅ) illustrate the 

erosive force of water, as they are developed on the basis 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 l flow 

along the bottom of the channel and hydraulic jumps. Moreover, the first two 

factors depend mainly on the maximum insta ntaneous dynamic pressure ὖ . 

This pressure depends in turn on the average velocity of the jet at the impact point 

ὠ  and the dynamic pressure coefficient. The latter coefficient is obtained by 

multiplying the quadratic mean pressure coefficient ὅ  by a pressure 

amplification factor in the joints  ɜ  and then adding a mean dynamic pressure 

coefficient ὅ . The expression developed to calculate the instantaneous dynamic 

pressure is presented in Eq.(2-36). 

ὖ ρπ”Ȣὅ ɜȢὅ Ȣ , (2-36) 

where the parameters ὅ  ὥὲὨ ὅ  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 ὒ 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 Ὂ . 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; Bollaert et Schleiss 2005; Bollaert 2010) apply 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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2.3.4 INDICES 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 f or 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 Ὕ and the surface on which it is dissipated ὃ to estimate the 

energy dissipation, followin g Eq.(2-37). 

ὖ  ȟ×ÈÅÒÅ Ὕ ”Çὗ , (2-37) 

where ὗ is the water flow rate, and Ὄ is 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). 

ὖ ”ÇήὛȟ×ÈÅÒÅ Ὓ   ÁÎÄ ”ÇὗὛ , (2-38) 

where ή is the flow rate per unit length of channel width ή ὗὄϳ , and ὄ is the 

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.  

ὖ σÇή . (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 loss of a flow are accounted for, the resulting equation is  

ὖ  ‎ȢήȢЎὉ , (2-40) 

where ЎὉ is the energy loss depending on the type of flow, and ή is the specific 

discharge rate equal to the flow rate divided by channel width. Considering a flow 

channel with a length ύ  and depth of water  Ὠ that is measured perpendicular 

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

ή  
ȢȢ

 όȢὨ . (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 ЎὉ is calculated as a function of 

specific discharges ή ὥὲὨ ή . From this, Annandale (Annandale 1995) developed 

Eqs.(2-42) and (2-43) to determine the energy dissipation for a plunging jet  (Figure 

2-8). 

ὖ ‎ȢήȢώȢ
Ў Ў

ρ
Ȣ

Ў
  (depends on ή), (2-42) 
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ὖ  ‎ȢήȢ ρ
Ȣ

Ў
  (depends on ή), (2-43) 

where ώ is the critical depth of the jet, Ўᾀ is the height of the spillway, ὺ is the 

average flow velocity, and ώ is the downstream flow depth.  

 
Figure 2-8. Schematic representation of a plunging 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). 

ὖ ‎Ȣή ώ ρ ψ& ρ  . (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.  

ὖ ‎Ȣή  ὑ  ὛȢὒ , (2-45) 

where ὑ 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 Ўὼ in the definition of flow dissipation (i.e., 

the expression is ”ÇήЎὉ rather than the correct form ”Çή
Ў

Ў
). This issue was 

modified by Annandale  (Annandale 2006b) by using Ўὼ ρ Í 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 

signi ficant parameter at Ўὼ φώ (ώ is the height of the water downstream of the 

flow channel ), where the Froude number lies in the τȢυ & ρσ range. Moreover, 

for the specific discharge rate between 1 and 50 m2 sǸ1Ȯɯ ÕÕÈÕËÈÓÌɀÚɯÈÕÈÓàÛÐÊÈÓɯ

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.  

  ”Çὗ   , (2-46) 

where ὖ 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 ”Çὗ, a simplified form of the energy dissipation equation is 

presented in Eq.(2-47). 

  ”ȢÇȢή  . (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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ɝὉ ᾀ ώ
Ѝ

Ѝ
 , (2-48) 

where ᾀ is the height of the spillway, ώ is the height of the water from the surface 

of the discharge point, and ‌ is a coefficient depending on ᾀ and ώ ‌ . 

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.  

  ”ȢÇȢή
ȢȢ

ᾀ ώ
Ѝ

Ѝ
 Ȣ  (2-49) 

 

Figure 2-11. Schematic of a plunging flow according to Pells  (Pells 2016a) 

Subsequently, Pells (Pells 2016a) estimated 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 φώ between points (for 4.5 < &  < 13)(Henderson 1966), 

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

ɝὉ ώ ρ ψ& ρ , 
(2-50) 

ɩ
ȢȢ

ở

ờώ ρ ψ& ρ

Ợ

Ỡ , (2-51) 

where ώ 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 ͑ UD vs. RMEI 

(Pells et al. 2016b), U͑D vs. eGSI (Pells et al. 2015), and P = f(Kh) (Moore et al. 1994; 

Van Schalkwyk  et al. 1994; Annandale 1995; Kirsten et 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 s pillway, 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 infinite 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 capacity but rather represent s 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 fractured 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 ό is linked to its sensitivity 

ÛÖɯÛÏÌɯ×ÙÖÉÓÌÔɯÖÍɯɁÕÖÕ-ÜÕÐØÜÌÕÌÚÚɂɯÐÕɯÛÏÌɯÙÌÈÓÔɯÖÍɯÏàËÙÈÜÓÐÊɯÌÙÖÚÐÖn. In short, the 
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average shear stress at the surface of the flow channel †Ӷ 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 it is 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 ὑ), includes parameters that are difficult to determine for a 

rock mass. Among them, ὒ (the total length and shape of the joints) is not 

representative, as it was developed 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 ὅ ȟὅ ȟÁÎÄ ɜ . The second 
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index, the dynamic impulse of the blocks Ὅ , also disregards some important 

parameters that influence the accuracy of the model, such as the shear strength 

Ὂ  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 applicable to 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 ma sses, as evidenced by several cases of erosion observed at the 

flow channels of spillways around the world. These cases 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 



 

70 

 

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 import ant parameters, including shear strength 

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

 
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 th e 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 effect 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 to reduce 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 realistically 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 experimental setup would favor developing a 

reliable method to evaluate hydraulic erosion of fractured rock masses in 

spillways.  
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CHAPITRE 3  

MÉT HODE POUR DÉTERMINER L'APPLICABILITÉ DES 

INDICES UTILISÉS POUR REPRÉSENTER LA FORCE ÉROSIVE 

DE L'EAU DANS LE PROCESSUS D'ÉROSION HYDRAULIQUE  

Ce chapitre présente un article dont le 1er auteur est ÓɀÈÜÛÌÜÙɯËÌɯÊÌɯÔõÔÖÐÙÌ. Le 

chapitre présente le développemenÛɯËɀÜÕÌɯÕÖÜÝÌÓÓÌ méthode ×ÌÙÔÌÛÛÈÕÛɯËɀõÝÈÓÜÌÙɯ

ÓɀÈ××ÓÐÊÈÉÐÓÐÛõ des différents indices utilisé s pour représenter la force érosive de 

ÓɀÌÈÜɯËÈÕÚɯÓÌɯ×ÙÖÊÌÚÚÜÚɯËɀõÙÖÚÐÖÕɯÏàËÙÈÜÓÐØÜÌ.  

+ɀÈÙÛÐÊÓÌɯÌÚÛɯau stade de la révision avant soumission. 
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USED TO REPRESENT THE EROSIVE FORCE OF WATER IN 

DAM SPILLWAY S 
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Abstract . In the flow channels of unlined spillways, the degree of erosion 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 mass resistance parameter or index with  the water 

erosive force; these results 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 

mailto:quirion.marco@hydro.qc.ca
mailto:Aboubacar-sidiki.koulibaly1@uqac.ca
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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. 

3.1 INTRODUCTION  

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 the form 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 parameter s: 

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 3-1. 

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

Method  Correlation  parameters 
Erosion 

class Author  Type 
Erosive 

force 

Resistance of the 

rock mass 

(Moore et al. 

1994) 

E
m

p
ir
ic

a
l 

m
e

th
o

d
s 

E
n

e
rg

y 
d

is
si

p
a

tio
n

  
(Ø

U
D
) 

 

KirstenɀÚɯÐÕËÌß (Kh) 

One class of 
erosion when 

(ØUD  > Kh) 

(Van 

Schalkwyk  et 

al. 1994) 

No erosion  

Minor  
Moderate 

Large  

(Annandale 

1995) 
One class of 

erosion when 

(ØUD  > Kh) 
(Kirsten  et al. 

2000) 

(Pells et al. 

2016b) 

Geological strength 

index for erodibility 

(eGSI) 

Negligible   

Minor  

Moderate 
Large  

Extensive  
Erodib ility index of the 

rock mass (RMEIB) 
 

In these methods, the resistance of the rock mass is evaluated through 

various indices, including the Kirsten Index ( Kh), the Geological Strength Index 

for Erodibility ( eGSI), and the Rock Mass Erodibility Index ( RMEIB). 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 (M s), the size 

(Kb) or the volume (Vb) of the rock blocks, the shear strength of the rock joints (Kd), 

and the relative structure of the blocks (either  Js or Edoa), 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 Kh, eGSI, and RMEIB are determined using 

Equations (3-1), (3-2) and (3-3), respectively. 

ὑ  ὓί  ὑ ὑ ὐί, 
(3-1) 

ὩὋὛὍ  ὋὛὍ  Ὁ
  
, 

(3-2) 

2-%) Єɉ2&0υȢ,&0υɊȢɉ2&0φȢ,&0φɊȢɉ2&0χȢ,&0χɊϽɉ2&0ψȢ,&0ψɊϽɉ2&0ωȢ,&0ωɊ, 
(3-3) 

In Equation (3-2), GSI is a rock mass classification index developed by Hoek 

et al. (1995); it is also used by Pells as the basis for the eGSI erodibility index . 

Equation (3-3) defines the resistance of the rock mass by weighting the various 

geomechanical parameters using factors of relative importance ( RF) and 

likelihood ( LF). The prefixes P1 to P5 in 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). 

  ”ȢÇȢή  , (3-4) 
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where ” is the density of water  (kg.m -3), Ç is the gravity acceleration (m.s-2), ή is 

the flow rate per unit length of channel width ή ὗὄϳ , ὄ is the channel width  

(m), ὗ is the water flow  rate (m3.s-1), 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 functio n 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 erosive force 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 near-equal 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 t he 

rock mass and the erosive force of the water in all erosion classes. In Figure 3-1.b, 

ÍÖÙɯÌßÈÔ×ÓÌȮɯÞÌɯÕÖÛÌɯÛÏÈÛɯÛÏÌɯÊÈÚÌÚɯÖÍɯÌÙÖÚÐÖÕɯØÜÈÓÐÍÐÌËɯÈÚɯɁÔÐÕÖÙȮɂɯÈÊÊÖÙËÐÕÎɯÛÖɯ
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ÛÏÌɯÍÐÌÓËɯÖÉÚÌÙÝÈÛÐÖÕÚȮɯÈÙÌȮɯÏÖÞÌÝÌÙȮɯÜÚÜÈÓÓàɯØÜÈÓÐÍÐÌËɯÈÚɯɁÔÈÑÖÙɂɯÌÙÖÚÐÖÕɯÌÝÌÕÛÚȮ 

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 Pells et al. (2016). Similarly, some cases deemed non-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 s in the flow channels of 

spillways , presenting the methods developed by (a) Annandale (1995), (b) Van Schalkwyk et al. 

(1994b), and (c, d) Pells et al. (2016). 

The causes of these inconsistencies could stem from either the rock mass 

resistance index (and the rock mass parameters) or the erosive force parameters, 

which are considered as a hazard parameter. Boumaiza et 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 erosive force of water. These indices include the 
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average velocity of flow (ό in m.s-1) and the shear stress applied on the bed of a 

flow channel (†Ӷ in kPa). For non-uniform flows,  Equations (3-5) and (3-6) 

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

†Ӷ ”ȢÇȢὙȢὛÃÏÓ—, (3-5) 

ό Ὑ ϳὛϳ Ƞ  ×ÈÅÒÅ  ὲ  
ϳ

Ὑ ϳ   , 
(3-6) 

where ὲ is the resistance coefficient of Manning, Ὑ is the hydraulic radius  (m), 

Ὓ is the slope of the channel equal to ὨᾀὨὼϳ , ὼ is a distance along the channel (m), 

ᾀ is an elevation above a datum (m), Ç is the gravity acceleration (m.s-2), — is the 

angle of inclination of the channel  (°), Ὢ is the flow resistance coefficient of Darcy 

(1845), ὅ is the resistance coefficient of Chezy (1769), and Ὓ 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 are affected 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·sǸ¹, 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 a single 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 

Discharge = 1 000 m3.s-1 

Slope = 2°  

Width = 50 m  

Roughness : n = 0.05               

ks = 1.8 m   

b 

Discharge =180 m3.s-1 

Slope = 6°  

Width = 50 m  

Roughness : n = 0.03              

ks = 0.16 m   

c 

Discharge = 360m3.s-1 

Slope = 4°  

Width = 50 m  

Roughness : n = 0.025                 

ks = 0.08 m   

d 

Discharge = 160 m3.s-1 

Slope = 9°  

Widt h = 50 m  

Roughness : n = 0.06                   

ks = 1.25 m   

    
Depth = 2.9 m 

ό χ άȢί    

†Ӷ πȢω Ὧὖὥ    

ɩ φȢψ ὯὡȢά   

Depth = 0.5 m 
ό χ άȢί    
†Ӷ πȢυτ Ὧὖὥ    
ɩ σȢψ ὯὡȢά  

Depth = 0.8 m 
ό ω άȢί    
†Ӷ πȢυτ Ὧὖὥ    
ɩ υȢπ ὯὡȢά  

Depth = 0.7 m 
ό χυάȢί    
†Ӷ ρ Ὧὖὥ    
ɩ υȢπ ὯὡȢά  

Figure 3-2. Examples of estimates when applying the different indices used to represent the erosive 

force of water (Pells 2016a). 

For a first interpretation, these three indices (όȟ†ӶȟÁÎÄ    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 of erosion (Pells 

2016a). The index of the average shear stress of the flow channel bed is a physical 

measurement of the normal stress applied to the bed, also representing 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 stud ies 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 ό  is linked to its 

sensitivity in relation ÛÖɯÛÏÌɯ×ÙÖÉÓÌÔɯÖÍɯɁÕÖÕ-ÜÕÐØÜÌÕÌÚÚɂɯÐÕɯÛÏÌɯÍÐÌÓËɯÖÍɯÏàËÙÈÜÓÐÊɯ

erosion. That is, the average shear stress at the bottom surface of the flow channel 

†  is designated as being representative of the hazard 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 water 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 non-preference 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 force. This index, however, is not always reliable 

because it does not integrate all the complexities of the erosion process; it is used 

to calculate the water erosion risk parameter because it is simple to determine, 

not because of its representativeness. This led Pells (2016) to state that the 

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

At this stage, there is no scientific basis in the literature for choosing the best 

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 

assess hydraulic 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 

Data set development 

Selection of an intensity parameter of the erosive force of 

water (όȟ† ὥὲὨ   ) 

Selection of a rock mass index (Kh, eGSI, RMEIB)  

Classification of the database according to selected rock mass index  

Selection of a rock mass class 

Sorting of the data according to the damage class determined 

for selected rock mass class 

Calculation of the mean value of the rock mass index 

and intensity parameter  for each damage class 

 
All rock mass 

classes are 

considered 

Production of  the graph of the mean of the 

intensity parameter as a function of rock mass 

classes  

 

Calculation 

performed  for 

each rock mass 

index 

 
Yes 

Graphing of the data (intensity vs rock mass resistance)/damage classes, then 

interpretation  of the results to determine the relevance of each parameter 

Selection 

of another 

rock mass 

index  

No 

No 

Selection 

of another 

rock mass 

class  

Selection of another intensity  parameter  

 
Yes 

No 

Selection 

of another 

intensity  

parameter 

All intensit y 

parameters are 

considered 

 

 Yes 
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3.2.1 DATA  SET DEV ELOPMENT  

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 collected 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, ʐb and   ), and 

parameters that can be used to determine the resistance of the rock mass via 

resistance indices that include  Kh, eGSI, and RMEIB. The rock mass resistance 

indices are determined according to the guidelines for each index using the 

geomechanical rock mass characteristics. We determined the erosive force of the 

water analytically and by using software, including HEC -RAS (Pells 2016a).   

3.2.2 SELECTION OF  A PARAMETER OF THE EROSIVE FORCE OF WATER 

(◊□▄╪▪ȟⱲ╫ ╪▪▀ ♂╤╓  

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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ό ȟ†ȟÏÒ   ; each one of these three parameters is analyzed individually, 

sequentially . 

3.2.3 SELECTION OF ROCK MASS INDEX (Kh, eGSI and RMEI B) 

This step of characterizing of the rock mass consists of selecting a rock mass 

strength index among Kh, eGSI, and RMEIB to be able to apply the subsequent 

steps. First, the various geomechanical 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 resistance. Table 3-2 and Table 3-3 

present the rock mass classes defined by Kirsten and by Pells, respectively. 

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

Rock mass class (Kh) in terms of ease of excavation 

1, 2 et 3 Sedimentary rock 0ɬ0.9 

4 

Rock 

Easy  1ɬ9.9 

5 Difficult  10ɬ99.9 

6 Very difficult  100ɬ999 

7 
Extremely 

difficult  
1000ɬ9999 

8 Explosive >10 000 

 

Table 3-3. Class of rock mass according to Pells (2016) eGSI, derived from the GSI 

of Hoek (Hoek et al. 1998) 

Rock mass class (eGSI) 

1 Very poor < 20 

2 Poor 21ɬ40 

3 Moderate 41ɬ60 

4 Good 61ɬ80 

5 Very good 81ɬ100 
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Table 3-4 presents a categorization of the rock mass according to the RMEIB 

index used for application purposes. This classification was inspired by that of 

Pells et al. 2016 (Figure 3-1.d). 

Table 3-4. Class of rock mass according to Pells' RMEIB index 

Rock mass class (RMEI B) 

1 Very poor < 499 

2 Poor 500ɬ999 

3 Moderate 1000ɬ1499 

4 Moderately good  1500ɬ1999 

5 Good 2000ɬ2499 

6 Very good 2500ɬ3000 

7 Extremely good >3000 
 

The rock mass classes defined by these indices (Table 3-2, 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 ό ὺί ὑ  or † ὺί ὩὋὛὍ, the next step consists of classifying 

the data set by rock mass class defined by the value of the resistance index. After 

classifying the data set, the methodology continues by considering the rock mass 

classes individually . 



 

91 

 

3.2.5 ORGANIZATION 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 p rocess, 

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 

qualified into classes according to the depth of erosion or the volume of eroded 

rock by 100 m2 ȭɯ ÊÊÖÙËÐÕÎɯÛÖɯ ÕÕÈÕËÈÓÌɀÚɯÔÌÛÏÖËɯ(Annandale 1995), the presence 

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

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

Depth of erosion (m)  Erosion class 

< 0.2 No erosion 

0.2 to 0.5 Minor erosion  

0.5 to 2 Moderate erosion 

> 2 Large erosion 

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

Max depth  

(m) 

General extent  

m3 per 100 m2 
Class Descriptor  

< 0.3 < 10 I Negligible  

0.3 to 1 10 to 30 II  Minor  

1 to 2 30 to 100 III  Moderate 

2 to 7 100 to 350 IV Large 

> 7 > 350 V 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 negligibleέ to extensiveΦέ For 

example, in the previous step with eGSI as a characteristic index of the rock mass, 

the second class obtained lies within 21 < eGSI < 40, corresponding to a poorέ 

quality rock mass (Table 3-3). 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 those of Pells 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 of 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 eGSI index as an example.  

Ὅὲϳ
В  ȣȣȣȢ

 , 
(3-7) 
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where Ὅὲϳ  is the mean value of the index (erosive force or resistance of 

the rock mass) of the erosion class (EC) per rock mass class (RMC), Ὅὲ is the index 

for each erosion case by erosion class (EC), and ὔ is the total amount of erosion 

cases per erosion class (see Table 3-7).  

Table 3-7. Summary of steps 5 to 7 of the methodology applied to the parameters 

umean and eGSI parameters, considering only Class 2 of the eGSI index. 

Rock mass index class 

eGSI 

Peak umean 

(m/s) 

Chart 

ID*  
Erosion Level ὩὋὛὍ ό 

Class 2 

21< eGSI < 40 

25 13.3 Cop.6 Extensive 

27 17 25 21.2 Cop.10 Extensive 

32 15.5 Cop.5 Extensive 

32 10.1 Pin.4 Large 

34 16 
32 12 Cop.4 Large 

32 18.8 Cop.9 Large 

40 25 Bur.4 Large 

23 6.8 Kli.2 Minor  

27 11 

23 7.2 Kli.5 Minor  

23 12.6 Gar.2 Minor  

23 15.1 Gar.5 Minor  

32 9.1 Kam.5 Minor  

35 12.2 Cop.11 Minor  

23 8.5 Kli.3 Moderate 

31 11 

31 15.6 Goe.2 Moderate 

31 15.6 Goe.4 Moderate 

31 12.3 Goe.5 Moderate 

31 13.2 Hart.2 Moderate 

31 10 Kam.3 Moderate 

31 5.1 Pin.2 Moderate 

32 14.5 Cop.7 Moderate 

35 6.8 Cop.1 Moderate 

25 5.2 Gar.1 Neglig ible 
25 6 

25 6.8 Gar.4 Neglig ible 

* 'Chart ID' represents the name of the dam (Pells 2016a). 
 

Table 3-7 is then prepared for the rock mass classes defined by the index 

chosen at the outset. Table 3-8 presents a complete summary of the application of 

the methodology from steps 1 to 7, using umean and eGSI as 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 umean and eGSI. 

Rock mass class 

according to eGSI 

Erosion class defined (Pells et al. 2016b) 

Negligible  Minor  Moderate Large Extensive 

umean eGSI umean eGSI umean eGSI umean eGSI umean eGSI 

1 Very poor < 20 ɬ ɬ ɬ ɬ 9 9 10 10 20 11 

2 Poor 21ɬ40 6 25 11 27 11 31 16 34 17 27 

3 Moderate 41ɬ60 4 46 6 51 11 50 10 55 ɬ ɬ 

4 Good 61ɬ80 9 70 11 70 15 69 22 72 ɬ ɬ 

5 
Very 

Good 
81ɬ100 ɬ ɬ ɬ ɬ ɬ ɬ ɬ ɬ ɬ ɬ 

  NB : (ɬ) 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 index, e.g., RMEIB rather than the 

eGSI, 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.g., ό ÖÓ ὑȟ ό ÖÓ ὩὋὛὍȟÁÎÄ  ό ÖÓ ὙὓὉὍ, are characterized by curves 

representing the erosion classes defined in Table 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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3.3 RESULTS 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 of 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. 

3.3.1 umean AS A FUNCTION OF ROCK MASS RESISTANCE IND EX  

With the average flow velocity ( umean) 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 (Kh, eGSI,and RMEIB), one index at a 

time and grouped by class (Figure 3-4).   

 

 

 
Figure 3-4. Observed erosion damage plotted using umean as the intensity of the erosive force of 

water vs. the various resistance indices of the rock mass (Kh, eGSI, and RMEIB) 
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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 of the rock mass and 

the erosive force of the water. Rock masses of the same class should share similar 

characteristics and should experience similar erosion levels for a given erosive 

force intensity. As the erosive force of water increases for a given rock mass 

ÙÌÚÐÚÛÈÕÊÌȮɯÛÏÌɯÌÙÖÚÐÖÕɯÊÓÈÚÚɯÚÏÖÜÓËɯÊÏÈÕÎÌɯÍÙÖÔɯɁÕÌÎÓÐÎÐÉÓÌɂɯÛÖɯɁÌßÛÌÕÚÐÝÌɂɯÐÕɯÈɯ

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 in Figure 3-4.a illustrate that the er osion 

classes do not always present an expected logical sequence; the negligible, 

moderate, and large erosional classes follow the expected sequence, whereas the 

minor and extensive erosion classes do not. A more logical pattern among erosion 

classes is observed 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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RMEIB does not adequately characterize the resistance of the rock mass. With the 

exception of the minorέ erosion class, the regression curves Figure 3-4.c (RMEIB) 

are organized in a logical sequence; however, the R² of these regression lines is 

generally lower than observed with the other indices. Therefore, the 

representativeness of these regression curves is questionable. 

 3.3.2 ϧb AS A FUNCTION OF ROCK MASS RESISTANCE IND EX 

Using the shear stress of the bed of a channel (ϧb) representing the erosive 

force, we can plot the considered erosion damage classes against three different 

resistance indices of the rock mass (Kh, eGSI, and RMEIB), one index at a time and 

grouped by rock mass class (Figure 3-5). 
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Figure 3-5. Observed erosion damage plotted using ϧb as the intensity of the erosive force of water 

vs. the various resistance indices of the rock mass (Kh, eGSI and RMEI B) 

Figure 3-5.a is very similar to that of Figure 3-4.a. The difference is found at 

the level of the regression curves, as the R² of these lines becomes acceptable for 

most erosion classes (as the value of R² gets closer to 1, the more acceptable it is). 

However, a clear improvement is observed in Figure 3-5.b representing ϧb 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 the R² of these regression 

curves is generally more representative than the previous abovementioned 
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values. Hence, shear stress is a better representative index. Figure 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 

R² of the regression curves is much more acceptable; however, the arrangement of 

these curves is less clear. Comparing Figure 3-4.c and Figure 3-5.c, we note that ʐb 

best represents the erosive force of the water in assessments of hydraulic erosion. 

3.3.3 ŘUD   AS A FUNCTION OF ROCK MASS RE SISTANCE I 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 (Kh, eGSI, and RMEIB), 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 the rock mass (Kh, eGSI and RMEIB) 

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 logically. With the exception of  Figure 3-6.b 

(   vs eGSI), few erosion cases show 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 sequence. However, when combined, these 

two groups are not ordered logically. Hence, using energy dissipation to 

represent the erosive force of water is questionable. With RMEIB 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 cases are 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. 

Average velocity (umean) can be ÝÌÙàɯ ÚÌÕÚÐÛÐÝÌɯ ÛÖɯ ÛÏÌɯ ×ÙÖÉÓÌÔɯ ÖÍɯ ɁÕÖÕ-

ÜÕÐØÜÌÕÌÚÚɂɯ ÐÕɯ ÏàËÙÈÜÓÐÊɯ ÌÙÖÚÐÖÕɯ ÚÛÜËÐÌÚȭɯ .ÜÙɯ ÔÌÛÏÖËɯ ÍÖÙɯ ÝÐÚÜÈÓÐáÐÕÎɯ ÛÏÌɯ

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 at the bottom of the flow channel †Ӷ 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. These limitations 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 i ndex because of its simplicity 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 resistance indices of the rock mass. The graphs in Figure 

3-5 present an expected logical sequence of the distribution of erosion cases only 

when eGSI is used as the resistance index of the rock mass (Figure 3-5.b). And 

among these three rock mass resistance indices, RMEIB is the index which 

presents the least conclusive results. Hence, eGSI best defines the resistance of a 

rock mass relative 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 base of the flow 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 applied 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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CHAPITRE 4  

DÉVELOPPEMENT D'UNE MÉTHODE VECTORIELLE POUR LE 

CALCUL EXACT DU VOLUME DU BLOC DE ROCHE  

Ce chapitre présente un article dont le 1er auteur est ÓɀÈÜÛÌÜÙɯËÌɯÊÌɯÔõÔÖÐÙÌ. Le 

chapitre présente ÓÌɯ ËõÝÌÓÖ××ÌÔÌÕÛɯ ËɀÜÕÌɯ ÕÖÜÝÌÓÓÌɯméthode vectorielle de 

détermination du volume des blocs in -ÚÐÛÜɯËɀÜÕɯÔÈÚÚÐÍɯÙÖÊÏÌÜßɯÍÙÈÊÛÜÙõȭɯ 

+ɀÈÙÛÐÊÓÌɯÌÚÛɯÈÜɯÚÛÈËÌɯËÌɯÓÈɯÙõÝÐÚÐÖÕɯÈÝÈÕÛɯÚÖÜÔÐÚÚÐon. 
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HIGHLIGHTS  

¶ A new vector method for calculat ing block volume has been developed for a 

rock mass consisting of 3 persistent joint sets. 

¶ Previously developed models produce noticeable inconsistencies in 

calculating block volume.  

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

parameters in calculating the volume of the block.  
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¶ 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 

ÛÏÌɯÉÓÖÊÒɀÚɯÌËÎÌɯÝÌÊÛÖÙȭɯThe results of the developed model are validated with the 

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 of 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 

(Palmström 2001a). The most important geomechanical parameters affecting the 

rock mass strength are the uniaxial compressive strength (UCS), the inter-block 

shear strength (Jr/Ja), block size (Vb), the opening of the joints (Jo), and the 

arrangement of the joints in relation to the flow direction ( Js and Edoa). In this  regard, 

the block size plays an important role in the stability of underground and surface 

structures (Palmström 2001a; Palmström 2005; Boumaiza et 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 et al. 

1974; Palmström 1982; Palmström 1996; Palmström 2001a; Cai et al. 2004b; 

Palmström 2005; Elci et Turk 2014), and various equations have been developed 

(Table 4-1). 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 ( Vb) using the average spacing of the 

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

The calculated Vb 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  

Reference Equation Parameters 
Types of 

measurement 
Method  

(Barton et 

al. 1974) 
ὠ ὙὗὈὐϳ  

RQD: Rock Quality 

Designator 

Jn: number of joint sets 

1D measurement 

on the drill core 

direction  

B 

(Palmström 

1982) 
ὠ

‍ ὐ

ίὭὲ‎ ίὭὲ‎ ίὭὲ‎
 

Jv: joint set number 

ϕ: block shape factor 

3D indirect 

measurement on a 

rock surface 

C 

(Palmström 

1996) 
ὠ

Ὓ Ὓ Ὓ

ÓÉÎ‎ ÓÉÎ‎ ÓÉÎ‎
 

Si: average spacing of set i 

ϖÐȯɯÈÕÎÓÌɯÉÌÛÞÌÌÕɯÈɯ×ÈÐÙɯÖÍɯ

joint sets 

3D direct 

measurement on a 

rock surface 

D 

(Palmström 

1996) 
ὠ Ὓ 

Sa: average spacing of all 

joint sets (m) 

3D direct 

measurement on a 

rock surface 

E 

(Palmström 

1996) 
ὠ

‍ ύὐὨ

ίὭὲ‎ ίὭὲ‎ ίὭὲ‎
 

wJd: weighted joint 

density 

ϕ: block shape factor 

1D or 2D indirect 

measurement on a 

rock surface or on 

dr ill core 

F 

(Cai et al. 

2004a) 
ὠ

Ὓ Ὓ Ὓ

ÓÉÎ‎ÓÉÎ‎ÓÉÎ‎ ὖὖὖ
 

Si: average spacing of set i 

ϖÐȯɯÈÕÎÓÌɯÉÌÛÞÌÌÕɯ×ÈÐÙɯÖÍɯ

joint sets 

Pi: Persistence of joint set i 

3D direct 

measurement on 

rock surface 

G 

(Latham et 

al. 2006) 
ὠ σφ Ὓ ςϳ  

Sa: average spacing of all 

joint sets (m) 

3D direct 

measurement on a 

rock surface or 1D 

in drill cores.  

H 

(Palmström 

1982) 

(Latham et 

al. 2006) 

ὠ
ρ

ÓÉÎ‎ ÓÉÎ‎ ÓÉÎ‎
Ὓ ςϳ  

Sa: average spacing of all 

joint sets (m) 

If assumed Jv=2/S 

3D indirect 

measurement on a 

rock surface 

I 

Rock mass classification systems, such as Q-system (Barton et al. 1974) and 

excavation index (Kirsten 1982b), include the ratio of RQD/Jn, 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), Palmström 

(Palmström 2005), and Pells (Pells et al. 2017). Hence, this quotient is not 

considered in this article. Palmström (Palmström 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 estimate 

the volume of the block (Vb) and in this regard, Eq. 4-1 is developed as the first 

equation, as follows: 

ὠ Ὓ , (4-1) 

where Sa is the average spacing of all joint sets and could be determined by Eq. 4-2, 

as follows: 

Ὓ  
В

 , (4-2) 

where Si is the spacing of joint set i , 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 pair of sets is known, then the Eq. 4-3, which was developed by Palmström 

(Palmström 1996), can be used to calculate the block volume: 

ὠ  , (4-3) 
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where ϖ1, ϖ2, and ϖ3 are the angles between each pair of joint sets. If all joint sets are 

perpendicular to one another, Eq. 4-3 is simplified to Eq. 4-4, as follows: 

ὠ Ὓ Ὓ Ὓ , (4-4) 

Eqs. 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 joint sets or the 

joint spacings are large (Palmström 2005). For such cases, Palmström proposed the 

use of Eqs. 4-5 and 4-6 to empirically calculate the block volume, as follows:  

ὠ Ὓ υὛ υὛ  ςυὛ             if one set is detectable (4-5) 

ὠ Ὓ Ὓ υὛ υὛ Ὓ          if two sets are detectable (4-6) 

The volumetric joint count ( Jv) is also used for block volume calculation. Jv 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: 

ὐ В  , (4-7) 

where Si is the average spacing of set i. To consider the effect of random joints, 

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

ὐ Ễ
Ѝ

 , (4-8) 
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where Nr is the number of random joints that exist in a square meter of the 

surveying area. Subsequently, the correlation between the volumetric joint count 

(Jv) and the block volume (Vb) is defined by Eq. 4-9 (Palmström 1995), as follows: 

ὠ ‍ ὐ  , (4-9) 

where ϕ is the shape factor of blocks and represents the ratio of spacings in a rock 

mass. In the case of three joint sets, ϕ could be defined by Eq. 4-10, as follows: 

‍  , (4-10) 

where ϔ2=S2/S1 and ϔ3=S3/S1; S1 is the minimum spacing, whereas S3 is the 

maximum spacing of joint sets. For blocks wi th irregular shapes (more than 6 

faces), ϕ can be roughly estimated using Eq. 4-11, as follows: 

‍ ςπχὥ ὥϳ  , (4-11) 

where a1 and a3 represent the longest and shortest dimensions of the block, 

respectively. In addition, Jv 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: 

ύὐὨ
Ѝ
ВὪ        For surface survey, (4-12) 

ύὐὨ ВὪ          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 wJd is almost 

equal to the volumetric joint count. According to Latham (Latham et al. 2006), wJd 

is an extension of Jv and is used because of its feasibility of the measurements, even 

if it is potentially less precise than Jv. 

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 describe the 

ratio between the size of the discontinuity and rock mass dimension. If l i is the 

accumulated joint length of set Ὥ in a sampling plan, and L is the characteristic 

length of the rock mass, then the joint persistence of set i (Pi) can be specified by 

Eq. 4-14, as follows: 

ὖ
ὰӶ

ὒ
        ὭὪ ὰ ὒ 

ρ          ὭὪ ὰ ὒ

 (4-14) 

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

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

ὠ
ὛὛὛ

ÓÉÎ‎ÓÉÎ‎ÓÉÎ‎ ὖὖὖ
 (4-15) 

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: 

ὠ σφ Ὓ ςϳ  , (4-16) 

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

Based on the above-mentioned review of the common methods for block 

volume calculatio n, 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 ÊÈÓɯÔÖËÌÓÐÕÎȭɯ3ÏÐÚɯÔÌÛÏÖËɯÐÚɯÕÈÔÌËɯÈÚɯÔÌÛÏÖËɯɁ ɂɯÐÕɯÛÏÐÚɯ

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 ÛÏÌɯÝÌÊÛÖÙɯÔÜÓÛÐ×ÓÐÊÈÛÐÖÕɯ×ÙÖËÜÊÛɯÖÍɯÛÏÌɯÉÓÖÊÒɀÚɯÌËÎÌɯ

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 

ÔÌÛÏÖËɯɁ ɂɯÐÚɯÍÜÓÓàɯÊÖÔ×ÈÛÐÉÓÌɯÞÐÛÏ the results of the numerical simulation. Also, 
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the block volume for a series of field data calculated by each method is compared 

with that calculated by methoËɯɁ ɂȮɯÈÕËɯÛÏÌɯÙÌÓÌÝÈÕÛɯÌÙÙÖÙɯÐÚɯÌÝÈÓÜÈÛÌËȭɯ3ÏÌɯ

previous methods for block volume calculation tha t have been considered in this 

article are summarized in  Table 4-1. In Section 4.2ȮɯÛÏÌɯÔÌÛÏÖËɯɁ ɂɯÐÚɯËÌÝÌÓÖ×ÌËɯ

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. 

4.2 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 (Palmström 

1995; Cai et al. 2004b; Palmström 2005), a noticeable difference is found among the 

results of this model and real data. Thus, the block volume for 10 cases of rock 

mass that include three joint sets, has been calculated using Eq. 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. 4-3 and 3DEC software 

 Dip/dip  direction  Spacing Block volume (m 3) 

 J1 J2 J3 J1 J2 J3 Eq.4-3 3DEC 

1 ƖƔ/Ɣ  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 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 1 3 6 23.28 22.46 

10 55/60 20/95 90/180 2 3 2 20.57 25.47 

Based on Table 4-2, a considerable difference exists between the block volume 

calculation obtained using a previously developed model ( Eq. 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 (Itasca 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 discontinuities and the 

strength of the intact rock (Palmström 2005). 

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

Based on Figure 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., number 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 conditi ons 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 Palmström 

(Palmström 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 on this statement and according to Table 4-1, 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.a illustrates 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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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. , 2021) 

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.c is selected and analyzed in Figure 4-3. 

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

normal to joint set (N J1, NJ2 and N J3), edge vectors (A, B, and C) and true spacing of joint set 1 (S1) as 

well as the angle between edge vector A and S1 ȹϛ1ȺɯÈÕËɯÛÏÌɯÈÕÎÓÌɯÉÌÛÞÌÌÕɯÑÖÐÕÛɯÚÌÛɯƕɯÈÕËɯƖɯȹϖ3) (© 

A.S Koulibaly et al. , 2021) 

According to Figure 4-3.a, each couple of parallel sides of the parallelepiped 

belongs to one joint set. On this basis, the edge vectors (A, B, and C) and normal 

vectors to joint set planes (NJ1, NJ2, and NJ3) are presented in Figure 4-3.b. The 

volume of the parallelepiped could be defined by Eq. 4-17, as follows:  
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ὠ ὃ ὄȢὅ , (4-17) 

where Vb
A is the analytically calculated block volume, and A, B, and C are the 

ÉÓÖÊÒɀÚɯÌËÎÌɯÝÌÊÛÖÙÚȭɯ(ÕɯÛÏÐÚɯÌØÜÈÛÐÖÕȮɯÛÏÌɯÔÜÓÛÐ×ÓÐÊÈÛÐÖÕɯsign (×) demonstrates 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: 

ό ὔ ὔ  

ό ὔ ὔ  , 

ό ὔ ὔ  

(4-18) 

where NJ1, NJ2, and NJ3 are the normal vectors to joint set J1, J2, and J3, and uA, uB, 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: 

ὃ  
Ὓ

ÃÏÓ—
 

ὄ   , 

ὅ  
Ὓ

ÃÏÓ—
 

(4-19) 

where A , B , and C  are the magnitudes of each edge vectors; S1, S2, and S3 are the 

true spacing of joint sets 1, 2, and 3, respectively; and J 1, 2J, and 3J 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. ϖ (or ϖ1 in Figure 4-3.b) is the angle 

considered by the previous studies (Palmström 1995; Cai et al. 2004b; Palmström 

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

Based on Eq. 4-19, to specify the magnitude of edge vectors, it is essential to 

determine iJ. 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 Eq. 4-20, as follows: 

όȢὔ ȿόȿ ὔ ÃÏÓ— 

όȢὔ ȿόȿ ὔ ÃÏÓ— 

όȢὔ ȿόȿ ὔ ÃÏÓ— 

(4-20) 

Given that uA, uB, and uC and NJ1, NJ2, and NJ3 are unit vectors, their absolute 

values are equal to 1. Then, by combining Eq. 4-18 and Eq. 4-20 we have: 

ÃÏÓ—  ὔ ὔ Ȣὔ  

ÃÏÓ—  ὔ ὔ Ȣὔ   

ÃÏÓ—  ὔ ὔ Ȣὔ   

(4-21) 

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: 



 

123 

 

ὃ  ὃ ό
Ὓ

ὔ ὔ Ȣὔ
ὔ ὔ  

ὄ  ὄ ό
Ὓ

ὔ ὔ Ȣὔ
ὔ ὔ    

ὅ  ὅ ό
Ὓ

ὔ ὔ Ȣὔ
ὔ ὔ   

(4-22) 

The normal vector to joint sets (NJ1, NJ2, and NJ3) could be defined by Eq. 4-23, as 

follows:  

ὔ  ÓÉÎὈὈȢÓÉÎὈ ȟÃÏÓὈὈȢÓÉÎὈ ȟ ÃÏÓὈ Ὧ 

ὔ  ÓÉÎὈὈȢÓÉÎὈ ȟÃÏÓὈὈȢÓÉÎὈ ȟ ÃÏÓὈ Ὧ  , 

ὔ  ÓÉÎὈὈȢÓÉÎὈ ȟÃÏÓὈὈȢÓÉÎὈ ȟ ÃÏÓὈ Ὧ  

(4-23) 

where DD1, DD 2, and DD 3 are dip directions, and D1, D2, and D3 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 Eq. 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 of Eq. 4-17, an excel 

spreadsheet for calculating the block volume has been attached to 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 4-3. The volume 

calculated in Table 4-2 and Table 4-3 belongs to the intact block, as shown in Figure 

4-2.b and c.  

Table 4-3: #ÐÚÊÖÕÛÐÕÜÐÛàɀÚɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚɯÜÚÌËɯÍÖÙɯÊÖÔ×ÈÙÐÚÖÕɯÖÍɯÉÓÖÊÒɯÝÖÓÜÔÌɯ

calculation by analytical and numerical methods  

 Joint set 1 Joint set 2 Joint set 3 Block volume (m 3) 

Case DIP 1 DD 1 
Spacing 1 

(m) 
DIP 2 DD 2 

Spacing 2 

(m) 
DIP 3 DD 3 

Spacing 

3 (m) 
3DEC Eq.4-17 

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 5.91 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 17.02 

8 54 65 0.34 90 350 0.98 90 30 0.35 0.31 0.31 

9 80 0 5.91 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 (Palmström 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 in Table 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 m3). 

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 4-1. 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 on Eq. 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 volumÌɯÖÍɯÛÏÌɯÍÖÙÔÌËɯÉÓÖÊÒɯÐÚɯÌØÜÈÓɯÛÖɯÔÜÓÛÐ×ÓàɯÖÍɯÛÏÌɯÌËÎÌɀÚɯ

values. This case is correctly calculated by considering 1J = J 2 = J 3 = ϣ/2 in Eq. 4-21 

and Eq. 4-22. Accordingly, the block volume is defined by Vb
A = A × B × C . 

However, the volume of the case number 6 in Table 4-3 is defined as 10.57 m3 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. 

 
Figure 4-4. A 20x20 m rock mass that includes three joint sets with dip/dip direction according to 

case number 6 of Table 4-3, but with different spacings (2, 3, and 4 meters for joint sets 1, 2, and 3, 

respectively) (© A.S Koulibaly et al. , 2021). 

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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4.3 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 

ÔÖËÌÓÚɯÞÐÛÏɯÛÏÌɯÖÕÌɯ×ÙÌÚÌÕÛÌËɯÐÕɯÛÏÐÚɯÈÙÛÐÊÓÌɯȹÔÌÛÏÖËɯɁ ɂȺɯÍÖÙɯÊÈÓÊÜÓÈÛÐÖÕɯÖÍɯÛÏÌɯ

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 in Table 4-1, the 

cases that include only three persistent joint sets and do not comprise columnar 

blocks, as shown in Figure 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 Pells (Pells 2016b) 

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

 
Joint 

Set 1 

Joint 

Set 2 

Joint 

Set 3 

Joint 

Set 1 

Joint 

Set 2 

Joint 

Set 3 

Average 

(Sa) 

Angl

e 1-2 

Angl

e 1-3 

Angl

e 2-3 
Average  

Joint 

Set 1 

Joint 

Set 2 

Joint 

Set 3 

Joint 

Set 1 

Joint 

Set 2 

Joint 

Set 3 

Average 

(Sa) 

Angle 

1-2 

Angl

e 1-3 

Angle 

2-3 
Average 

  
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 0.4 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 4.5 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 1.5 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 1.3 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 0.8 0.8 0.80 51 113 89 84 53 20/270 72/180 85/0 0.4 0.4 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 0.4 0.4 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 0.4 0.13 0.4 0.31 73 85 157 105 

20 50/160 90/255 35/155 0.9 0.4 1.15 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 sets that listed in  Table 4-4, is 

calculated using the previously developed methods listed in Table 4-1 and the 

method developed in this study ( Eq. 4-17- method Ɂ ɂȺȮ and the results are 

presented in Figure 4-5. 

 
Figure 4-5. Graphical representation of the block volumes for the cases presented in Table 4-4, that 

are calculated by models of Table 4-1 and the method that is developed in this artÐÊÓÌɯȹÔÌÛÏÖËɯɁ ɂȺ. 

NB: method C and D give the same results, which is why curve C is visible. (© A.S Koulibaly et al. , 

2021) 

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 1 to 11, 20 to 25, 29 to 32, 44 to 47, and 67 to 72. 

Method A (Eq. 4-17) can calculate the block volume accurately. Thus, whether the 
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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 I 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 block volume and that 

obtained using previously developed methods. To better evaluate the differences, 

the Root Mean Square Error (RMSE) of the existing methods for block volume 

calculation for the cases of Figure 4-5 is 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 of a 

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 (Eq. 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 result s obtained by previously 

developed methods compared with the method developed in this study ( Eq. 4-17- 

,ÌÛÏÖËɯɁ ɂȺɯÍÖÙɯÛÏÌɯÊÈÚÌÚɯÖÍɯFigure 4-5 

Method  Equation Reference value RMSE 

C ὠ
‍ ὐ

ÓÉÎ‎ ÓÉÎ‎ ÓÉÎ‎
 

ὠ ὃ ὄȢὅ 

7 

D ὠ
Ὓ Ὓ Ὓ

ÓÉÎ‎ ÓÉÎ‎ ÓÉÎ‎
 7 

E ὠ Ὓ 148 

H ὠ σφ Ὓ ςϳ  20 

I ὠ
ρ

ÓÉÎ‎ ÓÉÎ‎ ÓÉÎ‎
Ὓ ςϳ  15 

Based on Table 4-5, 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 block volume. The source of the 

error is discussed in Section 4.4 in order to identify the block characteristics that 

affect the accuracy of block size values. 

4.4 DISCUSSION  

Geomechanical and geometrical characteristics 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 persistent. Eq. 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 (Si/sinϖi), and as a result, 

the author estimated sinϖi by cos ϛi; i.e., sinϖi ǽɯÊÖÚϛi, where ϛi is the angle between 

apparent and true spacing of joint sets, as illustrated in Figure 4-3. Therefore, 

Si/sinϖi ǽɯ2×i, where Spi is the apparent spacing of joint set i. By these assumptions, 

Eq. 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 accurately calculated using the Spi = Si/cosϛi relation. However, 

approximation of sinϖi by cosϛi is fundamentally ac companied by the error in 

calculation of the block volume. This phenomenon occurs despite the fact that the 

angle ϛi is considered for the development of Eq. 4-17. Table 4-5 lists the errors 

produced by each method compared with the block volume calculated by Eq. 4-17. 

However, the error values differ from one mode l 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 4-5, 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, t he 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 4-5 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 spreadsheet 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 4-5. 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. 
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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 semi-

empirical in nature, and they have been developed based on a limited amount of 

available data from dam  sites, and on data from other rock engineering domains 

such as excavability . The effect of each parameter of the rock mass on the erosion 

processes have not been determined due to the limitation of exi sting data. The 

laboratory -scale physical model  that is presented in this paper has been developed 

to determine the effects of rock mass parameters on erosion. This model is 

designed for considering and measuring the effect of several parameters on the 

mailto:ali_saeidi@uqac.ca
mailto:alain_rouleau@uqac.ca
mailto:quirion.marco@hydro.qc.ca
mailto:Aboubacar-sidiki.koulibaly1@uqac.ca
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rock mass erosion, such as joint opening, block size, joint shear strength and the 

nature of potentially erodible surface . 

ARTICLE HIGHLIGHTS  

V Design of a reduced 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 structures are provided with either a  flow channel or a  

plunge pool excavated in the rock. Sometimes the bedrock is covered with concrete 

if it is assessed to be not resistant enough against the erosive force of the water. In 

most cases, though , the bedrock is not lined , as it is considered as capable to resist 

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, a large cavity  was observed in the spillway 

of Oroville  dam in California  foll owing a water discharge. Another exampl e 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 rock 

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 ( Annand ale 2006a). 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 5-1. Methods currently  used to assess hydraulic erosion  of rock mass. 

Methods  Correlation function  
Types of 

methods 

Considered parameters  

(Moore et al. 1994) 

Energy dissipation Vs. 

Kirsten's index 
   = f(Kh) 

Empirical to 

semi-

empirical 

methods 

  ”ȢÇȢή
ὨὉ

Ὠὼ
 

ὑ  ὓ   ὑ ὑ ὐί 

ὩὋὛὍ ὋὛὍ  Ὁ
  
 

1,$(ɯǻȹ1%/ƕȭ+%/ƕȺȭȹ1%/Ɩȭ+%/ƖȺȭȹ1%/Ɨȭ+%/ƗȺ Ƕȹ1%/Ƙȭ+%/ƘȺǶȹ1%/ƙȭ+%/ƙȺ  

ὑȟ πȟρπυ ὸέ πȟρσςὝ πȟπυτ„ πȟυσ 

ὑȟ πȟππψ ὸέ πȟπρπὟὅὛ πȟπυτ„ πȟτς 

ὑ πȟψȢὖ ȢὊȢ“Ȣὒ 

 

(Van Schalkwyk  et 

al. 1994) 

(Annandale 1995) 

(Kirsten  et al. 2000) 

(Pells et al. 2016b) 

Energy dissipation Vs. 

Geological strength 

index for erodibility  

   Vs. 

eGSI 

Energy dissipation Vs.  

Rock mass erodibility 

index 

   Vs. 

RMEI 

(Bollaert et 

Schleiss 2002; 

Bollaert 2004; 

Bollaert et Schleiss 

2005) 

Stress applied to the 

rock mass Vs. In-situ 

resistance of a rock 

mass 

KI Vs. KI-in 

Semi-

analytical 

methods 
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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 (Kh) is based on the confined compressive strength of the 

intact rock (ὓ , the shear strength of the rock joints (Kd), the size of the rock 

blocks ὑ , the relative structure of the blocks (Js), which considers the 

effect of the shape and orientation of the blocks with r espect to the flow 

direction of water in the canal. 

- The Geological Strength index for erodibility ( eGSI) is based on the 

Geological Strength Index (GSI), a classification index of the rock mass 

developed by Hoek (Hoek et al. 1998) and the relative structure of the blocks 

(Edoa), 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 ( RMEIB) is based on the relative 

importance factor (RF) and the likelihood ( LF) of 5 geomechanical 

parameters (P1 to 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 P5 the shape of the blocks. 
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- The In-situ resistance indices (KI,in) is based on the tensile strength of the 

rock (T), the unconfined compressive strength (UCS in MPa) and the 

horizontal confinement in situ stress (Ϧc in MPa). 

Concerning the erosive force of water, two different  indices or hydraulic 

parameters are most often considered. 

- The Dissipation of energy (   in kW.m -2) include the density of water (” in 

kg.m -3), the gravity acceleration (Ç in m.s-2), the flow rate per unit length of 

channel width ή ὗὄϳ ȟÉÎ ÍȢÓ  where ὄ is the channel width (m) and 

ὗ is the water flow rate (m 3.s-1), and the energy loss during flow . 

- The Stress applied to the rock mass (KI in MPa.m1/2) include the maximum 

instantaneous dynamic pressure in the diving pool  (Pmax), the correction 

factor depending on the types of the joint when it is persistent  (F) and the 

total length of a joint  (Lf in 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 f or 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 f low, 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 be classified 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. The 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 l ike pressure and energy 
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(Withers 1991; Manso et Schleiss 2006; Lesleighter et al. 2016; Gu et al. 2017; Kote et 

Nangare 2019). Some models in this first category aim to  study d ifferent solutions 

for reducing hydrau lic power downstream of spillways and others  serve at 

simulat ing water flow or spillway erosion downstream in specific situations 

(Sawadogo 2010; Tuna 2012; Wilkinson et al. 2018). 

The second category of models 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 intrin sically 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 5-2). 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 effects of the geomechanical 

parameters of the rock mass on erosion. 

Authors  Model types  Configuration  
M aximum flow  or 

velocity  

Analysis method of measured 

parameters 

(Montgomery 1984) Horizontal f low channel  

Variable : Vertical orientation of blocks  

Opening the joints  

Fix: Size and shape of blocks 

250 L/s 

Quantitative  

Pressure measurements on the 

faces of a block 

(Reinius 1986) Horizontal f low channel  

Variable : Vertical orientation of blocks  

Fix: Opening the joints  

Size and shape of blocks 

311 L/s 

Quantitative  

Pressure measurements on the 

faces of a block 

(Annandale  et al. 1998) Jet plunging into a pool  
Fix: Disposition of Block  

Jet characteristics 
3400 L/s 

Quantitative  

Pressure measurements in the 

joints 

(Liu  et al. 1998) 

1: 100 scale model of a 

plunging jet type 

evacuator 

Variable : Size of  blocks 

Jet characteristics 

Fix: Orientation and opening of  joints  

87 L/s 

Quantitative  

Pressure measured under the 

block 

(Bollaert et Schleiss 

2002) 
Vertical jet in a basin 

Variable : Jet characteristics 

Types of joints 

Fixe : Joints orientation  

120 L/s 

Quantitative  

Pressures measured in the joints 

and at the surface of the basin 

(Wang et Jiang 2010) 

Flow channel and 1: 100 

scale model of a spillway 

Inclination : 1.44-2.62% 

Variable : Inclinati on of the spillway  

Fixe: Geometric configuration and 

discharge 

38 m / s 

Quantitative  

Channel: Pressure drop 

Model: Flow velocity  

(George et al. 2015) 

Tetrahedral block placed 

in a flow channel  inclined 

at 21°  

Variable: Orientation of block  

Fixe: Inclination of the channel  

Block size and shape 

300 L/s 

Quantitative  

Block movement and ejection 

speed 

(Pells 2016a) 

Cubic block placed in the 

center of a flow channel 

inclined at 4.6° to 11.1° 

Variable : Orientation and protrusion of 

the block 

Flow characteristics 

Fixe: Opening the joints  

350 L/s 

Quantitative  

Pressure and force 

measurements on the faces of the 

block 
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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 models considered different geomechanical parameters individual ly 

in relation to hydraulic pressure . A more comprehensive approach would be to 

evaluate also possible interactions between these geomechanical parameters, and 

their combined effects on the erosion process, because most of the geomechanical 

parameters are interrelated.  

Boumaiza et al. (2019) have proposed a hierarchy of the most important  rock 

mass parameters affecting the erosion process in a spillway. The physicals models 

present in Table 5-2 can be further classified according to their applicability to 

study t he effect of each one of the identified geomechanical  parameters on the 

erosion process (Table 5-3). 

Table 5-3. Summary of the parameters evaluated by the existing scale model 

Type of flow s Model  
Orientation 

parameter 
Jo Vb Kd NPES Protrusion  

Plunging jet 

(Annandale  et al. 

1998) 
      

(Liu  et al. 1998)    X    

(Bollaert et Schleiss 

2002) 
 X     

Open channel 

(Montgomery 1984) X X    X 

(Reinius 1986) X     X 

(Wang et Jiang 2010)     X  

(George et al. 2015) X     X 

(Pells 2016a) X     X 

Note : NPES corresponds to the nature of the potentially erodible su rface. 



 

146 

 

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 does 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 2010), or, using steel blocks w ith  slot, which is  not representative 

of a rock mass (Bollaert et Schleiss 2002). A more appropriate  physical model 

should  permit to study the ef fect 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, d ifferent  

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 

RSPM is 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 
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physical model  
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mechanisms of rock mass 

Monitoring and instrumentation design  

Identification of more effective hydraulic and 

geomechanical parameters in the erosion process 
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hence, the rock mass erodes into small pieces, and easily transported by the 

flowing water  (Figure 5-2). 

 
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 the resistance of the rock mass. However, the rock mass is broken 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 j oints 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 includes the 

submerged weight of the block Ὃ , the pressure forces on top of the block Ὂ , 

and the shear resistance forces along the sides of the block Ὂ .  
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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 2006b), and (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 as very high stren gth rocks. This 

remark is justified by observations made in several field studies carried out around 

the world (Boumaiza et al. 2019b). 

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 

(b

) 

(a) 
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the resistance of the rock mass, it emerges from the various erosion mechanisms 

and resistance indices, that this resistance depends on several geomechanical 

parameters including the UCS, Kb, Kd, Vb, Jo, Edao, Js and NPES (Table 5-1). The effect 

of each one of these parameters on rock mass erosion have been investigated. It has 

been qualified , some of these parameters have no significant effect on the rock 

mass erosion and others doesÕɀÛɯproperly reflect the considered rock mass 

parameters. For example, the irrelevance of the block size (Kb) is linked to the 

limited performance of the RQD in the characterization of a rock mass (Palmström 

2001b; Palmstrom 2005; Pells et al. 2016b). It is also recognized that UCS is not 

suitable for evaluating the resistance of the rock mass to erodibility, because high 

values of this parameters  are observed at most dam 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 of the Mokolo dam in South Africa, where high 

erosion rate has been observed on strong rocks based on UCS values. 

In reality the rock mass resistance to erosive forces depends mainly on the 

discontinuit ies present in a rock 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 determin ing the most 

important parameters on the erosion process based on the rock mass parameters 

and observed erosion data of 110 dam sites in the wor ld. They concluded that the 
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most relevant parameters for erodibility are the  shear strength of the joints (Kd or 

Fsh), the opening of the joints (Jo), the volume of the rock blocks (Vb), the shape and 

orientation of the blocks in relation to the direction of water flow ( Edoa) 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    ÉÎ Ë7 Í ), the average flow velocity ό ÉÎ Í Ó  

and the average shear stress on the bottom surface of flow channel †Ӷ ÉÎ Ë0Á. 

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 the effects of 

relevant geomechanical parameters on the erosive process (Kd, Jo, 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, l 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 the real 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 erosive force of the water. The 

velocity of the water  leaving the reservoir and in the flow channel must be 

between 15 and 30 m.s-1 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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Figure 5-5. Spillway of Romaine IV dam (Hydro -Québec) 

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 (Fe) is 1/40; this value is based on the available laboratory  

space and the allocated budget, and it is  considered as ensuring an adequate 

representativeness of the RSPM. 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 

RSPM as a function of the dimensions of the real model. 

Ὂὶ
Ȣ

 Ὂὶ
Ȣ

, (5-1) 
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where FrRM is the Froude number on the scale of the real model (RM), and FrRSPM at 

the scale of the reduced-scale physical model (RSPM), u is the flow velocity at both 

scales, l represents the dimensions in meters at both scales, and g is the 

gravitational acceleration. The dimensions obtained for RSPM with  Eq. 5-1 are 

summarized in  Table 5-4. 

Table 5-4. Summary of the dimensional parameters of the real model and the 

RSPM 

RM  (RO-4) (m) Ratio factor  RSPM (m) 

ὒ 166,4 

ὊὩ ρτπ 

ὒ 4,2 

ὡ  27,2 ὡ  0,68 

ὡ  35 ὡ  0,87 

Ὄ  22,3 Ὄ  0,56 

ὄὌ 30 ὄὌ 0,75 

ὄὌ 30 ὄὌ 0,75 

ὗ  2950 ὊὩϳ ρ
ρπ ρρωȟρω ὗ  0,292Í Óϳ 

ὠ  20 ὊὩϳ ρ
φȟσςυ ὠ  3,162 m/s 

—  15% ǽ 9ʁ - —  15% ǽ 9ʁ 

Note : RO-4 = Romaine -4 dam spillway,  RM  = real model, RSPM = reduced-scale 

physical model,  ╛ = length of the flow channel selected, ╦ = width of the channel at 

upstream and downstream, ╗ = height of the spillway in relation to the reference surface, 

║╗ = height of the banks of the flow channel at upstream and downstream, ╠ = flow rate, 

╥ = velocity, and Ᵽ = 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.   

ὙὩ  
όȢὒ

’

ςπ σȟφφ

ρȟππςȢρπ
χσȟπυȢρπ ς πππ ÔÕÒÂÕÌÅÎÔ ÆÌÏ× 

(5-2) 
ὙὩ  

όȢὒ

’

σȟρφς πȟπως

ρȟππςȢρπ
ςȟωπȢρπ ς πππ ÔÕÒÂÕÌÅÎÔ ÆÌÏ× 
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Where u is the flow velocity upstream of the spillway, Ϡ is the kinematic 

viscosity of water at 20° C (1,002.10-6 m2.s-1) (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, hence the dimensional analysis is accepted.  

5.2.4 DESIGN OF ROCK MASS TEST SECTION  

Rock mass erosion 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 the test section of the RSPM is 

located in the downstream area, but this location could be changed eventually.  
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Figure 5-6. Location of areas subject to erosion on an inclined spillway, a) downstream erosion at 

the Copeton dam in Australia (Pells 2016a), and b) area sensitive to erosion an inclined flow 

channel (Kirsten 2000). 

The test section the RSPM (Figure 5-7 and 5-8) is designed using the data in 

Table 5-4. This test section (reduced spillway)  is integrated with in a water 

recirculation system (Figure 5-9) to maintaining stable and continuous test 

conditions , using pump, and the  two water reservoirs.  

20 m deep erosion gully  

Radial gates 
(a) 

Control 

structure  

Rock mass 

Scour hole 
River 

(b) 
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Figure 5-7. Plan of the test section of the RSPM (dimension in centimeters) (© A.S Koulibaly, 2021) 

 
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). 

A 

A 

B 
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Figure 5-9. The designed RSPM of the spil lway. (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 

400 L/s. The volume of water circulating through a downstream reservoir  is 24 000 

liters. A double valve opening system is used to control the flow rate and velocity 

entering the test section, and to assess the effect of asymmetric flow on the rock 

mass (Figure 5-10). 

 

Figure 5-10. View of the double valve system in model (© A.S Koulibaly, 2021) 



 

162 

 

The RSPM is also equipped with a velocity sensor to measure the velocity in 

the channel, and their  specification are presented in Table 5-5. 

Once of the most important factors of RSPM is the representativeness of the 

rock mass test section. A cavity located in the downstream part of the test section is 

designed to receive concrete blocks that are specially designed and equipped to 

monitor and investigate the behavior of rock mass against water flow  (Figure 5-7 

and Figure 5-11). N ine 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). 

(a)  

(b)  
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5.2.5 MONITORING AND INSTRUMENTATION DESIGN  

To investigate the reaction of some rock mass parameters against the water 

erosive forces, three of nine blocks in the casing have been instrumented by eight 

pressure sensors to measure the water pressure apply on each side of the block 

(Figure 5-12; Table 5-5).  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 block contain ¼" 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 each side (© 

A.S Koulibaly, 2021). 
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Figure 5-13. a) ¼" 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 w ith smooth surface, c) 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 the block (© A.S 

Koulibaly, 2021). 

(a)  (b)  (c)  

(d)  

Inlet  water  

Oulet  water  

Pressure sensor 

(d)  
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Table 5-5. Characteristics of measuring instruments 

Item Description  

Pump 

CAD01100; KSB type Amacan PA4 600-350/256UAG1; 

Vertical Electric Pump ; Motor  37HP, 575V / 3 Ph / 60 Hz; 

Maximum flow rat e of 400 liters/s. 

Flowmeters GLOBAL WATER FP111, Flow /ÙÖÉÌɯƗȭƛɀɯɬ ƚɀȭ 

Velocity sensor 
Heavy-Duty Displacement Sensor/Position Sensor/Motion 

Sensor; LDI-128-450-A010A 

Pressure sensor 
Dwyer 623-07-GH-P-1-E4-S1, Pressure-Transmitter, 0-15 

Psi with 1.0% accuracy and general-purpose housing. 

Data acquisition 

system (Ni 3080 

card + Computer) 

USB-6343 Series data acquisition box X (32 analog inputs, 

48 E/S digital , 4 analog outputs). 

5.2.6 TEST DESIGN FOR STUDYING THE EFFECT OF GEOMECHANICAL 

PARAMETER  

The aim of this RSPM is the evaluation of the interaction between the water 

forces and rock mass parameters. The representativeness of the model requires that 

the set of concrete blocks are characterized by geomechanical parameters including 

Kd, Jo, Vb, Edoa and 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. It 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, Js and Edoa. However, Js is 

qualified  by some authors as not representative for erosion (Pells et al. 2016b; 

Boumaiza et al. 2019b), thus, Edoa serves as a basis to define three dip values for 

block orientation.  Initially the blocks are arranged 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) (distance in 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 (Fsh) of the joints is usually  

related to the ratio between the joints roughness (Jr) and the degree of alteration of 

the joints face (Ja) (Kirsten  et al. 2000). However, during the course of erosion, the 

alteration  zones or the filling materials of joint s are leached and eroded in an 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 (Jo), 

as well as joint surface irregularities  capture by the Joint Roughness Coefficient 

(JRC) parameter. In this 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. 

 
Figure 5-15. Altered joint behavior of a rock mass under the effect of forces of different nature (© 

A.S Koulibaly, 2021) 
































































