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Small flow during construction of gates ~ 200m3/s
(Design flood ~ 15000 m3/s)
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1.1 Case examples

Paradise Dam



1.0 INTRODUCTION
1.2 The problem

1. We don’t like this happening
2. Ageing infrastructure which is experiencing floods
3. Revision (usually upwards!) of design floods in Australia



1.0 INTRODUCTION
1.2 The problem

3. Revision (usually upwards!) of design floods in Australia

Example: Somerset Dam

Original design discharge: 4700 m3/s 
Specific discharge of 45 m3/s/m through the stilling basin

Current design discharge: 9600 m3/s
Specific discharge of 125 m3/s/m through the stilling basin

Nearly tripled!     …..      What will happen to the unlined section?



1.0 INTRODUCTION
1.3 The industry-linkage study

Around 2012, an industry linkage grant awarded to research improved 
methods of assessing spillway erosion

This present masterclass provides an overview of the findings of the study (PhD) and 
industry experience in the years subsequent



1.0 INTRODUCTION
1.4 Some notes on rock

Rock-mechanics fundamental:  
A material comprising substance and defects

Its not like sediment transport 
Its not like rip-rap or rockfill
Its not about abrading of the rock substance
Its not about hydro-fracturing
Its not about cavitation
It is about the mechanical unravelling of a mass of interlocking irregular 
blocks by both static and chaotic hydraulic forces



2.0 LABORATORY TESTING OF HYDRAULICS
2.1 The test setup
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The “block”
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Instruments – pressure transducers and 6-axis load cell
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Data acquisition – 25 kHz sample rate
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Varied protrusion
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Varied orientation
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Varied roughness
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Tests with hydraulic jumps
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Tests with plunging flows
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Headcutting and scour holes
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2.2 Tests



Statics

2.0 LABORATORY TESTING OF HYDRAULICS
2.3 Results








Dynamics
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2.3 Results








Fluctuations

“Peak”
Pressure ?

2.0 LABORATORY TESTING OF HYDRAULICS
2.3 Results

𝑷𝑷 𝒑𝒑 = 𝒙𝒙 =
𝟏𝟏
𝟐𝟐𝝅𝝅𝝈𝝈𝒑𝒑

𝒆𝒆− 𝒙𝒙−�𝑷𝑷 𝟐𝟐/(𝟐𝟐𝝈𝝈𝒑𝒑𝟐𝟐)



A bunch of equations
Usually solvable by hand or at least excel
… and a bunch of simplifications

Example – the ‘infinite slope’ solution
Used in geotechnical engineering

Another example: the classical “heat equation”

3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.1  What are analytical solutions?



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.2  A simple freebody

Consider the case of lifting of the block.
For the purpose of illustration, assume:
FL = hydraulic uplift force, fluctuating as per 

histogram shown
FD = drag force = 30 N 
Fsh = rock shear force, = FDtanφ = 17 N
W = mass of block = 10kg (98 N)

For movement, require:
FL > Fsh + Wcosθ
FL > 115  N



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.2  A simple freebody

𝑭𝑭 = 𝒎𝒎𝒎𝒎

Displacement
Time

Displacement after 60 seconds
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3.2  A simple freebody



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.2  A simple freebody

Fluctuating 
removal of a 
block



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.3  The list of assumptions

What were the assumptions?



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.3  The list of assumptions

Assumptions about geometry and geotechnics of our rock

Block size

Block shape

Block mass

Block strength

Defect orientation

Defect aperture

Defect persistence

Defect strength

Block sheltering or penetration



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.3  The list of assumptions

Assumptions about hydraulics
our (steady) flow condition is representative of a whole hydrograph
surface pressure
velocity field
directionality
Fluctuations
Stagnation pressure
How much pressure penetrates into defects (proportional to aperture cubed?)
Time lag between upstream and downstream defects
Seepage pressures in rock mass
All these hydraulic conditions stay the same as it moves



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.3  The list of assumptions

Assumptions about mechanics

Our block is the key block 

That our block only moves in isolation - all other blocks stay still

It only moves upwards

It does not rotate

Defect shear / interlocking is constant

It does not fracture more

Once it pokes its head up enough, it disappears



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.3  The list of assumptions

Assumptions about the rock mass

The whole mass can be represented by one size / shape of rock 
and defect 

The process our rock is repeated to all other rocks (even although 
the geometry is significantly changed once the first is removed)

Only one rock moves at a time - We don’t have a mass of rocks 
moving simultaneously

Rocks don’t accumulate

What if a different block moved first? - completely different 
answer?



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.4  The problem of rock masses



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.5  The Kurt Douglas moment
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

Dimensionless coefficients derived from lab measurements.
Mean of the Kinetic Pressure
Pressure (Pa) recorded in laboratory by transducer 
(ie total pressure at that point)

Pressure head, assuming a hydrostatic profile

Mean velocity head of the flow

Re-arrange to give design equation

Inferred velocity head at transducer( )



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

Dimensionless coefficients derived from lab measurements.
Fluctuations of the Kinetic Pressure

Standard deviation of pressure (Pa) recorded by transducer over 10 minute test

Velocity head

Re-arrange to give design equation



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

Test data



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

Eg headcutting …



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

Eg Wivenhoe style …
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3.6  Give us pressures!

Design coefficients
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An example



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.6  Give us pressures!

An example
These pressures are based on ‘interpreted’ Cp values 
and conceptualised {guessed} penetration

It is possible to calculate pressures in defects, but would require assuming 
defect shape, persistence and aperture, and … the existence of the block is 
interpreted anyway. Calculations create an aura of accuracy, on what basis?



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.7  Salutary warnings from groundwater

Cheng and Ouazar, in Bear et al 1999
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3.8  All models are wrong
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.8  All models are wrong

* RABBIT-HOLE INDEX



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.8  All models are wrong

“all models are wrong, some of them are useful”.  (George Box ??, 1976)

Go here

Not here



3.0 KINEMATICS AND ANALYTICAL SOLUTIONS
3.9  Where do we go?



• Early 1970’s rock mechanics was still emerging as a new discipline
• Many leading academics were from mechanical engineering

• Used to concrete, steel etc – materials with known engineering properties
• Rock masses are comparatively random structures – problematic to their thinking

• Bieniawski in 1973 from CSIR in South Africa, presented RMR system
• Numbers assigned to describe qualities of rock substance and defects
• A final number assessed with mathematical operations

• Barton in 1974 released the Q system
• Numerous “rock mass index” systems now exist

• Usually derivatives of the Q and RMR systems

4.0 GO LEFT! – COMPARATIVE TECHNIQUES
4.1 Rock mass indices

“A compromise between a complete theory and ignoring 
rock mass properties entirely” Hudson and Harrison 2005



Example –
the Q system

4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.1 Rock mass indices



• One such derivative system was an index of “excavatability” by Hendrik Kirsten 
in South Africa (1982) (based on the Q-system)

• At a conference in mid-80’s Hendrik attended a talk on rock mass erosion.  At 
that time he stood up and suggested that maybe erosion of rock by water is 
similar to excavation of rock by a ‘ripper’

• He later discussed this with his then colleague at SRK in Johannesburg -
George Annandale – who suggested that the index of stream power as used in 
fluvial geomorphology may be a useful index of erosion power

• Armed with these two ‘indexes’, they set out to co-publish a paper on the 
matter – started collecting data

• Professor Monty van Schalkwyk in University of Pretoria started collecting data 
from case studies of spillway erosion around South Africa

4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.2 Birth of the ‘comparative’ method



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.2 Birth of the ‘comparative’ method

Van Schalkwyk, 1994



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.2 Birth of the ‘comparative’ method

Annandale, 1995



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.2 Birth of the ‘comparative’ method

Kirsten, 2000



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.2 Birth of the ‘comparative’ method

Which to use?



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

Went to South Africa …
1. Mokolo

2. Hartebeespoort

3. Klipfontein

4. Goedertrouw

5. Garden Route

6. Kammanassie7. Floriskraal

8. Applethwaite



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

At each site
1. Documented amount of erosion 

It is subjective – very little ground survey data



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

At each site
2. Geological interpretation

• Interpreted geological ‘domains’
• Interpret the properties of rock that was eroded
• Interpret what the mechanism was
• Rock mass indices:

• Kirsten
• Q system
• RMR
• GSI



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

*discussed later

Discharge

At each site
3. Hydraulic analysis*



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

Repeated the process for further dams in 
Australia and USA

Australia  (19)
South Africa (11)
USA (2)

~120 datapoints of erosion in 
fractured rock environments
(vs. ~20 in Annandale)



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

The result
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4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.3 Review of “Kirsten Index Methods”

The result

Kind of agreed with 
van Schalkwyk



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.4 eGSI method

eGSI

We wanted to use a currently accepted rock mass index – GSI one example
And had found in case studies that orientation matters

So if we provide a new discontinuity orientation adjustment, tailored for 
erosion, we have an Erosion-GSI, ie eGSI



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.4 eGSI method

eGSI

eGSI = GSIChart+EDOA



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.4 eGSI method

GSI 
Chart method

• No worse, possibly better 
• (especially in the hands of hydraulic people!)

• Easier
• Appropriate inference of accuracy



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.4 eGSI method

eGSI

• Simpler
• Larger data set for rock
• Can trace case studies
• Gradation, not a ‘threshold’
• GSI is current and credible
• No RQD
• No Mass Strength
• Appropriate inference of 

accuracy
• Reliable even when used by 

non-geologists



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.5 RMEI Method

Mechanism

Rock mass indices 
arguably don’t 
address the 
mechanism of 
erosion well



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.5 RMEI Method

Mechanism

Fell and Douglas 
developed a 
ROCK MASS 
ERODIBILITY INDEX 
(RMEI)

Based on a “toolbox” type system
The intent is to prompt thinking about mechanism of 
erosion
Note – typo in my PhD.  Use the publication (in list at 
end of this presentation)



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.6 Notes on calculation of “stream power”

𝛱𝛱𝑈𝑈𝑈𝑈 = 𝜌𝜌𝜌𝜌
𝑄𝑄
𝐵𝐵
𝑠𝑠𝑓𝑓

Dissipation of hydraulic power 
per unit area (Watts/m2)

Water density (kg/m3)

Gravity (m/s2)

Flow width (m)

Slope of the 
total energy
line

∆L
∆E

Discharge (m3/s)



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.6 Notes on calculation of “stream power”

- Stream power – should technically be called “unit stream power dissipation”
- It is the rate of dissipation – not the total power

- All published comparative methods used 1D hydraulics
- It is therefore averaged over space and depth and time – a very coarse measure

- Step-by-step guidance set out in ICSE 2020 paper:



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.6 Notes on calculation of “stream power”

Be sure to plot energy line from reservoir to tailwater – it ensures against spot-
errors



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.6 Notes on calculation of “stream power”

Use of CFD models
1. Required in cases where 

rapidly-varied flow and 
geometry doesn’t conform 
to the idealised geometry 
of an analytical solution

2. Can calculate at the cell 
level, but we don’t have 
the field dataset - hot 
spots infer erosion in 
places that a 
corresponding 1D study 
would show no such risk



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.6 Notes on calculation of “stream power”

A possible method from CFD



4.0 GO LEFT – COMPARATIVE TECHNIQUES
4.7 Note why its called “comparative”

I have called it “comparative”:
All it is doing is allowing you to compare a site in question 
against a bunch of case studies, where a rock mass index 
compares rock structure, and stream power dissipation 
compares hydraulic conditions



5.0 GO RIGHT! – NUMERICAL METHODS
5.1 Example






5.0 GO RIGHT – NUMERICAL METHODS
5.2 The ultimate goal

Coupled (hydrodynamic and rock-mechanics) modelling
• Hydrodynamics – CFD
• Rock mechanics – discrete element –

Multiphysics
In principle, it’s a good idea
• For modelling the rock mass, could use 

Discrete Fracture Network (DFN) 
model

• And import into Multiphysics model 
(eg Abaqus, or 3DEC etc) 

• And unravel using pressures from a 
CFD model



5.0 GO RIGHT – NUMERICAL METHODS
5.2 The ultimate goal

Coupled (hydrodynamic and rock-mechanics) modelling
• Hydrodynamics – CFD
• Rock mechanics – discrete element –

Multiphysics
In practice, it’s unlikely to be achievable
• Multiphysics of a DFN at spillway scale already demanding, without water
• To directly model stagnation pressures into defects, require grid less than 

defect aperture – this is incredibly fine!
• Needs to track movement of units, and constantly update hydraulics to fit
Maybe one day ….



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

SLIDING ROLLING … and if it collects in a pile 
.. SLUMPING



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

For each mechanism, movement was simulated to occur at each timestep on the model from acceleration of blocks under
the net action of forces on a block. i.e. from Newton’s Second Law of Motion:

𝐹𝐹 = 𝑚𝑚𝑚𝑚
With rearrangement, the acceleration of a rock element can be estimated as:

𝑎𝑎rock =
𝐹𝐹NET.𝑔𝑔

𝑊𝑊
In a numerical model than incorporates time ‘𝑡𝑡’ as a sequence of n timesteps each of duration d𝑡𝑡, the rock element velocity
𝑉𝑉rock can be assessed as:

𝑉𝑉rock. 𝑡𝑡=d𝑡𝑡 = 𝑎𝑎rockd𝑡𝑡
𝑉𝑉rock. 𝑡𝑡=n.d𝑡𝑡 = 𝑉𝑉rock. 𝑡𝑡=(n−1)d𝑡𝑡 +

𝐹𝐹NET. 𝑡𝑡=n.d𝑡𝑡
.𝑔𝑔

𝑊𝑊
d𝑡𝑡

The movement of rock (per unit width) can be expressed as a discharge 𝑞𝑞rock:
𝑞𝑞rock,x = 𝑉𝑉rockdz (where dz is a change in elevation).

For the numerical scheme representing the slope with a structure of cells, then the net rock discharge at each cell can be
considered as:

𝑞𝑞rock, NET = 𝑞𝑞rock, IN − 𝑞𝑞rock, OUT
Erosion or accretion at a particular element location can then be represented as a change 𝑑𝑑𝑑𝑑 in surface elevation

dz =
𝑞𝑞rock, NETd𝑡𝑡

𝐴𝐴
(𝐴𝐴 is the surface area of the numerical cell)

In this way, a numerical model was established which tracks the accretion / erosion over a slope which is discretised as a 
series cells.  These equations were extended to 2D by considering movements in x and y direction independently.

HOW TO INCLUDE TIME



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

PILOT MODEL



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

SPILLWAY MODEL



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid



5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

Copeton  
1976 event






5.0 GO RIGHT – NUMERICAL METHODS
5.3 Analytical methods inside a numerical grid

Copeton  
1:1000yr 
event






6.0 HYDRO-GEOTECHNICAL SCOUR ASSESSMENT



eGSI - easier reference than wading through PhD
• Pells, Steven E., Kurt Douglas, Philip J. N. Pells, Robin Fell, and William L. Peirson. “Rock Mass Erodibility.” Journal of Hydraulic Engineering 143, no. 5 

(May 2017): 06016031. https://doi.org/10.1061/(ASCE)HY.1943-7900.0001243.

RMEI – to avoid typo’s in PhD, use
• Douglas, Kurt, Steven Pells, Robin Fell, and William Peirson. “The Influence of Geological Conditions on Erosion of Unlined Spillways in Rock.” 

Quarterly Journal of Engineering Geology and Hydrogeology 51, no. 2 (May 2018): 219–28. https://doi.org/10.1144/qjegh2017-087.

Hydro-geotechnical scour assessment – how its done
• Steven E Pells, Fanar Al-Qassab, Felicia Weir, Anaïs Faivre, Thierry Leturcq, Benoit Blancher “Hydro-geotechnical rock scour assessment at Petit-Saut 

Dam » to be published 4th International Seminar on Dam Protections against Overtopping Madrid (Spain). November 30th – December 2nd, 2022 
• Pells, S and Douglas, K 2019 Guidelines for assessment of scour in unlined spillways. Africa 2019, conference for the International journal on 

hydropower and dams, 2-4 April 2019, Windhoek, Namibia

Example of analytical analysis of selected key blocks
• M. George C. Christiansen A. Rickel B. Israel G. Annandale “Erodibility evaluation of an unlined rock spillway: comparison between the erodibility 

index method and a new method based on block theory” » to be published 4th International Seminar on Dam Protections against Overtopping Madrid 
(Spain). November 30th – December 2nd, 2022 

How to calculate stream power dissipation
• Steven E. Pells, William L. Peirson, Fanar Al-Qassab 2021 “Guidance on the calculation of stream power dissipation for rock scour assessments” 

Proceedings of the 10th International Conference on Scour and Erosion (ICSE-10)

Some useful references

e: steven@pellsconsulting.com.au
w: www.pellsconsulting.com.au

https://doi.org/10.1061/(ASCE)HY.1943-7900.0001243
https://doi.org/10.1144/qjegh2017-087
mailto:steven@pellsconsulting.com.au
http://www.pellsconsulting.com.au/
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