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• Backward erosion piping of dams and levees

• Global backward erosion piping in dams

• Prediction and numerical modelling of cracking 

in embankment dams

• Prediction of potential erosion in unlined 

spillways

Dams Risk – Spillway Rock Erosion



The ‘Dams Risk’ Project



• Prediction of potential erosion in unlined 

spillways

– Field studies of dam spillways from dams around 

Australia and South Africa (plus documented 

USA) with significant erosion and/or flows.

– Laboratory flume studies focussing on potential 

pressure variations that can be induced in rock 

joints from parallel spillway flow.

– New empirical and analytical methods of 

quantifying erosion created.

Dams Risk – Spillway Rock Erosion



Erosion Mechanisms



• Requires consideration of BOTH the:

– Geological Domains - primarily governed by the 

structural geology.

– Hydraulics – primarily the spillway geometry and 

roughness and the direction of flow with respect to 

major defect orientations.

• Combined they are considered Erosion Domains

• Mechanisms are often very similar to slope 

instability mechanisms exacerbated by sub-

horizontal water pressures.

Erosion Mechanisms



Erosion Mechanisms – Copeton Dam



Erosion Mechanisms – Copeton Dam



Erosion

Mechanisms –

Anthony Dam



Erosion Mechanisms - Brogo Dam



Erosion Mechanisms – Harding Dam



Erosion

Mechanisms –

Goedertrouw Dam



Erosion Mechanisms – Klipfontein Dam



Erosion Mechanisms – Applethwaite Dam

Joint dipping downstream 

facilitates water pressure 

intrusion and wedge release

Bedding dipping 

upstream



Erosion Mechanisms –Dartmouth Dam

Typically observe slope stability mechanisms 

e.g. Planar and Wedge sliding and Toppling 



Simple slope 

stability 

mechanisms



Erosion Mechanisms – Moochalabra Dam



Erosion Mechanisms – Moochalabra Dam



Erosion Mechanisms – Tuttle Ck Dam

Headcutting – erosion of weak shale beds beneath 

stronger limestone beds (courtesy USACE)



Erosion Mechanisms –Dartmouth Dam



Erosion Mechanisms – Pindari Dam



Erosion

Mechanisms -

Copeton Dam

Fault zone

+

Sheet joints

+

High stress

=





Erosion

Mechanisms -

Copeton Dam

(Depth approx. 30m)



Erosion Mechanisms – Mokolo Dam



Erosion Mechanisms – Kununurra Diversion Dam



Erosion Mechanisms – Kununurra Diversion Dam



Erosion

Mechanisms –

Garden Route Dam



Erosion

Mechanisms –

Hartebeespoort Dam



Erosion Mechanisms

Split Rock Dam

Persistent joins dipping 

upstream resist erosion (except 

where blast damaged)



Erosion

Mechanisms –

Mackenzie Dam

(top)

Anthony Dam

(bottom)



Rowallan dam







Rock Mass Indices

Bieniawski ‘RMR’ (1974)

Barton (1974) ‘Rock mass quality’ (‘Q-system’)

Hoek (1995) ‘Geological Strength Index’ (‘GSI’)

Kirsten (1982) ‘excavatability’ (‘Kirsten Index’)



Rock Mass Indices







1. Mokolo

2. Hartebeespoort

3. Klipfontein

4. Goedertrouw

5. Garden Route

6. Kammanassie
7. Floriskraal

8. Applethwaite



link

../../../../Desktop/mokolo_teaser_CLIPCHAMP_keep2.asf


Mokolo Dam



Mokolo Dam



Flood of 12 March 2014 

~ 2m above 200m wide 
crest

~920 m3/s





Kammannasie



Erosion Assessment

Interpreted extent 

of erosion

Interpretation of 

erosion 

mechanism

Assessed same ‘erosion points’ as van Schalkwyk



Interpreted erosion



Geological Assessment

Structural regions

Geological 

mapping

Rock-mass indices



Interpreted rock mass indices



Interpreted rock mass indices



Hydraulic Assessment



Hydraulic Assessment



Hydraulic Assessment



Hydraulic Assessment

Discharge



Interpreted hydraulic indices



Summary of interpreted indices

Over 30 dams

Australia  (19)

South Africa (11)

USA (2)

~120 datapoints of 

erosion in fractured 

rock environments

(vs. ~20 in previous 

publications)



Kirsten

Index



Kirsten

Index



Q-system



GSI



GSI chart



GSI chart



A new index: ‘eGSI’

eGSI – adjustment of GSI to 

vulnerability of erosion from 

unfavourable orientation of defects



Defect orientation



The ‘eGSI’ method …

• 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



Rock Mass Erodibility Index “RMEI”



1. All rock mass indices are approximate 
representations of rock masses 

2. Stream power dissipation is only an 
approximation of hydraulic loading

3. The method does not represent the 
mechanics of the problem

4. It is useful for ‘first-pass’ comparison to 
other case studies

Summary of rock mass index 

approaches



Beyond rock mass indices …



Flume



`The block’



Instruments



Instruments



Instruments



Instruments



Base Tests



Base Tests



Base Tests,

with varying 

protrusion



Varied 

roughness



Varied roughness



Orientation



Tests with Hydraulic Jumps



Plunging (ski-jump)

Top = u

Mid = 0.97u

Bot = 0.93u



Headcutting and Scour Holes



Tests with 

Aeration



Tests with Aeration



Tests with Aeration



Tests with Aeration



Analysis

Statics

LINK

Static.pdf


Analysis

Dynamics

LINK

Dynamic.pdf


𝑷 𝒑 = 𝒙 =
𝟏

𝟐𝝅𝝈𝒑
𝒆− 𝒙− 𝑷 𝟐/(𝟐𝝈𝒑

𝟐)



• Drag force equations

• Traditional “CD” values

• A new drag equation 

• Bed shear stress

• Slope stability

• Rip rap design equations

• Rock masses

What to do with it?



Rock-mass stability

Closed analytical solution not appropriate

– Complex and unhelpful

– Rock masses cant be generalised

“Don’t try to re-invent rock mechanics” 

“give us pressures … we will roll our own 

vectors”



Dimensionless coefficients 

Mean 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



Dimensionless coefficients 

Fluctuating Pressure

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

minute test

Velocity head

Re-arrange to give design equation







Design 

coefficients



Practitioners need to perceive  the 

problem and develop own force 

vectors …





Analytical block removal

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, = FDtanf = 17 N

W = mass of block = 10kg (98 N)

For movement, require:

FL > Fsh + Wcosq

FL > 115  N



𝑭 = 𝒎𝒂

Displacement
Time

Displacement after 60 

seconds









Fluctuating 

removal of 

a block







State of the art:
Assessment of spillway erosion



State 

of the 

art



1. Geometry and topology



1. Geometry and topology



2A. Hydraulics



2A. Hydraulics



2B. Engineering geology



2B. Engineering geology



2B. Engineering geology



3. Erosion domains



3. Erosion domains



3. Erosion domains



4A. Comparative scour assessment



The ‘eGSI’ method …

• 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



4B. Kinematic scour assessment



4B. Kinematic scour assessment



4C. Numerical scour assessment



5 & 6. Risk and solutions



7. Surveillance



7. Surveillance





7. Surveillance



7. Surveillance



7. Surveillance



Further research



1. UAV surveys

2. Additional laboratory testing

3. Stream power dissipation

4. Coupled numerical modelling of erosion

Further research



Stream power dissipation:

Further research

𝛱𝑈𝐷 = 𝜌𝑔
𝑄

𝐵
𝑠𝑓

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

DL
DE

Discharge (m3/s)



Stream power dissipation:

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿

DL
DE

Rapidly varied 

flows



Stream power dissipation:

Hydraulic jumps

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿



Stream power dissipation:

Drop structures

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿





Stream power dissipation:

Plunging flows

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿



Stream power dissipation:

Plunging flows

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿



Stream power dissipation:

Plunging flows

Further research

𝛱𝑈𝐷 = 𝜌𝑔𝑞
Δ𝐸

Δ𝐿



Stream power dissipation:

Plunging flows

Further research



Coupled numerical modelling

Further research



0

90

180

270



Rock Wedge Analysis

Unstable 

blocks

Maximum unstable block of 5.4 m3 in cavern sidewall

Unstable block of 1.6 m3 in crown





Questions?



Kirsten Index
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Subjectivity in interpretation of Rock 

Mass Indices ...

A ‘blind test’







Peak pressure?

Armenio et al. (2000))



Peak pressure?

𝑪𝒑
+

𝑪𝒑,𝒎𝒂𝒙
𝑷 𝒑 = 𝒙 =

𝟏

𝟐𝝅𝝈𝒑
𝒆− 𝒙− 𝑷 𝟐/(𝟐𝝈𝒑

𝟐)

Considering statistics allows to assess time of erosion

P

Probability of a certain 

pressure …
eg:

eg:

( 𝑪𝒑, 𝑪𝒑,𝝈)


