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1.0 INTRODUCTION

1.1 Case examples

Googong Dam, Australia

After construction
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Spillway after initial operation.
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1.1 Case examples

Googong Dam, Australia

remediation
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1.1 Case examples

Googong Dam, Australia

... more remediation
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Copeton Dam, Australia

After construction
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1.1 Case examples

Copeton Dam, Australia
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1.0 INTRODUCTION

1.1 Case examples

Copeton Dam
Australia
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1.1 Case examples
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1.1 Case examples

Regional NSW




1.0 INTRODUCTION

1.1 Case examples

Petit-Saut Dam, French Guiana
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1.0 INTRODUCTION

1.1 Case examples

Elevation (m NGG)
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1.0 INTRODUCTION

1.1 Case examples

Embankment.__ _-Highflo
3 I —

Haarlem Dam,
South Africa
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1.1 Case examples

Haarlem Dam, South Africa
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1.1 Case examples

Haarlem Dam,
South Africa
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1.1 Case examples

Haarlem Dam,
South Africa




1.0 INTRODUCTION

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? e
B




1.0 INTRODUCTION

1.3 The industry-linkage study

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

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

ts not like sediment transport

ts not like rip-rap or rockfill

ts not about abrading of the rock substance
ts not about hydro-fracturing

XX XX X

ts not about cavitation

/t is about the mechanical unravelling of a mass of interlocking irregular
olocks by both static and chaotic hydraulic forces




2.0 LABORATORY TESTING OF HYDRAULICS
2.1 The test setup
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2.0 LABORATORY TESTING OF HYDRAULICS

2.1 The test setup

The flume
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2.1 The test setup

The “block”
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2.0 LABORATORY TESTING OF HYDRAULICS

2.1 The test setup

Instruments — pressure transducers and 6-axis load cell




2.0 LABORATORY TESTING OF HYDRAULICS

2.1 The test setup

Data acquisition — 25 kHz sample rate
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2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Varied protrusion
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2.2 Tests

Varied orientation




2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Varied roughness




2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Tests with hydraulic jumps
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2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Tests with plunging flows




2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Headcutting and scour holes




2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Aeration
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2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Aeration




2.0 LABORATORY TESTING OF HYDRAULICS

2.2 Tests

Aeration




2.0 LABORATORY TESTING OF HYDRAULICS

2.3 Results

Statics
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2.0 LABORATORY TESTING OF HYDRAULICS

2.3 Results

Dynamics
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2.0 LABORATORY TESTING OF HYDRAULICS

2.3 Results

Fluctuations

“Peak”

Pressure ?
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.1 What are analytical solutions?

WcosOtandg

Wsin6
_ tang

~ tanf

FOS =

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

Figure 7.8 The ‘infinite slope’

Cpp OT

Another example: the classical “heat equation”

VT =

k ot =
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.2 Asimple freebody

=
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Consider the case of lifting of the block.

For the purpose of illustration, assume: For movement require'

F, = hydraulic uplift force, fluctuating as per
histogram shown F > Fg, + WcosO

F, = drag force =30 N FL> 115 N
F,, = rock shear force, = Fjtang = 17 N
W = mass of block = 10kg (98 N)
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.2 Assimple freebody

S Net
F = ma Lift Force applied  Restraining force  Fyet Displacement
F Force P(F) Duration force Fptan¢ Casel Case?2
a _ net Fp—W available applied up/down up only
Tock = m (N) (secs) (N) (N) (N) (N) (mm)  (mm)
rock
F 75 0.002 =0.002 x60=0.12 -23.1 17.3 -17.3 -5.8 -4.2 0.0
_ 80 0.005 =0.005x60=0.3 -18.1 17.3 -17.3 -0.8 -3.5 0.0
o \i'f 85 0.01 =0.01 x 60 =0.6 -13.1 17.3 -13.1 0.0 0.0 0.0
s:Ps 90 0.05 =0.05x 60=3 -8.1 17.3 -8.1 0.0 0.0 0.0
95 0.1 =0.1 x 60 =6 -3.1 17.3 -3.1 0.0 0.0 0.0
[ 100 0.26 =0.26 x 60 =15.6 1.9 17.3 1.9 0.0 0.0 0.0
— 105 0.29 =0.29 x60=174 6.9 17.3 6.9 0.0 0.0 0.0
Srock fj; rock A1 110 02  =0.2x60=12 11.9 17.3 119 0.0 0.0 0.0
115  0.07 =0.07 x 60 =4.2 16.9 17.3 16.9 0.0 0.0 0.0
_I. t 120 0.007 =0.007 x 60=0.42 21.9 17.3 17.3 4.6 40.4 404
- = F]]Et fir 125 0.004 =0.004 x 60=0.24 26.9 17.3 17.3 9.6 27.6 27.6
HS : ro.':? 0 130 0.002 =0.002x60=0.12 31.9 17.3 17.3 14.6 10.5 10.5
Total 1 =1.0 x 60 =60 70.8 78.5
Displacement
2 Time
.E} ~ Fpet
rock Vs. 05 ) Displacement after 60 seconds »
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.2 Asimple freebody

P=pg(l.3+0.0x29)
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.2 Asimple freebody

Fluctuating

removal of a
block
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.3 The list of assumptions

What were the assumptions?

T ) T
1.3m
Cr ) ‘
ACL o
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3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.3 The list of assumptions

Block size

Block shape

Block mass

Block strength
Defect orientation
Defect aperture
Defect persistence
Defect strength

Block sheltering or penetration

-»
3




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 — _______T__z______.
velocity field o a
directiZnaIity | l( —fﬁtﬂﬁ i
S s
Fluctuations _

Im

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

>
=P




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 B —
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 - bt i

and defect L

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







3.0 KINEMATICS AND ANA Al CALLITIANC

3.5 The Kurt Douglas moment

JUST GIVE US
PRESSURES!!

h.

V!




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

— (ﬁ/ (p g) — HP ) Inferred velocity head at transducer
P —

?/2g
_ i1°
P = Cp,()? + H,pg

Mean velocity head of the flow

Re-arrange to give design equation

-»
>




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

oplpg 20p
Cro=—3-="=3
u-12g pu
Velocity head L_Lz
Op = CRHP?

Re-arrange to give design equation




3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.6 Give us pressures!
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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 ...




3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.6 Give us pressures!

Table 6.3 Design pressure coefficients

D e S i g n C O effi C i e n t S Hydraulic Design Design Basis Examples

Action Equation coefficient
P (kPa) = Cpp%z + Hppg C_'p = 0.8 to 1 for surfaces protruding per- Figure 6.35 (PT3); Fig- '_F’"-——-___ - “EH,_ Cp=08to1
pendicular to bed-parallel flow or jet imp- ure 6.37 (PT1, PT2, PT3 for — (fp =08to1 - \ )
ingment. scour hole cases) - Q D J]-’-—ﬂ
C'p = 0.2 for surfaces 257 to flow direction ~ Figure 6.38 ( PT4, PT5, PT6 \ -
.. . Cp=0.2
or jet impingement. for r/d=0) .
= Y
e ——
C p= 0 to 0.1 for surfaces parallel (stream- Figure 6.36 (PT4, PT5, PT6 H - ¥ S
lined) to flow, no detachment. for r/d=0) P I_ — 's Cp=0tw0.l
——
c p=- % (ie P = 0) where flow fully de- Section 6.3.2 v __,-—-_-_”_'_';:_:_"'

o — ——
tached from surface. iﬁ(} =— %‘:—
(le. P=0)

c p= —2% where flow detachment im- Se(‘.tiolll 6.3.2; Figure 6.36 —¥— —ng_
minent. (PT4); Figure 6.40 (PT4) —

§ ',.—-'C_p:—z-gs
(e.P=—Hppg)

Daylighting, single-ended defects adopt not tested
the surface Cp value.

Daylighting, thoughflowing, defects with ~ Figure 6.38 (PT10, PT11 for
dip parallel to impinging flow adopt the scour hole cases)
surface C), value.




3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.6 Give us pressures!

Design coefficients

Daylighting, thoughflowing, defects with
dip perpendicular to impinging flow ad-
opt 0.4 = surface Cp value.

Buried (ie - non-daylighting) defects ad-
opt 0.75 x average of connected defect Cp
values.

Figure 6.35 (PT1, PT2 for
O<r/d<1.5; PT8, PT9 for -
ler/d<0)

Figure 6.37 (PT7, PT8, PT9
for scour hole cases), Fig-
ure 6.26 (Fp increase as
two joints exposed due to

rotation), Figure 6.36 (PT10 ———
and PT11) Cpy3 =0.75 x average(Cpg1. Cpga)
P (kPa) = a’% +Hppg for surfaces protruding perpendicular to @ from Equation A.1.69. __L—————_—— "lz“-——___________
bed-parallel flow (preferable for small pro- See Section 6.4.5 — ‘Q\p= g% +Hppg e I
trusions). ‘—-—-Ef“j___ M L"E
_ 5
op (kPa) =C .:-I,;,,-.:l“?2 Cps = 0.2 for surfaces protruding per- Figure 6.41 (PT3); Fig- ~ —uo — ng =0.2
Cpy =0.2 —a

pendicular to bed-parallel flow or jet

impiugmem.#l‘

Cpy = 0.1 for surfaces 257 to flow direc-
tion or jet impingement. #1.

Cpgy = 0.02 for surfaces parallel (stream-
lined) to flow, no detachment.*!-

ure 6.43 (PT1, PT2, PT3)

Figure 6.44 (PT4, PT5, PT6)

Figure 6.42 (PT4, PT5, PTG
for r/d=0)

— 369
L_'\_f"-_j_
S -
-~ rl'__-'ga-_ﬂl]z




3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.6 Give us pressures!
Block 1 Freebody

An example

Pressure (kPa)

150‘.’

100

50

0

-50

-100

Block 2 Freebody

----J» Average hydraulic normal force on a face

----3 Average hydraulic shear force on a face
N

s,

LKy

338kN

=3P Principal hydraulic force on a block

=3 Mass of block

—Jp Resultant force held by defects

NXZ8T

40 kPa

Block 2 4 ipa

e

50 kPa



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?
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3.7 Salutary warnings from groundwater

Due to their simplified physical assumptions and geometry, analytical solutions
normally do not directly solve ‘real-world’ problems. Nevertheless, they serve a number
of important purposes. First, they are useful as instructional tools ... elegant analytical
solutions are most useful in presenting fundamental insights. [Secondly], despite
their simplitying assumptions, analytical solutions can be used as a tool for first-cut
engineering analysis in a feasability study. More sophisticated models normally require
... information that is either not available or not known to the required resolution at
the time of initial investigation. A sophisticated model without the support of reliable

input data does not provide more accurate results.

Cheng and Ouazar, in Bear et al 1999 ;
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3.8 All models are wrong

—

The Hope

"Wrongness"

o

"Completeness of theory"
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3.8 All models are wrong

1000 The Problem

Effort

"Completeness of theory"
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3.8 All models are wrong

H000 The Problem

Assumptions

o

"Completeness of theory"
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3.8 All models are wrong

"Completeness of theory"
0

RHI*

The Problem

-1000000

* RABBIT-HOLE INDEX




3.0 KINEMATICS AND ANALYTICAL SOLUTIONS

3.8 All models are wrong

1 A

. The Honesty
7))
% .— Go here
f;
- .— Not here
0
"Completeness of theory"
“all models are wrong, some of them are useful”. (George Box ??, 1976)

-»
>
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3.9 Where do we go?

- Analytics only

‘ took me so far!

Where to now?




4.0 GO LEFT! — COMPARATIVE TECHNIQUES

4.1 Rock mass indices

e 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 assighed to describe qualities of rock substance and defects
* A final number assessed with mathematical operations A
1

* Barton in 1974 released the Q system , The Honesty
* Numerous “rock mass index” systems now exist 2
e Usually derivatives of the Q and RMR systems N
0 ==
“A compromise between a complete theory and ignoring "Completeness of theory"

>
) ) : B
rock mass properties entirely” Hudson and Harrison 2005 >
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4.1 Rock mass indices

Example —
the Q system

OoEEOOE =

ROCK QUALITY DESIGNATION

JOINT SET NUMBER

Massive, no or few joints ........
ONe JOINESEE o vt v vn e o
One joine set plus random
Two joint sets ... ... ..
Twn joint sets plus randon
Three joint sets ..., ......
Three joint sets plos rando
Four or more joint sets, ral
heavily jointed, “sugar cub
Crushed rock, earthlike ...

JOINT ROUGHNESS WU
(a) Rock wall contact and

ib) Rock wall comtact before
10 cms shear

Discontinuous jolnts ........0ee.
Rough or irregular, undulating . . .
Smooch, vndulating .............
Slickensided, undulating .........

Rough or irregular, planar .......
Srnooth, planar ... .. .. 0
Slickensided, planar .............

c) No rock wall contact

wwhen sheared

Zone containing clay minerals thick
enough to prevent rock wall conrace
Sandy, gravelly or crushed zone
thick enough to prevent rock wall
COMEACT 4 v v e vaenanaeannenn

(ROD)
[— 23 Mote:
25— 50 (1) Where ROD is reported ar
50— 75 measuted as <10 (including
T5— 00 O a nominal value of 10 is
SO—100 used o evaluare O in Eq. (1)
(i) ROQD intervals of 5, 1L e, 100,
95, 90, erc, are sufficiently
accurate
(fn)
0.5—1.0
2
g
4 MNore:
3 (1) Add 1.0 the mean spacing
2 of the relevant joint ser is
i.5 greater than 3 m
1.5
1.0 i Jr=035 can be used for
0.5 lanar slickensided joints

aving linearions, provided
the lincations are favourably
orienrated

1.0 (nominal)

1.0 {nominal)

P,
I

. Zones or bands of disintegrated

JOINT ALTERATION NUMBER. {Jg)

(a) Rock wall contact

Tightly healed, hard, non-soften-  0.73

ing, impermeable filling i. e

gquartz or epidote

Unaltered joint walls, surface L0

staining only

Slightly altered joint walls. Non 2.0

sottening mineral coatings, sandy

particles, ¢lay-free disintegrated

rock etc.

Silty-, or sandy-clay coatings, small 3.0

clay-fraction (non-softening)

Sobraning nr b friction =gy 4.0
imite,

] ir.psum
1
LL,P L—E. mim

are
S li l ' is- 4.0
ey TIOHT- .0

e e e
softening clay mineral fillings
(Continuous, =5 mm in thickness)
Medinm or low over-consolida- 5.0
tion, softening, clay mineral
fillings. {Continuons, <5 mm in
thickness)

Swelling clay fillings, i. e. mont-
morillonite (Continuous, <5 mm
in thickness). Value of Jp depends
on percent of swelling clay-size
particles, and access to warer efc,

8.0—12.0

(el Mo rock wall contact

when sheared

6.0, 8.0
or crushed rock and clav {see G, or

H, ] for description of clay con 8.0—12.0
dition)

Zones or bands of silov- or sandy 5.0

clay, small clay fraction

[non-softening)

Thick, continuous zones or bands 10,0, 13.0
of clay (sce G, H, ] for deserip- ar

fion of clay condition) 13.0—=20.0

gy (appros)
=]
[250—359)

(250300

(200—25%)

[80—15"

(257307

{160—24%
(129—167)
(60— 120
(60— 241
(69—24)

Note:

(1) Values of (g)y are in-
tended as an approxi-
mate  guide to  the
mineralogical proper-
ties of the alteration
products, if present

v
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4.2 Birth of the ‘comparative’ method

* 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

<

-

3
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4.2 Birth of the ‘comparative’ method

Van Schalkwyk, 1994 S SRR o SR el g sevols v G i

10000
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Die Erodeerbaarheid van
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4.2 Birth of the ‘comparative’ method

Annandale, 1995

Erodibility
Erodabilité

G. W. ANNANDALE

Engineering & Hydrosystems Inc.

8122 SouthPark Lave, Suite 208

Littleton,, Colorado 80120

(303) 683-5191

e-mail: george.annandale@enghydro.com

ABSTRACT

Hydraulic erodibility of natural and engineered earth materials, including both soil and rock, can be evaluated

in terms of a rational correlation between rate of energy dissipation of flowing water and an erodibility classification of
the materials. Earth materials ranging on a continuum from cohesionless granular soil through massive hard rock can be
characterized in terme of an erodibility index, £ The parameters of the index inchude key material and mass properties
that can be measured in the field and at low cost, These properties include earth mass strength, block'particle size,
dizcontinuity/inter-particle bond shear strength, shape of material units and their orientation relative to the flow. The
relative magnitude of erosive power of flowing water is represented by its rate of energy dissipation for a variety of flow
conditions, including head cuts, hydranlic jumps, grade changes, and open channel flow. A log-log plot of expenienced
rate of energy dissipation versus the erodibility index of the studied materials demonstrates a correlation from which the
critical threshold to initiate erosion of a material can be predicted for any given set of hydraulic conditions. The method
iz based on an amalysis of 137 field observations of spillway performance collected by the U.S. Department of
Agriculture, obzervations at Bartlett Dam, Salt River Project, Arizona, at four South African dame, and publizhed data
pertaining to mitiation of sediment motion.

RESUME

L' érodabilité sur le plan hydranlique de matériaux de terrain naturels ou remaniés, comprenant 4 la fois de la terre et des
roches, peut ére évaluée en terme de corrélation entre le taux de dissipation dénergie de I'ean qui percole et une
claszification des matériaux selon leur érodabilité. Ces matériaux & base de terre, formant un contimuum allant du sol
constitué de granulats sans cohésion jusqu' au rocher massif, peuvent &tre caractérisés par un indice d'éredabilité £ Les
paraméires de cet indice comprennent des propriétés caracténstiques de la nature du matériau et de sa masse qui peuvent
&fre mesurées in situ pour un coiit minime. Ces propriétés comprennent la résistance interne du matériau, la taille des
éléments granulaires, la résistance an cisaillement inter-particules, 1a forme des granulats et leur orientation relativement
& I'écoulement. L'intensité relative du pouvoir érosif de I'sau en mouvement est représentée par son gradient de perte de
charge pour une variété de conditions découlement, comprenant des coupures de l'écoulement des ressauts
brydrauliques, des changements de régime et des écoulements & surface libre. Une reprézentation graphique log - log des
mesures de perte de charge en fonction de I' indice d' érodabilité des matériaux étudiés montre une corrélation a partir de
laquelle le seuil critique de debut d'érosion d'un materiau peut etre prédit pour tout ensemble donné de conditions
bydrauligues. La méthod est basée sur I' analyse de 137 observations de terrain sur le fonctionnement d'un évacuateur de
crues faites par Ie Département de I' Agriculture des USA au barrage de Bartlett sur Ie projet de la Salt River en
Arizona, & quatre barrages en Afrique du Sud et & des données de la littérature concemant Ie début d'érosion.

Introduction

This paper presents a rational method for determining the erodibility of earth materials. The term earth
material is considered to embrace the entire spectrum of soil and rock materials, ranging continuously from

JOURMAL OF HYDFAULIC RESEARCH, VOL. 33,
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4.2 Birth of the ‘comparative’ method

KirSten, 2000 Ted ; ; j =1

1e8 |-
’ ERODIBILITY CRITERION FOR AUXILIARY SPILLWAYS OF DAMS
1e? ¢
Hendrik A D. Kirsten1, John §. Moore2, Louis H Kirsten3 and Darrel M. Templed
1e6 |-
ABSTRACT [ ; |
The ability to reliably desizn auxiliary spillways has become 4 pressing requirement because of the very i ¥
larze Aumber of dams involved. An empirical classitication index representing the crosional resistance of 100000 s . |ntact materials S
the uverall range of particulate. jointed, and intact arth matenals is presented and correlated for a number 'N H : i il"l le‘ c‘..ll‘tll'lg )
of practical cases from Arkansas and Kansas i the United States of America and (rom South Africa with < J 1 t d k :
the sperilic stream power of Hows observed to be associted with varieus degrees of erosion. The United E 10000 §- 5 .. «Jointed roc o ; NUEE PRI SNIURMIN,. W—
States Depanment of jculture data base and the format in which the Jdata were prepared for the N in SP“MY ﬁow 1
purpuses herein, are do ed in detail, The modes of erosien that ocsur in spillwavs are defined. g 1000 ] i i
Guidelines are provided %or evaluating the tailure status of an erosion damaged spillway that enables _ : i
. - - - H
determination of whether the incident specific stream poser exceeded, equalled, or fell below the — ;
erosional resistance of various sections of the around profile affecied. The correlation function benween [} 100 For i
specific stream power and <rodibility index provides the required desizn criserion 3 :
(=]
Key Words: Auxiliary spillway, Erosional resistance, Erodibility index. Stream power Q. 10 + - )
t INTRODUCTION «©
Dams have been desizned traditionally not 10 be overiopped during probable maximum flood events. @ 1t o
According to Powledge et. al. {1989), many tens of thousands of dams have. however, become potentially = Kev to Fi 7
-oreng 10 £ : e " e ) 7] cy to Figure
subject to overtapping as a result of improvements in the quality of flood data and in the methods for
ini b i i {t ich it i bl icall il il - -
de(evmmpg probable maximum i.o_ods for which it is not possible nor economically feasible to c.onsn:ler o 0.1 River scdiment, Threshold power, Yang (1973)
modifications to prevent overtopping. Some dams have moreover been observed to have withstood M h 1d Ki | (199
moderate overtoppinz. Efforts have as a result been concenwated in recent vears on the accurate Q Sand and gravel, threshold power, Kirsten et. al. (1995)
determination of the erodibility of natural ground in auxiliary spillways as a first step in the provision of 3 0.01 Gravel, threshold power, Lepp et. al. (]993)
low cost modifications to the many dams threatened by overiopping. D

The Agricultral Research Service (ARS) and Soil Censervation Service (SCS), now known as Natural
Resources Conservation Service (NRCS), U.S. Department of Agriculture (USDA), has accordingly 0001
collected a substantial body of data on erosion performance of earth spillways since 1983, Temple et. al. -

(1993). The data cover a range of materials from soils through rocks of varying lithology, structure, and
strength.  The spillways represent a variety of widths, lengths, and gradients, in each of which the ng'l
successive reaches comprised engineered and natural surfaces. The engineered surfaces were either bare

\
Angular and rounded riprap, threshold power, Abt ct. al. (1987) I
Jointed very soft rock, threshold power, Arkansas and Kansas
Jointed 'venr soft rock, excessive power, Arkansas and Kansas
Jointed very soft rock, insufficient power, Arkansas and Kansas

; » Jointed soft rock - hard rock, little to moderate erosion, Dooge (1993)
of vegeration or were covered with cultivated sod. The natural surfaces generally contained brush and lPa{“CU{a‘e m f A Jointed soft - hard rock, excessive erosion, Dooge (1993)
g.r:lssl_and vcgcta}\un. The erosion performance of the spillways could be: divided _m:o three classes, viz., 1_3'5 in river flow il Jointed soft - hard rock, no crosion, Dooge (1993) i
situations in which the flows exceeded, matched, or fell below the erosional resistance of the material. . g : d 7 1
The data represent dams in 11 states and were collected for the general purpose of evaluating the H i H 1 ¢ Intact matenﬂ]s» threshold power
effectiveness of current design criteria and for recommending improvements in this regard. A specific 1e-6 : i i i . P S . I - P — m—— T ' T T - n 1
objective was te determine the advance rate of headeutting in earth spillways. )

Moore et. al. (1994) demonstrated in an initial evaluation of the data that it was feasible to develop a ,Q.. u-’ r.? hl‘ ‘? "r\' 5 5 8 bt i 2 8 = Q Q % % %,’ %‘ ‘O_
criterion for the onset of erosion in terms of stream power and the classification index for ripability u', 3.’. ‘9 ‘;"’_. '0.'.] 2 Q o o © - 8 8 8 - ™~ - - Q
developed by Kirsten (1982). The data for Arkansas and Kansas have since been evaluated in more - < o e 9. 8 e
definitive detail. A generai classification system for hvdraulic erosion has in addition been developed by o Lo
Kirsten et. al. { [993).

1 Steffen, Robertson, and Kirsten, Inc.; Box 55291, Nonhlands 2116, 8. Africa K lndex )

2 Natwral Resources Conservation Service, USDA, Box 2890, Washington, DC 20013
3 Civil & Structural Engineering Dept., [scor Mining, Pretoria, S. Africa
4 Agricultural Research Service. USDA, 1301 M. Western St., Stillwater, OK 74075 =
Note: The manucript of this paper was received in march 1999, Discussion open until March 2001

[nternational Journal ot Sediment Research, Vol. 13, Na. [, 2000, pp. 93-107 -93
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4.2 Birth of the ‘comparative’ method

Which to use? 10° 5 /

10° 5

TIyp (W.m™?)

10 4

0.1
0.01

Kirsten Index, ‘K’
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4.3 Review of “Kirsten Index Methods”

Went to South Africa ... B e T * \
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4.3 Review of “Kirsten Index Methods”

At each site
1. Documented amount of erosion

It is subjective — very little ground survey data

Max Depth  General extent Class Descriptor
m m per 100 m?

<0.3 < 10 [ Negligible
0.3to1 10 to 30 11 Minor
1to?2 30 to 100 [II Moderate
2to7 100 to 350 IV Large
>7 >350 V  Extensive

-»
>
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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

2 Struc‘tural_Rggi?n L G :
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4.3 Review of “Kirsten Index Methods”

At each site

150
3. Hydraulic analysis
2204 7 |
21040, N=1
~ 1 7 o ~ 25
E] 200 e - s Bridge at = 350 m - ~ 100
= 190 e T~ — _ ! i T
= oy — — — - ——— =0.05 -
= 170 <
= ——— Water surface £
@ 160 = Total li
[l < — — - Total energy line 2
150 T HA2 HA3 Critical depth =
140 T T T T T T T T T T T T 1 = V)O
12 0 25 50 75 100 125 150 175 200 225 250 275 300 -
- 7] el
= ] ) \ - — = Velocity head ‘hp’
& 8 i / \\ PN Pressure head ‘h,,’ T~
0
- 1205
—_ 5 —— Average bed shear stress ‘T’ = 2000 3000
= 6 Lo A , L go = .
E:‘ 4 1 — — - Unit stream power dissipation ‘TI;jp E D | SC h a rge
e 2] - 40 2
O T T T T T _-I‘-_I_—__I—._—-_\-—__I.— T ] 0 [:
0.06, _ =7\ — Manning’s roughness ‘n’ r2
_;:: 0.04 v~ T ~N_7 \\ — — - Absolute roughness kg’ B ig 'é“ * .
= s - 1.
N 0o discussed later
= 04
0 LA N B T T T T 0
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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)

Country Dam Inspection Reporting Exam.
Name Date Personnel*  Hydraulics Geology*> areas
Australia Anthony 18-Apr-13  SEP; RF AppendixB.1 ~ Ref. 1 4
Brogo 4-Dec-14  RF AppendixB.2  Ref. 1 7
Burdekin Falls  2-Dec-08 RF AppendixB.3  Ref. 1 4
Catagunya 17-Apr-13  SEP; RF AppendixB.4  Ref. 1 3
Copeton 15-May-13  SEP; KD AppendixB.5  Ref. 1 13
Dartmouth 16-Dec-13  SEP; KD; RF  AppendixB.6  Ref. 1 7
Harding 26-Sep-13  SEP; KD Appendix B.7  Ref 1 4
Junction Reefs ~ 15-Jan-14  SEP; PINP - - -
Kununurra 24-Sep-13  SEP; KD AppendixB.8  Ref. 1 2
Mackenzie 18-Apr-13  SEP; RF AppendixB9 - -
Mackintosh 19-Apr-13  SEP; RF Basic only Ref. 1 3
Moochalabra 23-Sep-13  SEP; KD Appendix B.10  Ref. 1 6
Murchison 19-Apr-13  SEP; RF - - -
Ord River 24-Sep-13  SEP; KD - - -
Pindari 15-May-13  SEP; KD Appendix B.11  Ref. 1 4
Rowallan 17-Apr-13  SEP; RF Basic only Ref. 1 2
Split Rock 16-May-13  SEP; KD Appendix B.12  Ref. 1 3
Wayatina 17-Apr-13  SEP; RF Appendix B.13  Ref. 1 4
Wyangala 11-Jun-13  SEP - - -
South Africa  Applethwaite 17-May-14 SEP; PINP Appendix B.14  Ref. 2 2
Floriskraal 14-May-14  SEP; PJNP Appendix B.15 Ref. 2 2
Garden Route 12-May-14  SEP; PJNP Appendix B.16  Ref. 2 5
Goedertrouw 9-May-14  SEP; PJNP Appendix B.17  Ref. 2 5
Haarlem 11-May-14 SEP; PINP Appendix B.18  Ref. 2 4
Hartbeespoort 4-May-14  SEP; PJNP Appendix B.19 Ref. 2 3
Kammanassie  12-May-14 SEP; PINP Appendix B.20  Ref. 2 5
Klipfontein 8-May-14  SEP; PINP  AppendixB.21  Ref. 2 5
EZS;enheimer 13-May-14 SEP;PJNP - Ref. 2 -
Mokolo 5-May-14  SEP; PJNP Appendix B.22  Ref. 2 10
Osplaas 14-May-14 SEP; PJNP Appendix B.23  Ref. 2 5
USA Saylorville - Basic only Ref. 3 3
Tuttle Creek - - Appendix B.24  Ref. 3 3
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4.3 Review of “Kirsten Index Methods”
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4.3 Review of “Kirsten Index Methods”

The result o0, I
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4.3 Review of “Kirsten Index Methods”

The result

Kind of agreed with
van Schalkwyk

“it must be pointed out that the evaluation chart was based on the observed behaviour
of soil and rock formations at a number of dams in the USA and South Africa and it should
be realised that the chart may not in all cases be able to accurately predict the behaviour

of different material types under various flow conditions.” (van Schalkwyk, 1994, pg699)

“this method ... may not be representative of all geometrical, ggomechanical and
hydraulic situations ... it may be used as a first indication of erosion potential for rock in
unlined spillways.” (van Schalkwyk et al., 1994b, pg 566)
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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

RMR =) (classification parameters) + discontinuity orientation adjustment (3.3.4)

GSI=RMR,s=F +F>+ F3+ F; +10 (3.3.5)

where: F; to F; are ‘classification parameters’ from Bieniawski (1976)

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

-»
>
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4.4 eGSI method

70

60

507

-jump flow (25%)

Ski

nstream dip, degrees relative to bed slope

Dow

-30

-40

—50
s
D

— 3 Bed-parallel flow

-60

-70

\\

=
nu._

wopsg

eGSl

= wy
| |

= v
(2] L]

vopy

=]
o

-80

=]
S

ones Sumeds 128 ywop

Figure 3.20 Discontinuity orientation adjustment for erosion (‘Eg4,,’) for horizontal beds and various appoach flows



4.0 GO LEFT — COMPARATIVE TECHNIQUES

4.4 eGSI method
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4.4 eGSI method

eGSl

* Simpler

* Larger data set for rock

* Can trace case studies

 Gradation, not a ‘threshold’

e GSlis current and credible

* NoRQD

* No Mass Strength

* Appropriate inference of
accuracy

* Reliable even when used by
non-geologists

Myp kW.m™?)
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4.5 RMEI Method

Mechanism

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

Wide aperture joints
susceptible to
§ hydraulic pressure

sliding where bedding daylights

o ) = e

blocks can slide over 2 multiple joint sets
persistent, planar basal : create small,
transportable blocks
F E7 T

* planar joints offer no
. ! resistance to

Figure 3.43 Moochalabra dam - sliding of jointed rock

Figure 3.36 Dartmouth dam - persistent planar beds parallel to flow direction
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4.5 RMEI Method -
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4.6 Notes on calculation of “stream power”

Gravity (m/s2) Discharge (m3/s)

Dissipation of hydraulic power \ Q

per unit area (Watts/m?) — T _ Slope of the
UD —

total energy

line

natural .
N ---~~""~--._  Waterdensity (kg/m?)
Reservoir & - 1
7
| . Flow width (m)

—_ n'l . | T ™~ . T
Concrete spillway / 7 ‘I\‘m_; e Ittlﬁ-’el
control structure blast ' s

damage , N | i
weathered = E A
JV profile f/
Excavated section Natural slope —L[jnng

river bed
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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:

Guidance on the calculation of stream power dissipation for rock scour
assessments

Steven E Pells!, William L Peirson?, Fanar Al-Qassab!
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4.6 Notes on calculation of “stream power”

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

incorrect total energy line
/ Correct total energy line
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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

Velocity (m s™)

FLUID VELOCITY NEAR THE BED

SECTION /A
1: 1000 ‘\/

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
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4.6 Notes on calculation of “stream power”

A possible method from CFD

Specific Dicharge

Total Head (m)

cu.m/s/m [ 456 - 460 4
—fn e
I 200 - 300 Dbl
[ 481-490
I 150 - 200 [ 41-500
I 100- 150 [s01-510
90="100! [ 1s1-520
<50 [ ]s21-530
RIS [ s31-540
%=19 [ 541-550
[ 551 - 560
[ s61-570

I 571 - 580
. s

160 Meters
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4.7 Note why its called “comparative”

| 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
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5.1 Example
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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) T
model 40 m v:.'{:

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

* And unravel using pressures from a
CFD model
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5.2 The ultimate goal

Coupled (hydrodynamic and rock-mechanics) modelling

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 ....
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5.3 Analytical methods inside a numerical grid

g
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5.3 Analytical methods inside a numerical grid

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

Hydraulic shear
4 Hydraulic she

—

P2
|

Force from friction

=(Wcos0-ZF,)tand
cos6 /
Ccoso

W = Lcosfzgps
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5.3 Analytical methods inside a numerical grid
HOW TO INCLUDE TIME

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:

F = ma

With rearrangement, the acceleration of a rock element can be estimated as:
a _ FNETY
rock =7

In a numerical model than incorporates time ‘t’ as a sequence of n timesteps each of duration dt, the rock element velocity
Viock can be assessed as:

Vrock. t=de = @rockdl F g
% _ n NET. t=n.de dt
rock. t=n.dt rock. t=(n-1)dt W
The movement of rock (per unit width) can be expressed as a discharge q,qck:
drock,x = rockdz (where dzis 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:
Qrock, NET = 49rock, IN — 9rock, OUT

Erosion or accretion at a pa{ticular element location can then be represented as a change dz in surface elevation
_ 9rock, NET
dz =
A
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. )

(A is the surface area of the numerical cell)




5.0 GO RIGHT — NUMERICAL METHODS

5.3 Analytical methods inside a numerical grid

PILOT MODEL
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5.3 Analytical methods inside a numerical grid

SPILLWAY MODEL

Conceptual model

o 580 —
) . 560 —
s Overlay of numerical grid
| 540 — |
520 — |
500 —
| A B C D E F |
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5.3 Analytical methods inside a numerical grid

Starting CFD

topography ’ simulation

I l . L Q A Unsteady Q A Quasi-Unsteady
| Erosion Model

| (Matlab™) con stp ol
I condition

' '

|

1 Reshaped g t

topography
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5.3 Analytical methods inside a numerical grid

Copeton
1976 event
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5.3 Analytical methods inside a numerical grid

Copeton
1:1000yr
event







6.0 HYDRO-GEOTECHNICAL SCOUR ASSESSMENT

1. Geometry and topology

Spillway arrangement
Dam construction details
Details of any dam modifications

[
2. Historical performance

Historical and design floods
Available ground surveys, safety or
incident reports

Geometry of historical erosion

3A. Hydraulics 3B. Engineering geology
Spillway rating Depositional framework
Tailwater levels Major structures
Flow / plunge trajectory Defect mapping
Velocity, stream power dissipation Structural regions
Hydraulic regions Geological model

| |
[
4. Scour Domains

Overlay of hydraulic and geological domains

5A. Comparative 5B. Analytical kinematic 5C. Numerical
scour assessment scour assessment scour assessment
Rock-mass index Kinematics of selected Coupled numerical
methods (eGSI, RMEI) type sections or key blocks modelling

| 6. Qualitative risk evaluation |<—> 7. Assessment and evaluation
of protection measures

> i
8. Surveillance specification > Pe"s C0n5U|tIng




Some useful references

eGSl - easier reference than wading through PhD

e 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

e Steven E Pells, Fanar Al-Qassab, Felicia Weir, Anais 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

e 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

e 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) .
e: steven@pellsconsulting.com.au Y

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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