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Background resources
for today’s webinar:

surfacewater.biz/riprap/

https://www.surfacewater.biz/riprap/


• Research conducted for 
Rio Tinto

• Initial results published 
in IMWA 2020

• Expanded paper
submitted to HIWE 2020

• Hydraulics session 
added to HWRS 2021



Austroads 2013 Austroads 2018

Australian national guidance for rock sizing



ARR 2019

Australian national guidance for rock sizing



Australian Rock vs. American Rock



vs. French Rock?



Australian riprap sizing ancestry



Australian riprap sizing ancestry



Rock/riprap references in Austroads

Lined Channels Culverts

Bridges and Floodways

Natural Channels



Culverts

Spillways

Bridges

Channels

Rock/riprap references in ARR





ARR
2019

Australian Rock Sizing Ancestry:
Channel Bed and Bank Lining

Austroads 
2013

Compute bed 
shear stress
(uncited)1

1 Bed shear stress 
is "important" for 
sediment motion 

in alluvial channels 
and scour at 

bridges

QDTMR 
2010

QDTMR 
20022

USBR
1956-19843

Berry
19484

Du Buat
1786

Bouniceau
1845

Blackwell
1857

Sainjon
1871

Suchier
1874

Gilbert 
1914

QDTMR 
2019

QDTMR 
2015

2 Rock size should 
be based on 

channel velocity or 
"more accurately" 
to boundary shear 

stress

Brahms 
1753

3 USBR charts 
based on "bottom 

velocity" but 
experimental 

validation used 
average channel 

velocities

4 Berry used 
average of values 

from flume 
experiments 
conducted 

between 1786 and 
1914

1

incorrect
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Australian Rock Sizing Ancestry:
Bridge Scour Countermeasures (Piers and Abutments)

ARR
20191

Austroads 
20192

QDTMR 
2013

1 Use models to 
identify bed shear 

stress increase 
locations for scour 

protection 
(uncited)

QDTMR 
2019

FHWA
2009

MRWA 
2006

2 Use FHWA 2009 
(HEC 23) for pier 

riprap sizing, 
MRWA 2006 and 

HEC 23 for 
abutment riprap 

sizing

Austroads 
1994

CDPW
1960

Isbash
1936

USACE
19943

MRWA
2017

Airy
18853

3 Maynord cites 
Bogardi 1968, Neill 
1967, and Straub 

1953. Caltrans 
2020 dismisses 
CDPW 1960 in 

favour of USACE 
1994

4 "Airy's Law" as 
cited by Isbash was 

a response to 
Shelford 1885, 

same as developed 
by Brahms 1753 

but not cited

2



Australian Rock Sizing Ancestry:
Culvert Outlet Aprons

ARR
20191,2

1 Only use riprap or 
concrete apron for 

Fr<1.7 (ARR and 
Austroads) and 

V<5m/s (ARR only)

PCA
1964

2 Use PCA for 
erosive velocity 
limits of natural 
soils: "treat with 

caution"

QDTMR 
2010

VicRoads 
2003

MRWA 
2006

3 Use QDTMR 2010 
and VicRoads 2003 

for maximum 
velocity in 

"unprotected 
stream beds" only

Alderson 
20065

4 Use MRWA 2006 
for gradation, 

"refer to relevant 
jurisdiction" for 

rock size

5 Compute d50 from 
Q, S0, R, P based on 
Alderson 2006, but 

standard MRWA 
2006 rock classes  
recommended as 
"more accurate 

method"

Austroads 
20131,3,4

C&C
20117

C&C
20176

Austroads 
1994

7 Average of Bohan 
1970, OC 1989, and 

ASCE 1992 for 
single culverts, 

Isbash and  
"complex 

derivation" for 
multi-pipe

CDPW
1960

Isbash
1936

6 Maximum Isbash 
D50 sizing 

"arbitrarily 
limited" to culvert 

diameter 

USACE
19948

ASCE
1992

OC
1989

Bohan
1970

8 Cites Bogardi 
1968, Neill 1967, 
and Straub 1953. 

Caltrans 2020 
dismisses CDPW 
1960 in favour of 

USACE 1994

Airy
1885

Neill
1973

3

Superseded!



Australian Rock Sizing Ancestry: 
Floodways, Spillways, Rock Chutes,

and Dissipation Structures

ARR
20191

Austroads 
2013

NSW Govt
20043

MRWA 
2006

Austroads 
1994

CDPW
1960

Isbash
1936

Compute Bed 
Shear Stress

(uncited)2

3 NSW 2004 
values vary 
linearly (not 

exponentially) 
with velocity, 

"compiled from 
various sources"

1 For earthen 
embankments and 
overflow spillways: 

use concrete or 
riprap for V>7m/s 

based on NSW 
Govt 2004

2 Bed shear stress 
"important" for 

sediment motion 
in alluvial 

channels and 
scour at bridges

USACE
19944

Airy
1885

4 Cites Bogardi 
1968, Neill 1967, 
and Straub 1953. 

Caltrans 2020 
dismisses CDPW 
1960 in favour of 

USACE 1994

4

Superseded!





Christmas 1717



Christmas 1717



Christmas 1717



Austroads 2013



Austroads 2013

Wasserbau:
Hydraulic Engineering



Austroads 2013

Kunst = “art”



Austroads 2013



Austroads 2013

W

V

3 x 2 = 6



W

V

6

∝

3 x 2 = 6



𝑾 ∝ 𝑽𝟔

𝑫 ∝ 𝑽𝟐
W = r1/6 pD3

D

vol = 1/6 pD3
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Australian Rock Sizing Ancestry:
Channel Bed and Bank Lining
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2 Rock size should 
be based on 

channel velocity or 
"more accurately" 
to boundary shear 

stress

Brahms 
1753

3 USBR charts 
based on "bottom 

velocity" but 
experimental 

validation used 
average channel 

velocities

4 Berry used 
average of values 

from flume 
experiments 
conducted 

between 1786 and 
1914

Gilbert’s flume at 

UC Berkeley, 1914

The River Tiber, 

Shelford, 1885

Austroads Ancestry



1920s-30s
• Canals

• Highways

• Dams

American West
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• Canals

• Highways

• Dams

• 1921-22: California Floods

• 1922-27: Bank protection installed

• 1927: Floods, bank protection failed

• 1928-37: Withycombe studies failures, 
improvements implemented

• 1937 NoCal floods, 1938 SoCal floods: 
better results, but some problems with rigid 
solutions

• 1937-49: Riprap widely implemented

• 1949: California Joint Bank Protection 
Committee organised

• 1960: California Bank and Shore Protection 
Manual published (CABS)  

• 1970: Errata and revisions published

• 2000: CABS updated by CPDW

• 2006: NCHRP review of CABS vs. USACE

• 2020: Caltrans recommends USACE

Trial and Error:

1920s-30s
American West



Leningrad
1930-1936

• Canals

• Highways

• Dams



Isbash 1936

𝑾 ∝ 𝑽𝟔

𝑫 ∝ 𝑽𝟐

Сергей Владимирович Избаш

aka Sergey Vladimirovich Izbash aka S.V. Isbash



𝑾= 𝒂𝑽𝟔

𝑫 = 𝒂𝑽𝟐

Isbash 1936
Сергей Владимирович Избаш

aka Sergey Vladimirovich Izbash aka S.V. Isbash

_

_
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Australian Rock Sizing Ancestry:
Channel Bed and Bank Lining

Austroads 
2013

Compute bed 
shear stress
(uncited)1

1 Bed shear stress 
is "important" for 
sediment motion 

in alluvial channels 
and scour at 

bridges

QDTMR 
2010

QDTMR 
20022

USBR
1956-19843

Berry
19484

Du Buat
1786

Bouniceau
1845

Blackwell
1857

Sainjon
1871

Suchier
1874

Gilbert 
1914

QDTMR 
2019

QDTMR 
2015

2 Rock size should 
be based on 

channel velocity or 
"more accurately" 
to boundary shear 

stress

Brahms 
1753

3 USBR charts 
based on "bottom 

velocity" but 
experimental 

validation used 
average channel 

velocities

4 Berry used 
average of values 

from flume 
experiments 
conducted 

between 1786 and 
1914

ARR
2019

Australian Rock Sizing Ancestry:
Channel Bed and Bank Lining

Austroads 
2013

Compute bed 
shear stress
(uncited)1

1 Bed shear stress 
is "important" for 
sediment motion 

in alluvial channels 
and scour at 

bridges

QDTMR 
2010

QDTMR 
20022

USBR
1956-19843

Berry
19484

Du Buat
1786

Bouniceau
1845

Blackwell
1857

Sainjon
1871

Suchier
1874

Gilbert 
1914

QDTMR 
2019

QDTMR 
2015

2 Rock size should 
be based on 

channel velocity or 
"more accurately" 
to boundary shear 

stress

Brahms 
1753

3 USBR charts 
based on "bottom 

velocity" but 
experimental 

validation used 
average channel 

velocities

4 Berry used 
average of values 

from flume 
experiments 
conducted 

between 1786 and 
1914

𝑫 = 𝒂𝑽𝟐_



𝑫 = 𝒂𝑽𝟐_

70 years later…no change!



Wrong by a factor of 4!

D = 40 V2

D = 26 V2

Vave, not Vbed!

Matches Austroads

undefined gradation
USBR 1956

Unstable!



𝑫 = 𝟒𝟎𝑽𝟐
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Australian Rock Sizing Ancestry:
Bridge Scour Countermeasures (Piers and Abutments)

ARR
20191

Austroads 
20192

QDTMR 
2013

1 Use models to 
identify bed shear 

stress increase 
locations for scour 

protection 
(uncited)

QDTMR 
2019

FHWA
2009

MRWA 
2006

2 Use FHWA 2009 
(HEC 23) for pier 

riprap sizing, 
MRWA 2006 and 

HEC 23 for 
abutment riprap 

sizing

Austroads 
1994

CDPW
1960

Isbash
1936

USACE
19943

MRWA
2017

Airy
18853

3 Maynord cites 
Bogardi 1968, Neill 
1967, and Straub 

1953. Caltrans 
2020 dismisses 
CDPW 1960 in 

favour of USACE 
1994

4 "Airy's Law" as 
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a response to 
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2

𝑫 = 𝒂𝑽𝟐



Australian Rock Sizing Ancestry:
Culvert Outlet Aprons

ARR
20191,2

1 Only use riprap or 
concrete apron for 

Fr<1.7 (ARR and 
Austroads) and 

V<5m/s (ARR only)

PCA
1964

2 Use PCA for 
erosive velocity 
limits of natural 
soils: "treat with 

caution"

QDTMR 
2010

VicRoads 
2003

MRWA 
2006

3 Use QDTMR 2010 
and VicRoads 2003 

for maximum 
velocity in 

"unprotected 
stream beds" only

Alderson 
20065

4 Use MRWA 2006 
for gradation, 

"refer to relevant 
jurisdiction" for 

rock size

5 Compute d50 from 
Q, S0, R, P based on 
Alderson 2006, but 

standard MRWA 
2006 rock classes  
recommended as 
"more accurate 

method"

Austroads 
20131,3,4

C&C
20117

C&C
20176

Austroads 
1994

7 Average of Bohan 
1970, OC 1989, and 

ASCE 1992 for 
single culverts, 

Isbash and  
"complex 

derivation" for 
multi-pipe

CDPW
1960

Isbash
1936

6 Maximum Isbash 
D50 sizing 

"arbitrarily 
limited" to culvert 

diameter 

USACE
19948

ASCE
1992

OC
1989

Bohan
1970

8 Cites Bogardi 
1968, Neill 1967, 
and Straub 1953. 

Caltrans 2020 
dismisses CDPW 
1960 in favour of 

USACE 1994

Airy
1885

Neill
1973

3

𝑫 = 𝒂𝑽𝟐



Australian Rock Sizing Ancestry: 
Floodways, Spillways, Rock Chutes,

and Dissipation Structures

ARR
20191

Austroads 
2013

NSW Govt
20043

MRWA 
2006

Austroads 
1994

CDPW
1960

Isbash
1936

Compute Bed 
Shear Stress

(uncited)2

3 NSW 2004 
values vary 
linearly (not 

exponentially) 
with velocity, 

"compiled from 
various sources"

1 For earthen 
embankments and 
overflow spillways: 

use concrete or 
riprap for V>7m/s 

based on NSW 
Govt 2004

2 Bed shear stress 
"important" for 

sediment motion 
in alluvial 

channels and 
scour at bridges

USACE
19944

Airy
1885

4 Cites Bogardi 
1968, Neill 1967, 
and Straub 1953. 

Caltrans 2020 
dismisses CDPW 
1960 in favour of 

USACE 1994

4

𝑫 = 𝒂𝑽𝟐



• Velocity distribution

• Shape

• Angle of repose

• Gradation

Riprap design considerations and discrepancies



Velocity Distribution

• 2/3 vs 4/3 = 
64x Weight!

• No provision 
for using Vm, 
all mean 
velocities 
factored prior 
to applying 
equation

Velocity adjustments not 
included in Austroads



• Bend increases dia 5x
= 125x weight increase



4.0 6.05.01.0 2.0 3.00

0

1000

1500

D
5

0
(m

m
)

500

Velocity (m/s)

Rip Rap Sizing for 3H:1V or flatter side slope (SLA 1988)

Facing
Light

1/4 tonne

1/2 tonne

1 tonne

2 tonne

250

750

1250

0.5 1.5 2.5 3.5 4.5 5.5

B1

A

4 tonne

• Bend increases dia 5x
= 125x weight increase

• Average velocity:
Don’t double count 
adjustment with 
localised 2D results!

• Facing Class 
vs 4-tonne!



Culvert Aprons

• Single barrel

• Multi barrel



www.catchmentsandcreeks.com.au

Catchments & Creeks
(cited in Austroads 2013)



NSW 2004
(cited in ARR 2019)

• No citations, compiled from 
“various sources” 

• For D=a*Vb, NSW 2004 
shows linear relationship 
between D and V with b=1

• b varies between 2 and 3 
(based on 200+ sources)

• b is never 1! 

Nope!

D50 off the charts

7-tonne rock!

Turf?



VicRoads 2003, DTMR 2010, Neill 1973
(Cited in ARR 2019)

Danger Zone

Likely to Fail!



Shape

Assumed spherical for

diameter-volume-weight calculations

Assumed angular for calculations

• Volume of sphere is approximately half the volume of a 
cube with edges equal to sphere diameter

• Some methods recommend using a mid-way value of 
75%-85% of the volume of an equivalent cube

• Austroads assumes spherical conversion and specific 
gravity of 2.65; some methods allow variation in s.g.



Angle of Repose

• Cheat!

• Nope!



• Incorrect: Should be design 
angle of the riprap

• W is infinite if angle of 
repose is reached

• 70 degrees is not possible



Gradation



Rock



Rock

vs rocks



Gradation

• “Number of 
particles” implies 
“by weight” or 
count at regular 
intervals

Order of magnitude difference in W50



What is the D33 and the D50?

9 stones



97 kg 23 kg

300 mm

40 kg

250 mm

20 kg
250 mm

20 kg

200 mm

12 kg
175 mm

10 kg

160 mm

6 kg

150 mm

5 kg

150 mm

5 kg

100 mm

2 kg

300 mm

40 kg

300 mm

40 kg

250 mm

20 kg

250 mm

20 kg

250 mm

20 kg

250 mm

20 kg

200 mm

12 kg

200 mm

12 kg

175 mm

10 kg

160 mm

6 kg

175 mm

10 kg

160 mm

6 kg

150 mm

5 kg

150 mm

5 kg

100 mm

2 kg

100 mm

2 kg

150 mm

5 kg
150 mm

5 kg

D50=250 mm

W50=20 kg

D33=200 mm

W33=12 kg

D50=175 mm

W50=10 kg

D33=150 mm

W33=5 kg

2 stones, total mass 60 kg 7 stones, total mass 60 kg

1 stone, total mass 40 kg 2 stones, total mass 40 kg 6 stones, total mass 40 kg

3 stones, total mass 80 kg 3 stones, total mass 28 kg 3 stones, total mass 12 kg

“2/3 of stone should be 

heavier” than D33

(CPDW 1960)

“2/3 of all rocks have a 

greater mass” than D33

(Austroads 1994)



2 stones, total mass 60 kg 22 stones, total mass 60 kg

1 stone, total mass 40 kg 2 stones, total mass 40 kg 21 stones, total mass 40 kg

12 stones, total mass 104 kg 12 stones, total mass 16 kg

8 stones, total mass 96 kg 8 stones, total mass 16 kg 8 stones, total mass 8 kg

300 mm

40 kg

250 mm

20 kg
250 mm

20 kg

300 mm

40 kg
250 mm

20 kg

250 mm

20 kg

300 mm

40 kg

250 mm

20 kg

250 mm

20 kg

D50=250 mm

W50=20 kg

D50=100 mm

W50=2 kg

D33=150 mm

W33=4 kg

D33=80 mm

W33=1 kg

150 mm 150 mm 120

mm

120

mm

100

mm 80 mm

1 kg each

100 mm

2 kg each4 kg 4 kg 3 kg 3 kg 2 kg

“2/3 of stone should be 

heavier” than D33

(CPDW 1960)

“2/3 of all rocks have a 

greater mass” than D33

(Austroads 1994)



Cube Model



Gradation



• Error

• Error

• Error

• Error

• Error

• Minimum zero percent 
larger is not helpful!

• Better to specify D85 or D90



Velocity-based rock sizing



Shear-based rock sizing



Shear-based rock sizing



Shear-based rock sizing

100mm max 100mm max



• Shear charts stop at 100mm,
relationships extrapolated for boulders



https://toolkit.ewater.org.au/Tools/RIPRAP

CRC for catchment hydrology
riprap spreadsheet

https://toolkit.ewater.org.au/Tools/RIPRAP


Shear-based:

Riprap size increases with depth 
(for constant energy slope)

Shields 
coefficient



U.S. Army Corps of Engineers

Hydrologic Engineering Center

• From Price and Westwater, IMWA 2020

Size 
reduction

Size 
reduction

Size 
reductionSize 

reduction

Velocity vs. Shear



• From Price and Westwater, IMWA 2020

Size 
increase

Size 
increase

Size 
increase

Size 
increase

Average vs Localised Peak Hydraulics



Velocity and shear stress for uniform flow

V=4 m/s

D=4.2 m

D*V=15 m2/s

S=0.5%

τ =125 Pa

V=4 m/s

D=1.6 m

D*V=6 m2/s

S=2%

τ =180 Pa

1 2

=
>
<

Velocity vs. Shear: Depth sensitivity



U.S. Army Corps of Engineers

Hydrologic Engineering Center

D*V=15
lower shear

D*V=6
higher shear



U.S. Army Corps of Engineers

Hydrologic Engineering Center

D*V=15
lower shear

D*V=6
higher shear

D50=700 mm

D50=125 mm

D50=180 mm



Austroads 2013

USACE 1994: Experimental Flume

Limitations:

s<2%

F<0.8

4<d:D30<30



Austroads 2013

HEC-2
HEC-3
HEC-4
HEC-5
HEC-6

USACE 1994: D30 varies with depth

D    d -0.25

Riprap size is inversely proportional to depth:

Velocity exponent differs from Austroads,
supersedes source material 

V2.5



Austroads 2013

HEC-2
HEC-3
HEC-4
HEC-5
HEC-6

USACE 1994: D30 varies with depth

D=a(Vb)  =  D=(aV)b

Coefficients are outside the exponents:



Austroads 2013

HEC-2
HEC-3
HEC-4
HEC-5
HEC-6

USACE 1994: D30 varies with depth

Increasing rock size,
Decreasing depth



Austroads 2013

HEC-2
HEC-3
HEC-4
HEC-5
HEC-6

USACE 1994: Applicable range

Increasing rock size,
Decreasing depth

Limitations:

s<2%

F<0.8

4<d:D30<30



Distribution of tractive forces: shear increasing with depth

Hydrostatic Force

Velocity/Shear Distribution

Variation of size with depth

Average Velocity



Distribution of forces: varying inversely with depth?

Hydrostatic Force

Velocity/Shear Distribution

Variation of size with depth

Average Velocity



Typical distribution of velocities

Longitudinal 

Velocity 

Distribution
2.0

1.5

1.0

0.5

0.2

Horizontally varied, depth-averaged velocity at each 2D grid

Depth-Averaged 

Velocity at each 

2D grid

Cross-sectional velocity distribution

as a factor of average velocity

Horizontal and vertical variation



Horizontal distribution of depth-averaged velocities

Distributed 

Velocity

Velocity

(m/s)

Average Velocity

Horizontal variation



Advancements: 2D Modelling Guidance

!

• D50= 4m, W50 =  40 tonne

• D90= 6m, W50 =150 tonne



!

• D50= 4m, W50 =  40 tonne

• D90= 6m, W50 =150 tonne

Advancements: 2D Modelling Guidance



• Estimating riprap size from 
2D shear stress (with 
safety factor) or 35 * V2



• Check using at least 3 methods:

Recommendations



• Check using at least 3 methods:
• Velocity               D50=a*V2

• Shear                  D50 = Sf* τ

• Velocity & Depth

• Clarifications needed:
• Application:

Channels vs. Structures

• Gradation:
D10, D50, D90 by total weight

• Velocity Adjustments:
1D vs 2D vs 3D

• How to apply the USACE method

Recommendations



• Check using at least 3 methods:
• Velocity               D50=a*V2

• Shear                  D50 = Sf* τ

• Velocity & Depth

• Clarifications needed:
• Application:

Channels vs. Structures

• Gradation:
D10, D50, D90 by total weight

• Velocity Adjustments:
1D vs 2D vs 3D

• How to apply the USACE method

Recommendations

$



Recommendations

QDTMR 2019

Austroads 2019



✓• Proper selection of 1D, 2D, or 3D modelling

Conclusions:



Conclusions:

✓
• Design parameters✓

✓

• Appropriate sizing approach

• Construction methods



• Remediation?
Conclusions:



• Doubling the velocity increases the required rock weight 
by a factor of:

• 2

• 4

• 8

• 16

• 32

• 64

Pop Quiz



• Doubling the velocity increases the required rock weight 
by a factor of:

• 2

• 4

• 8

• 16

• 32

• 64

• V=3 m/s  D50= 300mm    W50 =     40 kg

• V=6 m/s  D50= 1250mm  W50 = 3000 kg

Pop Quiz



Additional Resources
www.catchmentsandcreeks.com.au www.surfacewater.biz/riprap/

http://www.catchmentsandcreeks.com.au/
http://www.surfacewater.biz/riprap/


Additional Resources 
FHWA Hydraulic Toolbox: www.fhwa.dot.gov/engineering/hydraulics/software/toolbox404.cfm

http://www.fhwa.dot.gov/engineering/hydraulics/software/toolbox404.cfm
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