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Disclaimer 

Significant effort has been taken to ensure that this document is representative of the best 
available information on rock sizing and rock roughness; however, readers should be aware that 
rock sizing and the assessment of the Manningôs roughness of rock-lined surfaces is not an 
exact science. 

No warranty or guarantee, express, implied, or statutory is made as to the accuracy, reliability, 
suitability, or results of the methods or recommendations. 

The author shall have no liability or responsibility to the user or any other person or entity with 
respect to any liability, loss, or damage caused, or alleged to be caused, directly or indirectly, by 
the adoption and use of any part of the document, including, but not limited to, any interruption 
of service, loss of business or anticipatory profits, or consequential damages resulting from the 
use of the document. 

Specifically, adoption of the equations presented within this field guide will not guarantee: 

(i) compliance with any statutory obligations 

(ii) compliance with all engineering specifications 

(iii) short or long-term stability of the placed rock. 
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Principal C&C reference documents 

 

Use of Rock in Stormwater Engineering 

Catchments & Creeks Pty Ltd, 2014, Brisbane 
Queensland. 

68 pages (colour) PDF-file 

Version 3, 2017 

Version 4, 2020 

 

Use of rock in stormwater engineering 

 

Use of Rock in Waterway Engineering 

Catchments & Creeks Pty Ltd, 2014, Brisbane 
Queensland. 

75 pages (colour) PDF-file 

Version 3, 2020 

 

Use of rock in waterway engineering 

 

Background to Rock Sizing Equations 

Witheridge, G., Catchments & Creeks Pty Ltd, 
2011, Brisbane Queensland. 

52 pages (colour) PDF-file 

Version 1, 2011 (replaced by this doc in 2023) 

¶ Provides details on: 

- the assessment of existing (pre 2011) 
rock sizing equations 

- the mathematical development of new 
equations for the sizing of rock and the 
field data used to check the equations. 

Rock sizing Fact Sheet 

 

Background to Rock Roughness Equation 

¶ Witheridge, G., Catchments & Creeks Pty 
Ltd, 2011, Brisbane Queensland. 

¶ 8 pages (colour) PDF-file 

¶ The Manningôs roughness equation is 
presented within the following Field Guide 
as equations 4.36, 6.4, & 6.16 (i.e. not the 
Fact Sheet shown left). 

Rock roughness Fact Sheet 
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Layout of the document 

 

Chapter 1: Rock Sizing for Stormwater  

¶ Chapter 1 presents the source of 
information used to develop rock sizing 
procedures for the placement of rock in 
various stormwater installations, including: 

 1.1 Batter chutes 

 1.2 Batter chute outlet structures 

 1.3 Drainage channels 

 1.4 Energy dissipaters 

 1.5 Multi-pipe stormwater outlets 

 1.6 Single pipe stormwater outlets 

 1.7 Slope drain outlet structures 

 1.8 Small dam spillways  
Rock-lined drainage channel (Qld) 

 

Chapter 2: Rock Sizing for Waterways 

¶ Chapter 2 presents the source of 
information used to develop rock sizing 
procedures for the use of rock in various 
waterway applications, including: 

 2.1 Bank stabilisation 

 2.2 Culvert bed roughness 

 2.3 Culvert outlet structures 

 2.4 Rock chutes (rock ramps) 

 2.5 Waterway riffles 

 

Rock chute / fishway (NSW)  

 

Chapters 3, 4 & 5: Rock-lined Chutes 

¶ Chapter 3 presents a literature search 
conducted into rock sizing equations. 

¶ Chapter 4 presents a discussion on the 
differences between shear stress and 
velocity-based equations for sizing rock. 

¶ Chapter 5 presents the authorôs work in 
the development of new equations for the 
sizing of rock placed on waterway beds. 

¶ The final equation is presented as 
Equation 5.19 (same as equations 1.1.1, 
5.25), and tabulated in tables 5.8 to 5.14. 

Critical shear stress 

 

Chapter 6: Manningôs roughness of rock 

¶ The Manningôs roughness (n) of rock-lined 
surfaces in both shallow-water and deep 
water flow conditions is provided below. 

 
1/6

90

m

d
n

26(1 0.3593 )
=

-
 (6.4) 

- m = [(R/d90)(d50/d90)] 0.7 

- R = hydraulic radius of flow [m] 

¶ The recommended equation for the 
roughness of non-vegetated rock-lined 
surfaces is presented as Equation 6.4 
(also equations 4.36 & 6.16). 

Rock chute (Qld) 
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Purpose of field guide 

This document has been prepared specifically to: 

¶ document the source of the data that was used to formulate the rock sizing equations and 
tables presented within the Catchments and Creeksô field guides: Use of Rock in 
Stormwater Engineering and Use of Rock in Waterway Engineering 

¶ document the steps that were taken to develop the rock sizing equations and tables in 
cases where published data did not exist 

¶ provide training material for engineers wishing to learn more about the placement of rock in 
stormwater and waterway environments.  

The photos presented within this document are intended to represent the current topic of 
discussion. These photos are presented for the purpose of depicting either a preferred or 
discouraged outcome (as the case may be). In some cases the photo may not represent current 
best practice, but is simply the best photo available to the author at the time. 

The caption and/or associated discussion should not imply that the site shown within the 
photograph represents either good or bad land management practice. The circumstances, site 
conditions and history of each site are not known in each case, and may not be directly relevant 
to the current discussion. 

About the author 

Grant Witheridge is a retired civil engineer with both Bachelor and Masters degrees from the 
University of NSW (UNSW). He has over 40 years experience in the fields of hydraulics, 
stormwater management, creek engineering, and erosion & sediment control, during which time 
he has worked for a variety of federal, state and local government bodies, and private 
organisations. 

Grant commenced his career at the UNSW Water Research Laboratory operating physical flood 
models of river floodplains. He later worked for Brisbane City Council on creek engineering and 
stormwater management issues. He currently works (at his leisure) through his business trading 
name of óCatchments & Creeksô. 

Introduction 

The Catchments and Creeksô equation for the Manningôs roughness of rock-lined surfaces was 
developed in July 2000 as part of a consulting project that required the design of a fish-friendly 
culvert. This work required an understanding of the Manningôs roughness for rock-lined surfaces 
for flow conditions varying from shallow water (e.g. flow depths approximating the mean rock 
diameter) up to deep water conditions (say, flow depth > 10 times the mean rock diameter). 

Manningôs roughness for deep water conditions can be determined from the Strickler formula; 
however, at the time (2000), no appropriate formula could be found that provided an estimate of 
the Manningôs roughness in shallow water conditions. 

Warning: the Manningôs roughness of rock is highly variable. If a hydraulics laboratory were to 
take a collection of rocks, of known size and size distribution (d90/d50), and then place these 
rocks on the bed of a testing flume to measure the Manningôs roughness, and then repeat this 
test several times, they would find that each test would produce a significantly different 
Manningôs roughness. This is because the roughness depends on the random nature of how the 
rocks rest on the bed of the flume, and which rocks protrude into the water flow. 

Most of the design procedures for the sizing of rock that is to be placed in various stormwater 
and waterway situations was developed as part of the drafting of the Best Practice Erosion and 
Sediment Control publication (IECA, 2008). 

The field guides titled Use of Rock in Stormwater Engineering and Use of Rock in Waterway 
Engineering were developed in 2014 as a response to my observation of engineers using any 
órock sizeô vs óflow velocityô table or graph that they could get their hands on in order to size rock 
for any situation. It appeared that many designers believed that there was one, and only one, 
relationship between rock size (d50) and flow velocity (v). The two Field Guides were developed 
to help designers realise that the sizing of rock depends on the type of flow conditions that exist 
at the site. 
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Introduction 

 

The problem with pre-2000 rock sizing 
equations 

¶ Investigations into the failure of a major 
rock-lined grade control structure (i.e. a 
rock chute) identified the following 
potential problems with pre-2000 rock 
sizing procedures: 

- the Manningôs roughness of the rock 
chutes used within the analysis of 
existing installations was typically 
based on deep water equations, such 
as the Strickler formula 

- these deep water rock roughness 
equations underestimated the 
roughness of the rock chutes during 
shallow water conditions, which 
resulted in an underestimation of the 
potential energy gradient through the 
structure 

- many equations utilised the Shields 
equation, which does not take into 
account the friction that exists between 
upper and lower rocks when these 
rocks are placed on a steep slope 

- some equations were developed using 
hydraulic equations that are only 
appropriate when sin(ɗ) = tan(ɗ) = ɗ. 

Recognising that a problem exists 

 

Trialing different solutions 

 

The problem with previous rock roughness 
equations 

¶ The Strickler formula can be used to 
estimate the Manningôs roughness of rock-
lined surfaces when the water depth far 
exceeds the rock size; however, this 
formula grossly underestimates the 
Manningôs roughness of rock-lined 
surfaces in shallow water, especially 
whitewater conditions. 

¶ In shallow water conditions, the Manningôs 
roughness of rock depends on: 

- flow depth 

- water velocity 

- mean rock size (d50) 

- the ratio of the diameter of the larger 
rocks to the mean rock diameterðthis 
is because this ratio (d90/d50) affects the 
irregularity of the rock-lined surface, 
including the likelihood of large rocks 
protruding into the water flow. 

¶ The design of fishways may require the 
analysis of low-flow conditions, such as 
when the water depth is as shallow as 
200imm, under these conditions the 
Strickler formula is not appropriate. 

The point of frustration 

 

Problem solved! 
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Problems associated with the angle of repose of rock 

 

Introduction 

¶ The angle of repose (ū) of loose rock is 
often incorporated into rock sizing 
equations as a measure of the rock 
stability on a sloping surface. 

¶ However, the use of this term in rock 
sizing equations can cause complications 
in certain circumstances. 

¶ Adding to these complications is the fact 
that different methods of testing of the 
angle of repose will produce different 
results. 

Angle of repose (Qld) 

 

Momentum-based test methods  

¶ The test methods used to determine the 
angle of repose can be grouped into 
momentum-based tests and static-based 
test methods. 

¶ Momentum-based tests include: 

- hollow cylinder method 

- fixed funnel method 

- internal draining method. 

¶ These tests simulate rocks being placed 
by dumping or dropping the rocks such 
that the rocks fall with momentum. 

Momentum-based test methods 

 

Static-based test methods 

¶ These tests include: 

- tilting box/floor method 

- revolving cylinder method. 

¶ These tests simulate rocks being placed 
individually (i.e. not dropped), but the 
rocks are also not óstackedô in a manner 
that would cause a ótightô fit. 

¶ This type of testing procedure will 
generally produce a greater (steeper) 
angle of repose than a momentum-based 
test. 

Tilting box/floor method 

 

Stacked boulders 

¶ Rock sizing equations that incorporate the 
angle of repose (ū) will suggest that near-
vertical rock walls are not stable, but this 
is not the case. 

¶ Steeper banks can be achieved with the 
use of stacked rocks (boulders), but the 
rocks must sit on a stable bed. 

¶ The stability of the boulder wall can be 
increased by integrating earth reinforcing. 

¶ Vegetation can improve the stability, but 
growing roots can also displace rocks. 

Stacked boulder wall (Qld) 
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General approach to the development of new design procedures 

 

Determination of the best design 
procedure 

¶ Initially a literature search was conducted. 

¶ The determination of the best equations 
and design tables for the sizing of rock 
was based on the following preference: 

1. Adoption of existing design guidelines. 

2. Comparing the recommendations from 
multiple guidelines if differences exist 
between these guidelines. 

3. Back-to-basics: sizing the rock based 
on hydraulic analysis. 

Decision making 

 

Adoption of an existing design procedure 

¶ In some cases, the design procedure for 
the sizing of rock is well established and 
supported by successful field outcomes. 

¶ If such reliable information exists, then the 
equations and tables presented within 
these existing guidelines has been given 
priority. 

Design guidelines 

 

Comparing the design outcomes from 
several publications 

¶ In a number of cases a significant 
variation can exist between the design 
equations and/or tables found in various 
design guidelines. 

¶ In such cases, the first preference was to 
look for a particular equation or table that 
was consistent with the majority of the 
guidelines (i.e. average the values). 

¶ However, in some cases an óupper valueô 
was selected from all the available data. 

Excel analysis of design data 

 

Developing a design procedure from 
fundamental hydraulic principles 

¶ In a few cases the author could not find 
any existing design information that 
directly linked to the placement of rock in a 
type of location. 

¶ In these cases, a rock sizing procedure 
was developed based on the authorôs 
experience, and an appreciation of the 
expected flow conditions. 

Hydraulics text books 
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Batter chutes 

 

 

 

Hydraulic design 

¶ Drainage chutes are hydraulic structures 
that need to be designed for a specified 
ódesignô storm that may not be the 1% 
storm. 

¶ The hydraulic design can be broken down 
into three components: 

- design of the chute inlet using an 
appropriate weir equation 

- sizing rock for the face of the chute 
based on the maximum flow velocity 

- sizing rock for the outlet structure. 
Batter chute hydraulics 

 

Adopted flow conditions 

¶ Wherever practical, the unit flow rate óqô 
(m3/s/m), flow velocity óVô (m/s), and flow 
depth óyô (m) used to determine the rock 
size should be based on the flow 
conditions (q or V) that exist directly above 
the rock being sized. 

¶ This means that the maximum rock size 
will usually be based on the depth-
average flow conditions at deepest section 
of the channel. 

Unit flow rate (q) 

 

Waterway rock chutes 

¶ The sizing of rock for batter chutes was 
assumed to be the same as the design 
procedure adopted for waterway chutes 
(refer to Section 2.4). 

Waterway rock chute (Qld) 
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Develop a new rock sizing equation for batter chutes 

 

Development of a new equation 

¶ The development of a revised rock sizing 
equation is outlined in Chapter 5. 

¶ A best-fit analysis of the combined field 
data, laboratory data, and best-guess 
deepwater analysis produced a new rock-
sizing equation. 

¶ Equation 1.1.1 (also Equation 5.19) is a 
modification of Equation 5.18 that was 
found to produce a slightly better fit for 
those flow conditions that would result in a 
large rock size. 

Equation 1.1.1 (also Eqn. 5.19) 

 

Comparison with the data set 

¶ After considering various issues, it was 
concluded that Equation 5.19 represented 
the best overall design equation. 

¶ A comparison of the output from Equation 
1.1.1 (also Equation 5.19) with the 
observed field data is presented in Figure 
5.3 (Chapter 5). 

Testing the final equation (Fig. 5.3) 

 

Problems associated with the use of flow 
velocity as a design parameter 

¶ This graph shows a plot of the rock size 
generated by the new equation divided by 
the field data used to generate the new 
equation (Y-axis) vs the Froude number of 
the flow passing down the rock chute (X-
axis). 

¶ This plot demonstrates that the Froude 
Number, which includes the flow velocity 
term, is not a reliable design parameter for 
the sizing of rock. 

Testing the equation response to Froude 

 

Benefit of using the unit flow rate (q) as a 
design parameter 

¶ This graph shows a plot of the rock size 
generated by the new equation divided by 
the field data used to generate the new 
equation (Y-axis) vs the unit flow rate     
(q, m3/s/m) of the flow passing down the 
rock chute (X-axis). 

¶ The graph demonstrates the benefits of 
adopting the unit flow rate as the key 
design parameter. 

¶ Values above óY-axis = 1.0ô represents a 
conservative outcome for Equation 1.1.1. 

Testing the equation response to unit flow 
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Sizing rock for the face of a batter chute 

The recommended design equations for sizing rock placed on the face of a batter chute (i.e. not 
within the energy dissipater zone) are provided below. 

Tables 5.8 & 5.11 provide mean rock size (rounded up to the next 100 mm unit) for angular 
rock, and for a safety factor of both 1.2 and 1.5. These tables are based on Equation 1.1.1 and 
are best used in the design of long chutes where the flow will achieve its maximum velocity. Use 
of the óunit flow rateô (q) as the primary design variable is preferred to the use of óflow velocityô 
(V) because it avoids errors associated with the determination of the Manningôs roughness. 

Alternatively, tables 5.9 & 5.12 provide mean rock size for angular rock and a safety factor of 
1.2 and 1.5, also based on Equation 1.1.1; however, flow velocity is presented as the primary 
variable. These tables are best used in the design of short drainage chutes where uniform flow 
conditions are unlikely to be achieved down the face of the chute. 

Application of Equation 1.1.1 

¶ Preferred design equation 

¶ Applicable for uniform flow conditions only, 
i.e. the chute is long enough to achieve 
terminal flow velocity, i.e. the energy slope 
(Se) equals the batter slope (So) 

¶ Batter slopes (So) less than 50% (1 in 2) 

Equation 1.1.1 

 

 d
SF K K S q y

s
o

r

50
1 2

0 5 0 5 0 25127

1
=

-

. . . . . . .

( )

. . .

 

Application of Equation 1.1.2 

¶ A simplified equation that is independent 
of flow depth 

¶ Applicable to uniform flow conditions only, 
i.e. Se = So 

¶ Batter slopes (So) less than 50% (1 in 2) 

Equation 1.1.2 

 d
SF K K S q

s
o

r

50
1 2

0 47 0 64

1
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Application of Equation 1.1.3 

¶ A simplified velocity-based equation 

¶ Applicable to uniform flow conditions only, 
i.e. Se = So 

¶ Batter slopes (So) less than 33% (1 in 3) 

Equation 1.1.3 

 d
SF K K V

A B S so r

50
1 2

2

1
=

- -

. . .

( .ln( )).( )
 

For SF = 1.2:  A = 3.95, B = 4.97 

For SF = 1.5:  A = 2.44, B = 4.60 

where: 

 dX = nominal rock size (diameter) of which X% (by weight) of the rocks are smaller [m] 

 A & B = equation constants 

 K1 = correction factor for rock shape 

  = 1.0 for angular (fractured) rock, 1.36 for rounded rock (i.e. smooth, spherical rock) 

 K2 = correction factor for rock grading 

  = 0.95 for poorly graded rock (Cu = d60/d10 < 1.5), 1.05 for well graded rock (Cu > 2.5), 
otherwise K2 = 1.0 (1.5 < Cu < 2.5) 

 ln = log to base óeô 

 q = flow per unit width down the embankment  [m3/s/m] 

 sr = specific gravity of rock (e.g. sandstone 2.1ï2.4; granite 2.5ï3.1, typically 2.6; 
limestone 2.6; basalt 2.7ï3.2) 

 So = bed slope = tan(ɗ)  [m/m] 

 SF = factor of safety  

 V = actual depth-average flow velocity at location of rock  [m/s] 

 y = depth of flow at a given location  [m] 
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Batter chute outlet structures 

 

 

 

Limitation of these design procedures 

¶ Energy dissipaters (outlet structures) are 
required at the end of numerous hydraulic 
structures such as: 

- stormwater outlets 

- batter chutes 

- dam spillways. 

¶ The adopted design procedure for sizing 
an outlet structure varies with the type of 
hydraulic structure to which the outlet is 
attached. 

Batter chute rock pad outlet structure 

 

Critical design parameters 

¶ The critical design parameters are the 
mean rock size (d50) and length of rock 
protection (L). 

¶ The width of the outlet structure generally 
depends on the width of the approaching 
flow (i.e. the chute width) and the length of 
the rock pad. 

Rock pad outlet structure 

 

Ongoing shifting of rocks 

¶ The following rock sizing design tables are 
based on the acceptance that some 
degree of rock movement will occur during 
the first few years. 

¶ The issue relates to the fact that flows 
passing over a smooth surface (such as a 
concrete batter chute) will generate a thin 
boundary layer that causes high shear 
stresses to exist close to the concrete 
surfaceðthese same high shear stresses 
then pass directly onto the rock pad. 

Rocks displaced by high velocity flows 
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Batter chute outlet structures 

 

Rock sizing (Table 1.2.1) 

¶ Rock sizing is based on ASCE (1992) with 
the approach depth assumed to be equal 
to the pipe diameter used in ASCE (1992).  

¶ Values are rounded up to next 100 mm 
increment, with a minimum of 100 mm. 

¶ ASCE 1992, Design and Construction of 
Urban Stormwater Management Systems. 
ASCE Manuals and Reports of 
Engineering Practice No. 77, and Water 
Environment Federation Manual of 
Practice FD-20. 

ASCE (1992) 

 

Length of rock pad (Table 1.2.2) 

¶ First, the Froude number was determined 
based on the approach flow depth and 
velocity used in Table 1.2.1. 

¶ Then a first estimate of the rock pad 
length was determined based on Bohan 
(1970), L = D*(8+17Log(Froude No.)). 

¶ A second estimate of the rock pad length 
was determined based on the product of 
six times the proposed outlet padôs recess 
depth (Z) from Table 1.2.3, thus L = 6Z 
(this treats the length of energy dissipation 
as if it were a hydraulic jump). 

¶ A third estimate of the rock pad length was 
determined based on L = 6Z + 3 times the 
approach depth. This originates from 
Figure 9.14 in ASCE (1992). 

¶ A fourth estimate of the rock pad length 
was determined based on six times the 
flow depth taken as the recess depth (Z) 
plus an estimate of the downstream depth 
that would produce a flow velocity of 
2im/s. 

¶ After reviewing all the estimates of the pad 
length, Table 1.2.2 was based on an 
average of the 1st, 3rd and 4th estimates. 

Bohan (1970) 

 

Figure 9.14 from ASCE (1992) 

 

Pad recess depth, Z (Table 1.2.3) 

¶ The recess depth (Z) was determined 
through a simplified hydraulic analysis: 

- recess depth (Z) = hydraulic jump 
conjugate depth (y2), minus an 
assumed downstream flow depth (y3) 
corresponding to a flow velocity (v3) of 2 
m/s; y3 = y1*(v1/v3). 

Z = y2 - y3 = [0.5*y1*ã(1+8F2)-1)] - [y1*(v1/2)] 

¶ This means the suggested recess depth is 
only an estimate, which can be replaced 
by a detailed hydraulic analysis if such 
analysis is available to the designer. Assumed hydraulic conditions 
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Sizing rock for batter chute outlet structures 

Recommended mean (d50) rock sizes and length (L) of rock protection for batter chutes are 
presented in tables 1.2.1 and 1.2.2. These rock sizes are based on information presented within 
ASCE (1992) rounded up to the next 100 mm increment, with a minimum size set as 100 mm. 

Table 1.2.1  ï  Mean rock size, d50 (mm) for batter chute outlet protection [1] 

Depth of 
approach 

flow (mm) [2] 

Flow velocity at base of chute (m/s)  

2.0 3.0 4.0 5.0 6.0 7.0 8.0 

50 100 100 100 200 200 200 300 

100 100 100 200 200 300 300 400 

200 100 200 300 300 400 [3] [3] 

300 200 200 300 400 [3] [3] [3] 

[1] For velocities at the base of the chute not exceeding 1.5 m/s, and where growing conditions allow, 
loose 100 mm rock may be replaced with 75 mm rock stabilised with a good cover of grass. 

[2] This is the flow depth at the base of the chute as it approaches the outlet structure. The flow depth is 
based on the maximum depth, not the average flow depth. 

[3] Consider using 400 mm grouted rock pad, or a rock-filled mattress outlet. 
 
The rock pad lengths presented in Table 1.2.2 will not necessarily fully contain all energy 
dissipation and flow turbulence; therefore, some degree of scour may still occur downstream of 
the outlet structure. Extending the length of the rock pad will reduce the risk of this downstream 
soil erosion. 

Table 1.2.2  ï  Recommended length, L (m) of rock pad for batter chute outlet protection 

Depth of 
approach 
flow (mm) 

Flow velocity at base of chute (m/s)  

2.0 3.0 4.0 5.0 6.0 7.0 8.0 

50 1.0 1.5 2.1 2.6 3.1 3.6 4.2 

100 1.3 2.0 2.7 3.4 4.1 4.8 5.5 

200 2.1 2.7 3.4 4.3 5.2 6.1 7.0 

300 2.7 3.6 4.3 4.8 5.8 6.8 7.9 

 

 

Figure 1.2.1  ï  Typical layout of a recessed rock pad for a chute (plan view) 
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As indicated in figures 1.2.1, 1.2.2 and 1.2.3, rock pad outlet structures for batter chutes should 
ideally be recessed below the surrounding ground level to promote effective energy dissipation. 
Recessing the rock pad helps to ensure suitable tailwater conditions are achieved. The 
recommended recess depth (Z) can be determined from Table 1.2.3. 

In circumstances where it is not practical to recess the rock pad (e.g. for safety or mosquito 
breeding reasons), appropriate steps should be taken to increase the depth of flow (i.e. tailwater 
conditions) at the base of the chute. 
 

Table 1.2.3  ï  Recommended recess depth, Z (m) for batter chute outlet protection 

Depth of 
approach 
flow (mm) 

Flow velocity at base of chute (m/s)  

2.0 3.0 4.0 5.0 6.0 7.0 8.0 

50 0.13 0.20 0.28 0.36 0.43 0.50 0.60 

100 0.14 0.23 0.32 0.42 0.50 0.60 0.70 

200 0.12 0.21 0.31 0.42 0.50 0.60 0.70 

300 0.07 0.16 0.25 0.35 0.44 0.55 0.65 

 
 

 

Figure 1.2.2  ï  Typical arrangement of a recessed outlet structure (plan view) 
 
 

 

Figure 1.2.3  ï  Typical profile of a recessed outlet structure (side view) 
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Drainage channels 

 

 

 

Equation 1.3.1 

¶ This equation was developed in 2009 as a 
simplified, velocity-based, alternative to 
the rock chute equation (Equation 5.19). 

¶ It is considered applicable to uniform flow 
conditions, i.e. Se = So on low channel 
gradients, So < 10%. 

¶ The equation would be considered 
unreliable for high-velocity channels. 

¶ Use this equation with cautionðif the 
outcome does not look right, then check 
with Equation 1.3.2. 

Equation 1.3.1 (also Eqn. 5.28) 

 

Equation 1.3.2 

¶ This equation is considered to be more 
reliable for rock-lined drainage channels. 

¶ The basis of the equation can be found in 
Isbash (1936), Construction of Dams by 
Depositing Rock in Running Water, 
Transactions, Second Congress on Large 
Dams, Washington, D.C. USA. 

¶ The equation reduces to Equation 1.3.3 
for angular rock based on a rock specific 
gravity, sr = 2.6. 

 d50 = 0.04 V 2 (1.3.3) 

Equation 1.3.2 (also Eqn. 5.30) 

 

Table 1.3.2 

¶ Table 1.3.2 provides the mean rock size 
rounded up to next 50/100 mm unit. 

¶ The table is based on the enhanced 
stability of angular rock. 

¶ A 36% increase in rock size is 
recommended for rounded rock (i.e. K1 = 
1.36). 

Rounded rock in a drainage channel  
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Sizing of rock used in the lining of drainage channels 

The recommended design equations for sizing rock used in drainage channels are presented 
below. These same equations can be used to size rock placed on the banks of large drainage 
channels provided the bank slope does not exceed 1:2 (V:H). For a bank slope of 1:1.5 (V:H), or 
steeper, the rock size should be increased by 25%. 

Table 1.3.2 provides mean rock size (rounded up to next 50/100 mm unit) based on Equation 
1.3.1. 

A 36% increase in rock size is recommended for rounded rock (i.e. K1 = 1.36). 
 

Application of Equation 1.3.1 

¶ Applicable to uniform flow conditions only, 
i.e. Se = So 

¶ Low channel gradients, So < 10%  

 

Equation 1.3.1 

 d
K V

C y sr

50
1

3 9

0 95 1
=

-

.

. ( )

.

.
  

C = 120 for SF = 1.2 

C = 68 for SF = 1.5 

Application of Equation 1.3.2 

¶ Simplified velocity-based equation suitable 
for uniform and non-uniform flow 
conditions 

¶ Low channel gradients, So < 5%  

 

Equation 1.3.2 

 d
K V

g K sr

50
1

2

22 1
=

-

.

. . ( )
  

K = 1.1 for low-turbulent deep water flow 

K = 1.0 for low-turbulent shallow water flow 

K = 0.86 for highly turbulent flow (Table 1.3.1) 

Note: Equation 1.3.2 represents a modification of the equation originally presented by Isbash (1936). 
 
Table 1.3.1 provides values of the constant óKô required in Equation 1.3.2 to produce the 
equivalent rock sizes determined from Equation 1.3.1. This table suggests that as the channel 
slope increases and the flow becomes more turbulent, the required K-values decrease, which is 
consistent with the recommendations of Isbash (1936). 
 
Table 1.3.1  ï  Values of óKô required for Equation 1.3.2 to achieve the same rock size as 

achieved by Equation 1.3.1 in uniform flow conditions 

Bed slope (%) 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 

K = 1.09 1.01 0.96 0.92 0.89 0.86 0.83 0.80 

Flow conditions Low turbulence  Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Highly turbulent (whitewater) 

Note: Tabulated values are based on uniform flow conditions, and Manningôs n based on Equation 3.40. 
 

where: 

 d50 = nominal rock size (diameter) of which 50% (by weight) of the rocks are smaller [m] 

 g = acceleration due to gravity  [m/s2] 

 K = equation constant based on flow conditions 

  = 1.1 for low-turbulent deep water flow, 1.0 for low-turbulent shallow water flow, and 
0.86 for highly turbulent and/or supercritical flow (also refer to Table 1.3.1) 

 K1 = correction factor for rock shape 

  = 1.0 for angular (fractured) rock, 1.36 for rounded rock (i.e. smooth, spherical rock) 

 So = channel slope [m/m] 

 sr = specific gravity of rock (e.g. sandstone 2.1ï2.4; granite 2.5ï3.1, typically 2.6; 
limestone 2.6; basalt 2.7ï3.2) 

 V = actual depth-average flow velocity at location of rock  [m/s] 

 y = depth of flow at a given location  [m] 
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Table 1.3.2  ï  Rock sizing selection table, d50 (mm) based on uniform flow velocity [1] 

Uniform flow conditions Angular rock (K1 = 1.0) Specific gravity, sr = 2.4 

Uniform 
velocity 

(m/s) 

Bed slope (%) 

1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 

0.5 100 100 100 100 100 100 100 100 

0.8 100 100 100 100 100 100 100 100 

1.0 100 100 100 100 100 100 100 100 

1.3 100 100 100 100 100 100 100 100 

1.5 100 100 100 150 150 150 150 150 

1.8 100 150 150 150 150 200 200 200 

2.0 150 150 200 200 200 300 300 300 

2.3 150 200 300 300 300 300 300 300 

2.5 200 300 300 300 400 400 400 400 

2.8 300 300 400 400 400 400 500 500 

3.0 300 400 400 500 500 500 500 600 

3.5 400 500 600 600 600 700 700 800 

4.0 500 700 700 800 800 900 900 1000 

4.5 600 800 900 1000 1000 1100 1200 1200 

5.0 800 1000 1100 1200     

[1] Tabulated results are applicable to uniform flow conditions based on Manningôs roughness determined 
from Equation 6.4. 

 

Equation 1.3.2 reduces to the commonly used design equation (Equation 1.3.3) for angular rock 
based on a rock specific gravity, sr = 2.6 (d50 has units of metres, V has units of m/s): 
 

 d50 = 0.04 V 2 (1.3.3) 
 
To calculate a mean rock size in [mm], let d50 = 40 V 2. 
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Energy dissipaters 

 

 

 

Zones 

¶ Energy dissipaters generally contain two 
zones that may contain rock: 

- Zone 1 is the region where energy 
dissipation primarily occurs, and 
therefore energy losses and turbulence 
are at their greatest 

- Zone 2 is where flows are allowed to 
return to normal óuniformô flow before 
entering the receiving channel 

¶ The following design procedures refer 
to the placement of rock in Zone 2. 

Rock placed in Zone 1 (Qld) 

 

Sizing rock for placement downstream of 
the end sill (Zone 2) 

¶ Bos, Replogle, and Clemmens (1984) 
recommended the following equation for 
sizing rock placed downstream of energy 
dissipaters. 

 d40  =  0.038 V 2.26 (1.4.1) 

¶ If it is assumed the above equation is 
based on sr = 2.6, and d40/d50 = 0.75, then: 

 d
V

sr
50

2 260 08

1
=

-

.

( )

.

 (1.4.2) 

Bos, Replogle, and Clemmens (1984) 

 

Alternative equation for sizing rock placed 
downstream of the stilling basin (Zone 2) 

¶ The following equation is based on Isbash, 
(1936) and includes rock density as a 
variable. 

 d
K V

sr
50

1
2

14 5 1
=

-

.

. ( )
 (1.4.3) 

¶ V = the depth-average flow velocity at the 
location of rock in Zone 2  [m/s] 

¶ It is strongly recommended that the rock is 
highly angular, thus K1 = 1.0. 

Rock placed in Zone 2 (Qld) 
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Multi-pipe stormwater outlet structures 

 

 

 

Development of a new rock sizing table for 
multi-pipe outlet structures, including 
multi-cell culverts 

¶ Step 1: the rock sizing tables developed 
for single pipe outlet structures were 
analysed to consider their potential 
relevance to multi-pipe outlets. 

¶ A table was then produced for a culvert 
outlet based on Equation 1.5.1 developed 
for rock chutes: 

 d50 = K1*(V 3.9)/(C*(y 0.95)*(sr-1)) (1.5.1) 

where: sr = 2.4, SF = 1.2, C = 120 

¶ Then a table was produced for a culvert 
outlet based on my Equation 1.5.2, which 
is similar to the Isbash (1936) for low 
turbulence flow conditions. 

 d50 = K1*(V 2)/(2*g*(K 2)*(sr-1)) (1.5.2) 

where: sr = 2.4, K = 1.1 

¶ Then a table was prepared based on 
Equation 1.5.3 from Bos, et.al. (1984) 
which is considered to be applicable for 
rock placed downstream (Zone 2) of an 
energy dissipater. 

 d50 = 0.081*(V 2.26)/(sr-1) (1.5.3) 

¶ Then a table was produced showing the 
difference between the modified Isbash 
equation and the single pipe table. 

¶ A table was produced showing the rock 
size based on the low turbulent Isbash 
equation but with a rock size no greater 
than the pipe diameter. 

¶ Tabulate the maximum of the rock size for 
a single pipe outlet and the Isbash table, 
but with d50 < the pipe diameter (D). 

¶ This table was compared with the values 
presented in QUDM 2007. 

¶ The final table is based on the maximum 
of the rock size for a single pipe outlet and 
the Isbash table, but with d50 < the pipe 
diameter (D). 

Twin pipe stormwater outlet (Qld) 

 

Twin pipe stormwater outlet (Qld) 

 

Multi-cell box culvert (Qld) 
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The hydraulics of multi-jet outlet structures 

 

Energy dissipation of a single outlet jet 

¶ When a water jet discharges from a pipe, 
the discharged water does not expand 
significantly in width, instead it is the 
energy of the jet that expands laterally. 

¶ Flow energy from the jet is imparted onto 
the surrounding water causing flow 
entrainment (in exactly the same way that 
a jet of air from a fan expands). 

¶ The jet initially begins to slow around its 
circumference, while the centre of the jet 
maintains its original exit velocity for 
approximately 10 pipe diameters. 

Effective expansion of a single jet 

 

Multi-pipe outlets 

¶ Outlet structures (rock pads) for multi-pipe 
outlets must be treated differently from 
single pipe outlet structures (Section 1.6) 
because: 

- flow expansion (i.e. the lateral 
expansion of the outlet jet) relative to 
the pipe diameter is expected to be 
different for the two types of outlets 

- there is the likelihood that parallel outlet 
jets will join downstream of the outlet to 
form a single jet. 

Twin outlet jets (Qld) 

 

Energy dissipation of parallel outlet jets 

¶ As energy transfer begins to accelerate 
the water located between the two outlet 
jets, the increase in kinetic energy 
(velocity head) causes a reduction in the 
potential energy (water depth). 

¶ This effectively (but very slightly) reduces 
the water depth between the two jets, 
which causes the jets to be pushed 
together by the slightly greater water 
depth that exists along the outer flanks of 
the two jets. 

The joining of parallel jets 

 

Expected travel distance of single and 
multi-pipe outlet jets 

¶ A rock pad outlet structure is primarily 
designed to resist the forces generated by 
an outlet jet during low tailwater 
conditions, i.e. when gravity pushes the jet 
downward onto the rocks. 

¶ If high tailwater conditions exist, then the 
outlet jet can effectively ófloatô over the 
rock padðin such cases the jet can travel 
a significant distance before dissipating its 
energy (10 x pipe dia. for single outlets, or 
13 x pipe dia. for multi-pipe outlets). 

Outlet jet hits and erodes creek bank 
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Sizing rock downstream of multi-pipe stormwater outlets 

Recommended mean (d50) rock sizes are presented in tables 1.5.2 and 1.5.3. These values 
have been rounded up to the next 100 mm increment in consideration of the limited availability 
of rock sizes and the high variability of expected outcomes. 

Mean rock sizes are also presented graphically in Figure 1.5.1. Some minor variations should 
be expected between Figure 1.5.1 and the tabulated values. 

A 36% increase in rock size is recommended if rounded rocks are used instead of angular rock. 

The recommended minimum length of rock protection (L) is presented in tables 1.5.4 and 1.5.5. 
A typical layout of the rock pad is shown in Figure 1.5.2. The rock pad should be straight and 
aligned with the direction of outflow. 

The recommended minimum width of the rock pad, W = B + 0.6 (Figure 1.5.2) is presented as a 
guide only. In most cases the width of rock protection is likely to be limited by the width of the 
receiving channel. 

In circumstances where the width of the rock pad is governed by the width of the receiving 
channel, then the rock protection may need to extend partially up the banks of the channel if 
suitable vegetation cannot be established on the channel banks. 

 

 

Figure 1.5.1  ï  Sizing of rock pad outlet structures for multi-cell/pipe outlets 
 

The thickness of the rock pad should be based on at least two layers of rock. This typically 
results in an overall pad thickness as presented in Table 1.5.1. 
 

Table 1.5.1  ï  Minimum thickness (T) of rock pad 

Min. thickness (T) Size distribution (d50/d90) Description 

1.4 d50 1.0 Highly uniform rock size 

1.6 d50 0.8 Typical upper limit of quarry rock 

1.8 d50 0.67 Recommended lower limit of distribution 

2.1 d50 0.5 Typical lower limit of quarry rock 

Note: dX = nominal rock size (diameter) of which X% (by weight) of the rocks are smaller. 
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Figure 1.5.2  ï  Typical layout of a rock pad for multiple pipe and box culverts (plan view) 
 
The surface elevation of the downstream end of the rock pad should be level with the invert of 
the receiving channel, i.e. the rocks should be recessed into the outlet channel (Figure 1.5.3) to 
minimise the risk of erosion around the edges of the rock pad. 

The placement of filter cloth under the rock pad is generally considered mandatory for all 
permanent structures; however, if heavy sedimentation is expected within the rock voids, then 
the óneedô for the filter cloth is reduced. The placement of filter cloth is essential in 
circumstances where it is only practical to place a single layer of rock. 

Selecting the appropriate length of rock protection 

In circumstances where it is essential to minimise the risk of bed scour downstream of the 
outlet, then the length of the rock pad should be twice that presented in tables 1.5.4 and 1.5.5; 
however, little value is gained from extending the rock protection any further. 

When the outlet is submerged (TW > H) a floating outlet ójetô can pass over the rock pad with 
minimal energy loss. In such cases the rock pad still provides essential scour protection 
adjacent to the outlet, but extending the rock protection beyond the nominated minimum length 
may not necessarily provide any significant increase in energy dissipation or scour protection. 

High velocity outlet jets can cause bank erosion problems if the outlet is aimed at a downstream 
embankment. Typically, such problems only occur if an unprotected embankment is less than 
13 times the pipe diameter away from the outlet (based on a twin-pipe outlet). 
 

 

Figure 1.5.3  ï  Rock pad recessed into the receiving channel 
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Table 1.5.2  ï  Mean rock size, d50 (mm) for multi-pipe outlet scour protection 

Outflow 
velocity 

(m/s) 

Culvert height or pipe diameter  (mm) 

300 375 450 525 600 750 900 

0.50 100 100 100 100 100 100 100 

1.00 100 100 100 100 100 100 100 

1.50 100 100 100 100 100 200 200 

2.00 200 200 200 200 200 200 200 

2.50 200 200 200 200 200 200 200 

3.00 300 300 300 300 300 300 300 

3.50 300 400 400 400 400 400 400 

3.75 300 400 400 400 400 400 400 

4.00 300 400 500 500 500 500 500 

4.25 300 400 500 500 500 500 500 

4.50 300 400 500 600 600 600 600 

4.75 300 400 500 600 600 600 600 

5.00 300 400 500 600 600 700 700 

5.25 300 400 500 600 600 800 800 

5.50 300 400 500 600 600 800 800 

5.75 300 400 500 600 600 800 900 

6.00 300 400 500 600 600 800 900 

 
 

Table 1.5.3  ï  Mean rock size, d50 (mm) for multi-pipe outlet scour protection 

Outflow 
velocity 

(m/s) 

Culvert height or pipe diameter  (mm) 

1050 1200 1350 1500 1800 2100 2400 

0.50 100 100 100 100 100 100 100 

1.00 100 100 200 200 200 200 200 

1.50 200 200 200 200 200 300 300 

2.00 200 200 200 200 300 300 300 

2.50 200 300 300 300 300 400 400 

3.00 300 300 300 300 400 500 500 

3.50 400 400 400 400 500 500 500 

3.75 400 400 400 400 500 500 600 

4.00 500 500 500 500 500 600 600 

4.25 500 500 500 500 600 600 600 

4.50 600 600 600 600 600 600 600 

4.75 600 600 600 600 600 600 700 

5.00 700 700 700 700 700 700 700 

5.25 900 900 900 900 900 900 900 

5.50 900 900 900 900 900 900 900 

5.75 900 900 900 900 900 900 900 

6.00 1000 1000 1000 1000 1000 1000 1000 

 



           

© Catchments & Creeks October 2023 Page 28 

 

Table 1.5.4  ï  Minimum length (L) of rock pad relative to cell height (H) for multi-pipe 
outlet protection [1,2] 

Outflow 
velocity 

(m/s) 

Culvert height or pipe diameter  (mm) 

300 375 450 525 600 750 900 

0.50 3 3 3 3 3 3 3 

1.00 3 3 3 3 3 3 3 

1.50 3 3 3 3 3 3 3 

2.00 3 3 3 3 3 3 3 

2.50 3 3 3 3 3 3 3 

3.00 3 3 3 3 3 3 3 

3.50 3 3 3 3 3 4 4 

3.75 3 3 3 3 4 4 4 

4.00 3 3 3 4 4 4 4 

4.25 3 3 4 4 4 4 4 

4.50 3 4 4 4 4 4 4 

4.75 3 4 4 4 4 4 5 

5.00 4 4 4 4 4 4 5 

5.25 4 4 4 4 4 5 5 

5.50 4 4 4 6 6 6 6 

5.75 4 4 6 6 6 6 6 

6.00 4 6 6 6 6 6 6 

 

Table 1.5.5  ï  Minimum length (L) of rock pad relative to cell height (H) for multi-pipe 
outlet protection [1,2] 

Outflow 
velocity 

(m/s) 

Culvert height or pipe diameter  (mm) 

1050 1200 1350 1500 1800 2100 2400 

0.50 3 3 3 3 3 3 3 

1.00 3 3 3 3 3 3 4 

1.50 3 3 3 3 3 4 4 

2.00 3 3 3 3 4 4 4 

2.50 3 4 4 4 4 4 4 

3.00 4 4 4 4 4 4 4 

3.50 4 4 4 4 5 5 5 

3.75 4 4 4 4 5 5 5 

4.00 4 4 5 5 5 5 5 

4.25 4 5 5 5 5 5 5 

4.50 5 5 5 5 5 5 5 

4.75 5 5 5 5 5 5 5 

5.00 5 5 5 5 6 6  

5.25 6 6 6 6 6 6  

5.50 6 6 6 6 6   

5.75 6 6 6 6 6   

6.00 6 6 6 6 6   

[1] Values represent the recommended minimum length of rock protection to prevent significant scour; 
however, some degree of soil erosion should be expected downstream of the rock protection. 

[2] Under high tailwater conditions (TW > D/2) outlet jetting may extend beyond the rock protection 
during high tailwater conditions resulting in bed and/or bank erosion downstream of the rock 
protection. Extending the length of the rock protection will not necessarily reduce the risk of 
downstream bank erosion under high tailwater conditions. 
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Single pipe stormwater outlet structures 

 

 

 

Development of a new rock sizing table for 
single pipe outlet structures 

¶ Step 1: A table was developed giving rock 
size versus pipe diameter and exit velocity 
that was based on Orange County NC 
Manual Table IX-A8-12. 

¶ A similar table was developed based on 
ASCE (1992) for tailwater óTWô = D. 

¶ A similar table was developed based on 
Bohan (1970) for low tailwater conditions. 

¶ Another table was developed based on 
Bohan (1970) for high tailwater conditions. 

¶ A table was developed based on 
Queensland Urban Drainage Manual 
(QUDM, 2007) which was developed by 
the author. 

¶ A table was then prepared which 
represented the average of NC, ASCE, 
and Bohan (low TW). 

¶ A further table was developed which 
presented the maximum values of the 
average of óNC, ASCE, and Bohan (low 
TW)ô and the óQUDM tableô. 

¶ A table was prepared showing the 
maximum rock size from ASCE, Bohan 
(high TW) and Orange County. 

¶ A table was then prepared based on the 
maximum values of NC, ASCE, and 
Bohan, but excluding QUDM values. 

¶ A table was then prepared that presented 
the difference between maximum and 
average values. 

¶ The final rock-sizing table was based on 
an average of Orange County, ASCE and 
Bohan (low TW), with a minimum size of 
100 mm, and the rock size rounded up to 
the next highest óvalueô based on 100imm 
increments. 

Orange County, North Carolina (1989) 

 

ASCE (1992) 

 

Bohan (1970) 
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Sizing rock for single pipe outlet structures 

Recommended minimum mean (d50) rock sizes are presented in tables 1.6.2 and 1.6.3. These 
values have been rounded up to the next 100 mm increment in recognition of the limited 
availability of rock sizes and the high variability of expected outcomes. Mean rock sizes are also 
presented graphically in Figure 1.6.1. Some minor variations should be expected between 
Figure 6.1 and the tabulated values. 

A 36% increase in rock size is recommended if rounded rocks are used instead of angular rock. 

The recommended minimum length of rock protection (L) may be determined from tables 1.6.4 
and 1.6.5. A typical layout of the rock pad is shown in Figure 1.6.2. The rock pad should be 
straight and aligned with the direction of the discharge. 
 

 

Figure 1.6.1  ï  Sizing of rock pad outlet structures for single pipe outlets 

 

Figure 1.6.2  ï  Typical layout of a rock pad for single pipe outlet (plan view) 


