Rock Sizing for Bank Stabilisation
WATERWAY MANAGEMENT PRACTICES

Photo 1 – Lower bank rock stabilisation
with voids filled with small rocks

Photo 2 – Rock stabilisation with plants
introduced at time of rock placement

1. Introduction
The placement of rocks on waterway banks is commonly referred to as ‘rock beaching’. Rock
beaching has been one of the most widely adopted techniques for the control of bank erosion.
To date, its application has primarily been in the form of loosely dumped rock with open voids
(Photo 1); however, the practice of filling the voids with soil and actively establishing plants is
becoming more common (Photo 2).
The active establishment of a vegetative cover over the rocks provides many benefits including:
• increased stabilisation of the rocks
• improved terrestrial habitat
• improved aquatic habitat
• improved fish passage conditions during high flows
• improved aesthetics
In many minds, rock beaching still represents a form of ‘hard engineering’. In its traditional
open-void form, rock beaching can be both unsightly and incompatible with the waterway’s
natural features. On the other hand, when the rock-lined surface is appropriately vegetated it is
often viewed as a form of ‘soft engineering’.
Rock beaching provides many benefits over most hard engineering techniques, including its
ability to adjust to minor bed and bank movements, and its ability to integrate with vegetation.

2. Attributes of rock stabilisation of banks
2.1 Short-term stability
Rock stabilisation provides the benefit of instantaneous scour protection.
In hydraulic terms, a rock-lined surface typically represents a ‘smooth’ surface relative to a fully
vegetated bank. This hydraulic ‘smoothness’, however, can contribute to the initiation of bank
scour immediately downstream of the protected area. High flow velocities attracted to the
‘smooth’ rock-lined surface can pass downstream onto an area of unprotected bank.
Similarly, rock protection on the outside of a channel bend can encourage high velocities to
exist at the toe of the bank causing bed erosion and possible undermining of the rock
protection. In extreme cases, this toe erosion can cause total failure (slippage) of the bank.
It is worth noting that in a well-vegetated watercourse, high flow velocities are kept away from
the banks by the effects of the vegetation roughness.
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2.2 Long-term stability
In stable creeks (i.e. creeks not subject to channel ongoing expansion or migration) rock
protected areas usually exhibit good long-term stability, especially if suitable deep-rooted
vegetation is established over the rocks.
In dynamic creeks (i.e. creeks subject to active channel expansion or migration) rock
stabilisation measures regularly fail over time as the channel moves. However, rock beaching
has some degree of flexibly and thus is generally not damaged by slight channel movements.
Extra protection of the toe may be required if long-term bed scour is expected, especially on the
outside of channel bends.
2.3 Aesthetics
Weed invasion of rock-protected surfaces can become unsightly. Better long-term aesthetics
are usually obtained when the rock-lined surface is fully vegetated.
The use of broken concrete and building rubble for bank protection can be extremely unsightly,
and is generally not recommended, especially in publicly accessible areas.
2.4 In-stream ecology
The battering of the banks for the purpose of rock placement may result in the formation of an
open-canopy watercourse. Such an open canopy can result in increased weed infestation and
adverse temperature variations within the stream.
Where feasible, canopy-producing trees can be planted in special planting cells placed
randomly amongst the rock protection. Use of these planting cells has been problematic in the
past and will require careful consideration especially in regards to the provision of adequate
groundwater to the plant roots.
Cavities around the rocks can provide aquatic habitat and shelter if large rocks are placed along
the water’s edge, especially if most rocks smaller than 200 mm are removed from this area.
At regular intervals along the edge of the low-flow channel, shade-producing ground covers can
be planted to improve aquatic habitat.
2.5 Riparian habitat
Rock protection may create a uniform bank surface lacking in habitat diversity. Ecological
impacts can be reduced if the rock stabilisation is applied only over small sections for the
watercourse, such as local bank failures and sharp bends. It is important to remember that bank
erosion is a natural feature of most waterways; therefore, the aim should be to only stabilise
problematic bank erosion.
Significant cavities in the rock can encourage vermin. The use of a wide range of rock sizes,
especially in the upper bank region, may minimise this problem.
Rock-protected banks can open up the natural riparian canopy resulting in changes to the
riparian vegetation, associated fauna, as well as water temperatures. To minimise these
impacts, suitable bank vegetation should be established.
Rock protected banks can cause significant problems to burrowing fauna such as platypus and
some bird species—professional advice should be sought on these matters.
2.6 Impact of high sediment loads
High sediment loads moving down the stream can infill cavities between those rocks located
near the waterline, thus impacting on potential aquatic habitat values. In some cases this can be
a positive outcome because the aquatic habitat introduced by the rocks may encourage nonnative species.
Sedimentation at the toe of the rock protection can also promote weed invasion by smothering
the preferred vegetation.
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2.7 Hydraulic aspects
Rock beaching is often associated with the formation of trapezoidal channel cross-sections. The
development of such uniform channel conditions can significantly reduce the hydraulic
resistance of the watercourse resulting in increased channel velocities, increased bed and bank
erosion, and reduced flood levels.
2.8 Public safety
Safety problems can exist in publicly accessible areas if large voids between the rocks are not
filled with soil or small rocks.
2.9 Maintenance
Maintenance costs are usually related to the desired long-term aesthetics of the rock protection.
The control of weed growth can be an expensive, labour-intensive exercise of either weed
removal, or unsightly weed spraying.
Long-term maintenance is best controlled with the development of a canopy cover to reduce
weed growth. Maintenance activities can also be reduced by giving preference to the growth of
shrubs instead of single-trunk trees. However, such planting schemes must be compatible with
the local flood management objectives.
2.10 Construction issues
Critical construction issues include ensuring supply of the specified rock size, and ensuring the
rocks are appropriately recessed into the terrain to allow the unrestricted entry of overland flows
(i.e. local stormwater runoff) into the channel.
Most failures of rock-lined hydraulic structures are considered to occur as a result of
inappropriate placement of the rock, normally as a result of inadequate design detailing,
inappropriate rock selection, or poor construction supervision. Rock-lined channel banks are
usually most susceptible to failure during the first two years following placement of the rocks.
Where appropriate, permanent rock-lined channels and chutes should be topped with a light
covering of soil and planted to accelerate the integration of these structures into the surrounding
environment.

3. Gabions and rock mattresses
Most of the issues previously discussed for loose-rock stabilisation measures also apply to the
application of gabions and rock mattresses for bank stabilisation.
Key operational issues associated with gabions and rock mattresses include:
•

damage to the wire baskets caused by the erosive effects of sediment and debris often
associated with flood flows;

•

the provision of appropriate anchorage of the baskets to adjacent fixed structures;

•

good anchorage of mattresses to the soil (e.g. on steep slopes or areas of high flow velocity
such as shown in Photo 3); and

•

establishment of appropriate vegetative cover for long-term stability and weed control.

The longevity of gabion and rock mattress lined waterway structures is usually reliant on the
establishment and retention of appropriate vegetation across the mattresses. This is not
necessarily the case for gabion structures constructed away from aquatic environments.
The key to successful revegetation is the selection of appropriate, low maintenance species,
especially where such vegetation can reduce the channel’s hydraulic capacity. Inappropriate
plant selection can result in ongoing maintenance issues.
If inappropriately vegetated, the structures can lose their aesthetic appeal and experience
durability and maintenance problems. Unsightly weed infestation can be a maintenance problem
in some environments (photos 5 & 6).
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Photo 3 – Damage to rock mattresses
caused by flood flows

Photo 4 – Vines establish well on gabions
structures

Sediment can be very difficult to remove from the surface of wire baskets without causing
damage to the wire, especially if the location or shape of the structure is difficult to distinguish
under the sediment load. Consequently, their use may not be appropriate in areas requiring
high maintenance, such as areas subject to sediment deposition during floods.

Photo 5 – Rock gabion and mattress
channel stabilisation (during construction)

Photo 6 – Gabion structure during
vegetation establishment phase – note;
vegetation density can become excessive
unless appropriate species are selected

4. Design of rock protection measures
The critical design parameter is the rock size (d). Secondary design parameters are the rock
type (relating to density), colour, durability, shape (angular or rounded), and grading (coefficient
of uniformity, Cu = d60/d10).
Rock size is primarily dependent on the local flow velocity, nominated safety factor, rock shape,
density and grading; and to a lesser degree, bank slope. Bank slope is generally not critical
unless the slope is steeper than 1:1.5 (V:H).
The following issues should be considered when designing the rock protection:
• Design flow velocity adjacent to the protected bank
• Rock type, size and size distribution
• Depth at which the rocks are founded (depth below current bed level)
• Elevation of the top of protection
• Thickness of protection
• Type of backing material
• Face slope
• Alignment of rock beaching
• Establishment of vegetation on rock-lined surfaces
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4.1 Nomination of the design flow velocity
In straight, heavily vegetated watercourses, the flow velocity adjacent to the bank may be only a
small percentage of the average channel velocity. Such locations generally do not experience
severe bank erosion, and thus are not usually in the need of rock protection.
In most cases where bank erosion has occurred, there is usually some local condition, e.g.
locally induced turbulence or a channel bend, that results in flow velocities adjacent to the bank
being equal to, or greater than, the average channel velocity. Thus, ‘average flow velocities’ as
determined by numerical modelling should always be used with caution in sizing rock.
It should be noted that flood mapping exercises often involve hydraulic modelling which is
based on worst case channel roughness (i.e. full vegetation cover even if such vegetation does
not currently exist). Such modelling produces ‘worst case’ flood levels, but also the lowest
channel velocity conditions. Consequently, the flow velocities used in the design of rock
protection may need to be based on relatively smooth (‘as constructed’) bank roughness
conditions rather than the long-term high roughness conditions.
When determining an appropriate design velocity, the California Department of Public Works
(1960) recommends—in the absence of known local conditions or other relevant information—
the following approximations:
• Impinging velocities (e.g. on the outside of a bend or directly in line with the upstream
channel) adopt a bank velocity 1.33 times the average channel velocity.
i.e., outside of channel bends:

Vdesign = 1.33 Vave

(1)

• In straight sections of a natural (irregular) watercourse, adopt a bank velocity 0.67 times
the average channel velocity.
i.e., straight natural channels:

Vdesign = 0.67 Vave

(2)

However, in straight sections of a constructed, uniform cross-section channel, adopt a bank
velocity equal to the average channel velocity.
4.2 Rock type and grading
Crushed rock is generally more stable than natural rounded stone. A 36% increase in rock size
is recommended for rounded rock.
The rock should be durable and resistant to weathering, and should be proportioned so that
neither the breadth nor the thickness of a single rock is less than one-third its length.
Broken concrete and building rubble should not be used. Such material can:
• increase the potential for vermin habitat;
• increase the risk of further bank slumping as a result of the loss of soil from behind the
concrete rubble caused by lateral inflows; and
• decrease the site’s aesthetic appeal.
In most situations the nominal rock size is usually between 200 mm to 600 mm.
Maximum rock size generally should not exceed twice the nominal (d50) rock size, but in some
cases a maximum rock size of 1.5 times the average rock size may need to be specified.
Table 1 provides a suggested distribution rock size. The distribution of rock size can also be
described by the coefficient of uniformity, Cu = d60/d10, which usually falls in the range 1.1 to
2.70, but typically around 2.1. Witter & Abt (1990) reported that poorly graded rock (Cu = 1.1)
has a critical discharge 8% greater than well-graded rock (Cu = 2.2).
Table 1 – Typical distribution of rock size (provided as a guide only, not for design)
Rock size ratio
d100/d50
d90/d50
d75/d50
d65/d50
d40/d50
d33/d50
d10/d50
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4.3 Depth at which the rocks are founded (depth below current bed level)
Extra rock is usually required at the base of the bank to provide toe stability and to allow for the
rearrangement of the cross-section if long-term variations in adjacent bed levels are likely to
occur. This storage of extra rock is usually formed in one of the following ways:
•

inward or outward benching at the toe of the bank

•

extension of the rock protection well-below the current bed level (figures 2 to 7)

Ideally the rock protection should be founded in a toe trench dug to hard rock, or keyed into soft
rock where available. If bedrock is not within reach, the toe should be carried below the
expected depth of future bed scour.
4.4 Elevation of the top of protection
The rock protection usually does not need to extent to the top of the bank, especially if bank
undermining was the main cause of the creek erosion. In such cases the upper bank may only
need to be stabilised with suitable vegetation.
In general, if the protected bank is significantly higher than the opposite bank, then the rocks
need only to extent to the height of the lower bank.
Table 2 provide a general guide to rock placement. This information must be adjusted based on
actual conditions and hydraulic requirements.
Table 2 – Typical placement of rock within waterways and channels
Location

Placement

Straight reaches
Significant channel bends
Banks impacted by jetting from a stormwater or culvert

1/3 to 1/2 bank height
2/3 bank height (outside of bend)
1/3 bank height (inside of bend)
At least the height of the outlet jet

The typical extent of rock protection on channel bends is presented in Figure 1.

Figure 1 – Typical extent of rock protection on channel bends
4.5 Thickness of protection
The thickness of the armour layer should be sufficient to allow at least two overlapping layers of
the nominal rock size. The thickness of rock protection must also be sufficient to accommodate
the largest rock size. It is noted that additional thickness will not compensate for undersized
rock.
In order to allow at least two layers of rock, the minimum thickness of rock protection (T) can be
approximated by the values presented in Table 3.
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Table 3 – Minimum thickness (T) of rock lining
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

4.6 Backing material or filter layer
Non-vegetated armour rock must be placed over a layer of suitably graded filter rock, or
geotextile filter cloth (figure 2 & 5). The geotextile filter cloth must have sufficient strength and
must be suitably overlapped to withstand the placement of the rock.
If the dumped rock contains sufficient fines, then in some circumstances, a filter layer may not
be needed.
Armour rock that is intended to be vegetated by appropriately filling all voids with soil and pocket
planting (figures 3 & 4) will generally not require an underlying filter layer. The exception is
cases where the long-term viability of the vegetation is questionable due to possible high scour
velocities, or limited natural light and/or rainfall.
When rock is placed on a dispersive (e.g. sodic) soil, then prior to placing the filter cloth or filter
layer, the exposed bank must first be covered with a layer of non-dispersive soil, typically
minimum 200 mm thickness, but preferably 300 mm (figures 6 & 7).
4.7 Face slope
Maximum batter slope is typically 1:2 (V:H) for non-vegetated, and 1:2.5 (V:H) if vegetated.
4.8 Alignment of rock beaching
An irregular cross-section is often desirable to increase hydraulic resistance and decrease flow
velocities adjacent the channel banks. An irregular cross-section can also increase the
waterway’s habitat values.
4.9 Establishment of vegetation on rock-lined surfaces
Wherever practical, rock protected areas should be lightly covered with soil (to fill all voids) and
pocket planted to encourage plant growth across the bank and along the water’s edge.
Benefits of revegetation include:
• improved aesthetics;
• improved shading of the low-flow channel;
• improved aquatic and terrestrial habitat values;
• increased food source for aquatic and terrestrial wildlife both in plant material and insects;
• improved structural strength and scour resistance of the bank; and
• reduced flow velocities adjacent to the channel’s bed and banks.
Common revegetation problems that may need to be addressed during the design phase
include:
• poor aesthetics due to poor plant selection or weed invasion;
• steep banks that can be difficult to maintain and weeded; and
• reduce hydraulic capacity of waterway if woody species are establish within critical
hydraulic areas.
Relying on natural revegetation of rock-protected banks often encourages the invasion of weed
species, and is therefore not recommended.
In areas where revegetation is not desired (i.e. when hydraulically efficient channels are
required for flood control) then the establishment or retention of an effective canopy cover (i.e.
shade trees) is generally the preferred means of controlling weed growth. Ideally however, such
areas should be covered with non-invasive ground covers that do not impact on channel
roughness.
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Advantages:
Reduced quantity of rock.
Disadvantages:
Problems can occur with lateral inflows (i.e.
local stormwater runoff) entering into, or
washing under, the rock.
Can result in reduced aquatic habitat values in
absence of vegetation.
Use:
Partial bank protection is used in areas where
channel velocities are high, but upper-bank
and over-bank velocities are low.
Figure 2 – Open rock, toe protection

Also, the inside face of fully shaded, high
velocity channel bends.
Advantages:
Improved aquatic habitat values.
Retention of riparian values.
Disadvantages:
Care must be taken to ensure all voids are
filled with soil to prevent loss of upper bank
soil into the rock layer.
Use:
Partial bank protection is used in areas where
channel velocities are high, but upper-bank
and over-bank velocities are low.

Figure 3 – Vegetated rock, toe protection

Also, toe protection of channel banks in
regions of high flow velocity or areas where
the channel bed may experience scour.
Advantages:
Retention of aquatic habitat values.
Very high scour protection once vegetation is
established.
Retention of riparian values.
Banks can be steeper than vegetated banks
that do not contain rock protection.
Disadvantages:
High installation cost.
Use:
Outside face of high velocity or sharp channel
bends.
Also, areas where both the channel velocity
and over-bank flow velocities are likely to be
erosive.

Figure 4 – Full face, vegetated rock
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Advantages:
Cheaper installation cost compared to
vegetated rock protection.
Generally steeper bank grades can be formed
compared to partially protected banks.
Disadvantages:
Poor aesthetics.
High risk of weed invasion unless fully shaded.
Use:
Heavily shaded, high velocity areas.
Outside face of fully shaded channel bends.
Figure 5 – Full face, open rock

Very high velocity regions where vegetation is
not expected to survive.
Advantages:
Long-term protection of highly erodible soils.
Disadvantages:
Poor aesthetics.
High risk of weed invasion unless fully shaded.
Very poor aquatic habitat values.
Use:
Heavily shaded areas containing dispersive
soils.
Outside face of fully shaded channel bends.
Very high velocity regions where vegetation is
not expected to survive.

Figure 6 – Full face, open rock on
dispersive soil
Advantages:
Retention of aquatic habitat values.
Long-term protection of highly erodible soils.
Reduced maintenance costs.
Disadvantages:
Higher installation cost compared to nonvegetated rock protection.
Use:
Outside face of high velocity or sharp channel
bends in dispersive soil regions.
Dispersive soil areas where both the channel
velocity and over-bank flow velocities are likely
to be erosive.

Figure 7 – Full face, vegetated rock on
dispersive soil
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Wherever practical, vegetation should extend to the water’s edge to increase the value and
linkage of aquatic and terrestrial habitats.
Rock protection along the toe of newly formed or disturbed banks (Photo 8) is usually necessary
to provide short-term bank stabilisation during plant establishment, especially on the outside of
channel bends. Without such rock protection, out-of-season storms can cause bank erosion
before the plants are established (Photo 7).

Photo 7 – Erosion along the toe of newly
rehabilitated channel bank

Photo 8 – Rock stabilisation of lower bank
following weed removal and revegetation

During plant establishment it may also be necessary to protect any areas of exposed earth with
temporary erosion control products such as Erosion Control Blankets, Mats or Mesh (e.g. upper
bank area in Photo 8). The use of erosion control blankets and mats reinforced with synthetic
netting (Photo 7) is not recommended along waterways containing ground-dwelling wildlife (i.e.
most natural waterways).
4.10 Manning’s roughness of non-vegetated rock-lined surfaces
The Manning’s roughness of rock-lined surfaces may be determined from Equation 1, which
was specifically developed for application in both shallow-water and deep-water flow conditions.
Rock roughness values are also presented in Table 4.

n =
where:

d90

1/ 6

(1)

0 .7

26 (1 − 0.3593( X ) )

X = (R/d90)(d50/d90)
R = hydraulic radius of flow over rocks [m]
d50 = mean rock size for which 50% of rocks are smaller [m]
d90 = rock size for which 90% of rocks are smaller [m]

For ‘natural’ rock extracted from streambeds the relative roughness (d50/d90) is typically in the
range 0.2 to 0.5. For quarried rock the ratio is more likely to be in the range 0.5 to 0.8.
Table 4 – Manning’s (n) roughness of rock-lined surfaces
d50/d90 = 0.5
d50 =

200mm

R (m)

300mm

400mm

d50/d90 = 0.8
500mm

200mm

Manning’s roughness (n)

300mm

400mm

500mm

Manning’s roughness (n)

0.2

0.10

0.14

0.17

0.21

0.06

0.08

0.09

0.11

0.3

0.08

0.11

0.14

0.16

0.05

0.06

0.08

0.09

0.4

0.07

0.09

0.12

0.14

0.04

0.05

0.07

0.08

0.5

0.06

0.08

0.10

0.12

0.04

0.05

0.06

0.07

0.6

0.06

0.08

0.09

0.11

0.04

0.05

0.05

0.06

0.8

0.05

0.07

0.08

0.09

0.04

0.04

0.05

0.06

1.0

0.04

0.06

0.07

0.08

0.03

0.04

0.05

0.05
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5. Rock sizing for the banks of low gradient channels (not rock chutes)
Equation 2 can be used to size rock placed on the bed of waterway channels. The same
equation can be used for sizing rock on bank slopes equal to or less than 1:2 (V:H), but a 25%
increase in rock size should be applied for bank slopes of 1:1.5.

d50 =

K1. V 2
2 . g.K 2 (sr − 1)

(2)

‘K’ is a variable that takes into account the degree of flow turbulence. Table 5 provides the
recommended K-values for various uniform channel gradients (i.e. straight, uniform crosssectional channels where a constant flow velocity is achieved). In non-uniform flow a K-value of
1.1 should be used for low-turbulent deepwater flow, 1.0 for low-turbulent shallow water flow,
and 0.86 for highly turbulent and/or supercritical flow.
Table 5 – Suggested values of ‘K’ for 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
[1]

Low turbulence          Highly turbulent (whitewater)

Tabulated results are applicable to uniform flow conditions, and Manning’s n based on Equation 1.

where:
d50 = nominal rock size (diameter) of which 50% of the rocks are smaller [m]
K = equation constant based on flow conditions
= 1.1 for low-turbulent deepwater flow, 1.0 for low-turbulent shallow water flow, and
0.86 for highly turbulent and/or supercritical flow
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)
sr = specific gravity of rock (e.g. sandstone 2.1–2.4; granite 2.5–3.1, typically 2.6;
limestone 2.6; basalt 2.7–3.2)
So = bed slope = tan(θ) [m/m]
V = depth-average flow velocity at location of rock [m/s]
Equation 2 reduces to the commonly used Equation 3 for angular rock with sr = 2.6
d50 = 0.04 V

2

(3)
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