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Disclaimer

Fluvial Systems Pty Ltd prepared this report for the use of the Evans & Peck Pty Ltd, and any 
other parties that may rely on the report, in accordance with the usual care and thoroughness 
of the consulting profession. It is based on generally accepted practices and standards at the 
time it was prepared. No other warranty, expressed or implied, is made as to the professional 
advice included in this report. It is prepared in accordance with the scope of work and for the 
purpose outlined in the Proposal.

Fluvial Systems Pty Ltd does not warrant this document is definitive nor free from error and 
does not accept liability for any loss caused, or arising from, reliance upon the information 
provided herein.

The methodology adopted and sources of information used by Fluvial Systems Pty Ltd are 
provided in this report. Fluvial Systems Pty Ltd has made no independent verification of this 
information beyond the agreed scope of works and Fluvial Systems Pty Ltd assumes no 
responsibility for any inaccuracies or omissions. No indications were found during our 
investigations that information contained in this report as provided to Fluvial Systems Pty Ltd 
was false.

This report is based on the conditions encountered and information reviewed at the time of 
collection of data and report preparation. Fluvial Systems Pty Ltd disclaims responsibility for 
any changes that may have occurred after this time.

This report should be read in full. No responsibility is accepted for use of any part of this 
report in any other context or for any other purpose or by third parties. This report does not 
purport to give legal advice. Legal advice can only be given by qualified legal practitioners.

Copyright

The concepts and information contained in this document are the copyright of Fluvial Systems 
Pty Ltd and Evans & Peck Pty Ltd. Use or copying of this document in whole or in part without 
permission of Fluvial Systems Pty Ltd and Evans & Peck Pty Ltd could constitute an 
infringement of copyright. Any use of the material contained within this document must be 
accompanied by full acknowledgement of the source (use the recommended report citation or 
similar).
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Introduction

1.1 Background
The Bickham Coal Company is proposing a new open cut coal mine located near Bickham in the 
upper Hunter Valley (Figure 1). The exploration license for the mine lies midway between the 
towns of Blandford and Wingen, on property located between the Pages River and the New England 
Highway.

Aquaterra (formerly Peter Dundon & Associates) and Evans & Peck prepared a preliminary draft of 
a Water Resource Assessment/Draft Water Management Plan (WRA/WMP) for the Bickham Coal 
Project in the Hunter Valley, based on extensive requirements specified by the Department of 
Planning (DoP) in 2006. The preliminary draft report was submitted to the DoP to seek an informal 
review from it and other NSW Government agencies to ensure that the study report adequately 
addressed the requirements issued by the DoP. Following review by NSW Government agencies, 
Bickham Coal has significantly revised its mine plan and undertaken analyses to assess the effect 
of the mine plan on the perceived risks to the environment. 

This report on Fluvial Geomorphology Studies has been prepared for Evans & Peck as an input to 
preparation of the Water Resource Assessment (WRA) and draft Water Management Plan (WMP). 

1.2 The mine plan
Bickham Coal Company has developed the mine plan to address issues concerning the mining 
proposal (Figure 2 and Figure 3). The final landform will comprise two overburden dumps located 
at the south-western and north-eastern end (near the Pages River) of the mine area and a 
remnant void (i.e. airspace where there was once land) in the centre. There are four local drainage 
areas that lie partially or wholly within the boundary of the mine site (Figure 4).

The new mine plan addresses the groundwater and surface water concerns expressed by all 
agencies. With respect to surface water impacts, the mine plan (Figure 2 and Figure 3) includes:

 The overburden dump on the Pages River floodplain will be set back 180 m on the 
floodplain (Figure 3);

 Reshaping of the overburden dumps adjacent to the final void, to minimise the size of the
final void catchment. This will reduce the final void catchment from 166 ha to around 90 ha 
in area;

 Reshaping of the overburden dumps so that there is no change to the catchment size 
draining to the Kingdon Ponds catchment post-mining, as described in the WRA.

1.3 Objectives of this report
From a fluvial geomorphology perspective, the specific matters that require consideration are:

1. The effects of placing an overburden dump that would occupy part of the alluvial floodplain 
area located to the north of the north-eastern section of the pit. There is a need to 
understand the geomorphic history of the alluvial floodplain and the effect that the 
overburden dump would have on flow velocities and channel stability.

2. The general fluvial geomorphic effects that are likely to occur as a result of the 
development of the mine – principally the changes to the catchment areas draining to 
various creek systems on the periphery of the overburden dumps.
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Figure 1. Locality of proposed Bickham Coal Mine. Source: Parsons Brinkerhoff “Water 
Study” brochure. (URL: http://www.bickhamcoal.com.au/files/Poster01.pdf). 
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Figure 2. Mine layout. The indicated “Section Lines” and the “Northern Portion (Figure 
2)” defined by the rectangle are not relevant to this report. Based on map supplied by 

Evans & Peck.

Figure 3. Alignment of the floodplain overburden dump. Based on map supplied by Evans 
& Peck.
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Figure 4. The four local catchments in the vicinity of the proposed Bickham Coal Mine. 
These catchments (labelled A, B, C and D) lie partially or wholly within the mine site. 
Note: Catchments A and D extend beyond the boundaries of this map. The catchment 
boundaries are approximate. The indicated “Section Lines” and the “Northern Portion 
(Figure 2)” defined by the rectangle are not relevant to this report. Source: Based on 

map supplied by Evans & Peck.

This fluvial geomorphology report:

 Describes the current status and geomorphic history of the Pages River floodplain in the 
vicinity of the proposed mine site;

 Describes the current geomorphic status of the river channel adjacent to the alluvial 
floodplain in the vicinity of the proposed mine site;

 Assesses the likely impact of the proposed overburden dump on the stability of the 
floodplain and river channel;

 Provides an opinion on the important aspects of the final landform at the site; 

 Comments on the possible impact of the project on the creeks that drain from the site; and

 Suggests how the fluvial geomorphology of the Pages River channel and floodplain could be 
monitored.

To assist the fluvial geomorphology investigations, Evans & Peck undertook a number of 
investigations. This work included sampling and laboratory grading analysis of the floodplain soils 
and development of a HEC-RAS model of Pages River in the vicinity of the proposed mine site 
under current conditions and proposed post-mine conditions. These particle size data, and results 
from the HEC-RAS model were used in this fluvial geomorphology assessment. Evans & Peck also 
supplied a range of photographs of the river and floodplain, and these too were used to assist the 
geomorphology assessment.
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Northern Overburden Dump

1.4 The current status and history of the Pages River floodplain

Evolution of the floodplain and current trajectory of channel evolution
In the vicinity of the proposed Northern overburden dump, the Pages River floodplain (the River 
Flat) represents a pocket of the downstream extent of a longer natural floodplain perched above a 
steep gorge where the river cuts through a more resistant Permian (Bickham Formation) sequence 
(Figure 5). The bulk of the floodplain is on the right hand side of the channel, and varies in width 
from 250 – 400 m. When the river enters the gorge downstream, the cross-section is constrained 
(i.e. no floodplain to spread flows), and during large flood events this constriction acts as a 
hydraulic control, causing a backwater effect. In the floodplain zone influenced by the backwater 
effect, velocities are relatively low, which promotes sediment deposition. Also, the floodplain area 
has a good supply of sediment in this area, with the Upper Pages River, Warlands Creek, Scotts 
Creek and Splitters Creek all joining along a 4 – 5 km long reach. 

Pages River

Pages River
Flat

Approx. final extent of
overburden dump on Flat

5540

4900

North

km

0 1

Hec-Ras
chainage (m)

Figure 5. Soil types of the area of the Pages River in the vicinity of the proposed mine. 
Hec-Ras chainages indicate the section of the Hec-Ras model of Evans & Peck that 

corresponds to the overburden dump on the Flat. Relevant soil types are pr (green) -
Pages River soil types associated with the floodplains and terraces of the Pages River, 

and bm (pink) - Burning Mountain soil types which have formed on sloping Permian 
sedimentary material. For a detailed plan of the extent of the overburden dump see

Figure 3. Source of soil data is McInnes-Clarke (2002). 

Upper catchment floodplains typically evolve through cut and fill sequences over time-scales of 
1000s of years; shifts from cut to fill or fill to cut phases occur naturally in response to a change in 
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an external factor such as discharge or sediment supply, or an internal threshold being crossed 
(e.g. a hydraulic condition such as bed gradient becoming too steep or too low). During the period 
from the late 1800s to the mid-1900s many coastal draining streams in southeastern Australia 
appear to have undergone a phase of headwater incision, sediment release, and subsequent 
downstream aggradation. 

Observations by Haworth (2006) indicated that on the eastern (downstream) limit of the Flat the 
Pages River has incised a narrow, deep channel into the alluvium, with the left bank top 2 metres 
higher than the right bank. Observations of the sediment profile in a gully erosion wall and other 
evidence suggested to Haworth (2006) that the Pages River incised to the modern channel form 
since European settlement.

Transect surveys of the channel, undertaken as part of the HEC-RAS modelling by Evans and Peck, 
indicate that through the Flat, the channel top width varies from 50 m to 100 m, and the depth at 
bankfull varies from 6.5 m to 7.2 m. Prior to European settlement the floodplain would probably 
have been well vegetated, with swampy conditions prevailing for much of the year. The main River 
channel may have been quite narrow compared to its current width, and of variable depth, with 
dense swamp vegetation offering resistance to erosion. The floodplain would have been a zone of 
sediment deposition, with the hydraulic roughness of the vegetation creating low velocity 
conditions. There may well have been numerous channels through the swamp, some of these 
representing the remnants of former main channels. Evidence of one of these former channels is 
present on the right side of the Flat today.

The initiation of channel incision sometime after European settlement could have been due to a 
number of factors, and most likely several factors operating at the same time. Under pre-European 
conditions, the Flat may have been occasionally stripped of sediment during a catastrophic flood 
event, powerful enough to remove or partially remove the protective vegetation. Then, through 
time, the vegetation would recolonise and sediment would build-up; with the floodplain evolving 
back to its pre-flood form. After European settlement, it is likely that the floodplain and riparian 
vegetation was disturbed. After this disturbance, the system would have been more susceptible to 
erosion during a large flood event. Thus, it is likely that the most recent incision phase began 
during the first big floods after the initial disturbance of the vegetation. Incision may have occurred 
rapidly during individual events, or a headcut initiated by the large events and smaller events 
progressing the headcut upstream. The details of the actual history of these events can only be 
revealed by a detailed programme of sediment sampling, analysis and dating. However, from the 
perspective of describing the current relative geomorphic state of the floodplain and channel, the 
details of this history are not important. 

There is a natural constraint on the depth to which the Pages River in the vicinity of the proposed 
mine site will incise. This is set by the elevation of the bedrock where the River enters the gorge, 
and by the thickness of the alluvial deposits making up the floodplain. The bed profile of the River 
does not indicate the presence of a nickpoint in the floodplain zone, and the average recurrence 
interval (ARI) of the bankfull flood does not vary through this reach. This suggests that the River 
channel through the Flat has probably incised close to its natural limit. The River channel through 
the Flat has a bed slope of 0.4%, which is a reasonably low gradient for a stream in this setting, so 
further bed degradation would not be expected. River Oak (Casuarina cunninghamiana) saplings 
have become established in the bed of the river (Hunter Land Management, 2004) (Figure 6). 
These observations suggest that the River is in a phase of recovery from incision. 
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Figure 6. Casuarina colonising the bed of the Pages River at Hec-Ras chainage 4900 m. 
Photograph looking upstream. Photograph supplied by Evans & Peck.

The phase of geomorphic recovery from an incision event can be lengthy. An incised channel 
contains high magnitude flood events, so has the power to erode the banks. The bankfull discharge 
of an un-incised channel would typically correspond to an ARI of between 1 year and 3 years. The 
Pages River through the Flat easily contains the 5 year ARI event, with the 10 year ARI event 
spilling onto the floodplain. Such incised channels would be expected to be actively eroding their 
banks, and evidence of this can be observed in the Pages River (McInnes-Clarke, 2002; Hunter 
Land Management, 2004) (Figure 7).

Figure 7. Channel bank erosion on right bank of the Pages River at Hec-Ras chainage 
5100 m. Photograph supplied by Evans & Peck.
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As incised channels erode, they can widen (depending on bank cohesivity) and tend to develop a 
more sinuous course within their incised walls. This has the effect of reducing gradient and stream 
power, allowing sediment deposition to take place. Plants can become established in the stream 
bed and on the banks, helping to stabilise them, and to trap sediment. Eventually, the channel bed 
builds up, and the river begins to break out onto the floodplain more frequently, reducing stream 
power in the channel itself. At present, the Pages River does not break out onto the floodplain very 
frequently (between once every 5 and 10 years), so the current rate of deposition of fine-grained 
sediment on the floodplain is slow. The presence of gravel bars within the channel suggests active 
deposition of coarse material within the channel. Thus the trajectory of the fluvial geomorphology 
of the channel is towards a more stable channel, with the floodplain progressively becoming more 
frequently connected to the channel. This is a long-term process, with return to a bankfull ARI of 1 
– 3 years perhaps taking 100s of years to achieve. 

Characteristics of Pages Flat floodplain and channel soils and sediments
The soils of the Flat on the Pages River were described by McInnes-Clarke (2002) as belonging to 
the pr (Pages River) class (Figure 5). In this class, the soils are well-drained, deep to very deep 
(100 – 500 cm) Brown and Grey Dermosols (Brown Earths and Alluvial Soils) occur on streambanks 
and levees; well to poorly drained, deep to very deep (100 – 500 cm) Brown, Black and Grey 
Dermosols and Chromosols (Chernozems, structured Brown Earths and Non-calcic Brown Soils) 
occur on floodplains and terraces; well to poorly drained, moderately deep to deep (100 – 150 cm) 
Clastic Rudosols (Alluvial Soils) occur in and adjacent to stream channels (Figure 8). The regolith is 
highly variable sands, silts clays and gravels derived from a wide range of sources. McInnes-Clarke 
(2002) described the properties of four types of soil material that were present (Table 1). Under 
conditions of concentrated flows (in the channel) the erodibility was rated high to very high, and 
under conditions of non-concentrated flows (flow spread on floodplain) erodibility was rated 
moderate to high. Erosion hazard under grazing was described as high under concentrated flows 
and moderate under non-concentrated flows. 

Figure 8. Distribution diagram of Pages River soil landscape illustrating occurrence and 
relationship of dominant soil materials Source: McInnes-Clarke (2002).
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Table 1.
Erodibility of Pages River (Pr) soil types. Source: McInnes-Clarke (2002).

Type Description Erodibility

Non-concentrated 
flows

Concentrated 
flows

Pr1 dark brown fine sandy clay loam 
(topsoils)

moderate-high high-very high

Pr2 structured brown silty clay 
(subsoils)

moderate-high very high

Pr3 very dark structured medium clay 
(subsoil)

high very high

Pr4 crumbly brown silty clay (topsoil) moderate-high high-very high

Associated loose clayey sand (topsoil in 
channels)

Not available Not available

A number of soil samples from the Pages River Flat were analysed for particle size (Figure 9, Table 
2). They generally revealed a moderate to high silt/clay content and sand or coarser material 
generally >40%. 

Figure 9. Location of soil samples. Map supplied by Evans & Peck.



10

Technical Advisory Committee for Flood Defence in The Netherlands (1996) defined the resistance 
of cohesive material to erosion by flowing water in terms particle size and Atterberg Limits. The 
flow of water can loosen individual particles and small aggregates. Soil with more than 40% sand is 
eroded very quickly by relatively limited flow rates (Technical Advisory Committee for Flood 
Defence in The Netherlands, 1996). Providing sand content is less than 40%, the sticky clay types, 
with a Liquid Limit higher than 45%, do not suffer from a large amount of erosion by water running 
along them. 

Given that the Pages Flat soil samples have reasonably high sand contents (generally >40%) the 
soils fall into the class of soils with little erosion resistance, which is the same rating given by 
McInnes-Clarke (2002) (Table 1).

Table 2.
Summary of size classes of soil samples from Pages River Flat. Samples 7, 8 and 9 from 

bank of main channel. Data supplied by Evans & Peck.

Sample no. Sample name Sand
>62.5 m

Silt
3.9-62.5 m

Clay
<3.9 m

1 1/1-Topsoil 29% 20% 51%

2 3/1-Topsoil 64% 13% 23%

3 1/3-Midlayer 48% 17% 35%

4 3/3- Midlayer 64% 14% 22%

Sample no. Sample name Sand
>62.5 m

Silt and clay
<62.5 m

5* Pr2 Right Upper River Bank 62% 38%

6* Pr2 Right Lower River Bank 22% 78%

7* 3/5-Lower Layer 69% 31%

8* 6/7+6-Bottom Layer 88% 12%

9* 2/7-Bottom Layer 80% 20%

* Indicates that for these samples the silt and clay fractions were not separated. 

1.5 Approach to determining stability of soils and sediments
The approach used in this study is a traditional one, as described in Chow (1981, pp. 164-191) and 
other popular channel hydraulics texts. The two methods that have been most commonly applied 
to the problem of determining when a channel is stable/unstable are the method of permissible 
velocity, and method of permissible tractive force (shear stress). It is important to realize that 
while this approach has been applied extensively in the river engineering industry throughout the 
world for decades, like all empirically based approaches, it remains subject to uncertainty. Here, 
both velocity and shear stress were used as stability criteria. Velocity and shear stress indices are 
complementary – the predicted threshold of stability of a given material, when converted from 
velocity or shear stress to discharge, are similar for both methods. 

The approach used only indicates whether a material subject to erosion falls into the category of 
stable or unstable, i.e. it does not predict degrees of instability. However, it can be assumed that 
the further away is the velocity or shear stress from the threshold of instability, the higher is the 
risk of erosion. In practice, the calculated thresholds of stability are not sharply defined boundaries 
of stability. Variability of the composition of the bed and bank materials, variability in the 
resistance of the channel offered by vegetation, and downstream, vertical and across-river 
variations in shear stress and velocity mean that the thresholds are simply a guide to when the
overall state of the channel shifts from being more prone to stability to being more prone to 
instability for the given flow conditions. 
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Sediment and soil properties naturally vary within a river reach. Thus, the maximum permissible 
shear stress and velocity will vary along a river reach (i.e. some areas will be more stable than 
others). Upper and lower thresholds of maximum permissible shear stress and velocity were 
defined on the basis of the range of sediment and soil types expected along the Pages River Flat 
floodplain in the vicinity of the overburden dump. Conditions where shear stress or velocity was 
higher than the upper threshold were classified as unstable (i.e. all materials at high risk of 
erosion). Conditions where shear stress or velocity was lower than the lower threshold were 
classified as stable (i.e. all materials at low risk of erosion). Conditions where shear stress or 
velocity was between the lower and upper thresholds were classified as marginally stable (i.e. 
erosion expected in some areas and not others). 

The velocities and shear stresses in the river were predicted by the Hec-Ras hydraulic modelling 
undertaken by Evans and Peck. Only the reach of the river in the vicinity of the overburden dump 
between chainages 4900 m to 5440 m (here termed the “Pages River Flat”) was considered in any 
detail. The hydraulic model predicted that under developed conditions (i.e. with the overburden 
dump in place) the changes to the river’s hydraulics upstream and downstream of this area were 
either zero or very small (i.e. not geomorphologically significant). 

Maximum permissible velocity
The maximum permissible velocity (Vmax) is the greatest mean channel velocity (V) that will not 
cause erosion of the channel body. A channel is stable when:

V < Vmax

When other conditions are the same, a deeper channel will convey water at a higher mean velocity 
without scour than a shallow one. This is because the scouring is related to bottom velocities, 
which for the same mean velocity, are higher in the shallow channel. Tables of maximum 
permissible velocity appear in many channel design, engineering and hydraulics publications (e.g. 
Chang, 1988), and they are all based on values for canals given by Fortier and Scoby (1926), and 
from the USSR (Anon, 1936), although some agencies have adjusted these standard values on the 
basis of local empirical knowledge (e.g. Stallings, 1999) (Table 3).

The values given Table 3 assume a bare channel surface (i.e. no grass or other lining or 
vegetation). Vegetation failure usually occurs at much higher levels of flow intensity than for soil 
(Fischenich, 2001) (Table 4, Table 5). The values given in Table 4 and Table 5 are average values 
for channels, and assume a reasonable depth of flow. In shallow flows situations, as would 
generally occur on floodplains, it is safe to assume that surfaces covered with sod forming grass 
would generally tolerate velocities of up to 2 ms-1. 

Flows with long durations often have a more significant effect on erosion than short-lived flows of 
higher magnitude (Fischenich and Allen, 2000, p. 2-23). Julian and Torres (2006) found that with 
respect to bank instability, flow duration was more important than flow magnitude for soils with 
silt/clay contents greater than 20 percent. This is the case for the soils of the Pages River Flat 
(Table 2). Fischenich (2001, p. 6) recommended application of a factor of safety to Vmax “when flow 
duration exceeds a couple of hours”. Graphs are provided in Fischenich (2001) for factoring
according to event duration (Figure 10). The duration of flood events naturally varies, although in 
general the higher the magnitude, the longer is the duration. Individual hydrographs from the 
Pages River have not been analysed, but it can be assumed that events of 1 in 5 year ARI and 
higher would have a duration near the peak discharge for at least one hour. For the sake of this 
analysis, it is assumed that duration is 3 hours, which for a “bare soil (clay)” requires permissible
velocity to factored by 0.6, while the “bare soil” relationship of Sprague (1999) indicates a factor of 
0.7 (Figure 10). 
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Table 3.
Maximum permissible velocities for channels formed in a range of materials. Assumes a 

flow depth of 1 metre. Note: no vegetative cover.

Bed 
material
(USDA soil 
description)

Maximum permissible velocity (m s-1)

Clear water3 Water 
transporting fine 
suspended solids3

Values used in 
Virginia (USA)4

Ordinary firm 
loam1

0.8 1.1 0.9

Stiff clay, very 
colloidal2

1.1 1.5 1.0

Alluvial silts, 
colloidal

1.1 1.5 Not available

Alluvial silts, 
noncolloidal

0.6 1.1 Not available

Sandy loam, 
noncolloidal

0.5 0.8 Not available

Fine gravel 0.8 1.5 Not available

1. Plastic clay soil; mixture of clay, sand, and/or gravel, with minimum fines (silt and clay) content of 36% 
(Stallings, 1999).

2. Moderately to highly plastic clay; mixtures of clay, sand, and/or gravel, with minimum clay content of 36% 
(Stallings, 1999). 

3. Fortier and Scoby (1926) – see Chow (1981, p. 165).

4. Stallings (1999).

Table 4.
Maximum permissible velocities for channels with slopes of 0 – 5% in easily eroded soils 
lined with grass (assume average, uniform stands of each type of cover). Source: Chow 

(1981, p. 185) using data from the U.S. Soil Conservation Service.

Cover Permissible velocity 
(m s-1)

Sod forming grass: Bermuda grass 1.8

Sod forming grass: Buffalo grass, Kentucky bluegrass, smooth brome, 
blue grama

1.5

Grass mixture 1.2

Bunch grass: Lespedeza sericea, weeping love grass, ischaemum 
(yellow blue stem), kudzu, alfalfa, crabgrass

0.8

Annuals 0.8

Table 5.
Maximum permissible velocities for channels lined with grass. Source: Fischenich (2001) 

using data from various sources.

Cover Permissible velocity (m s-1)

Class A turf 1.8 – 2.4

Class B turf 1.2 – 2.1

Class C turf 1.1

Long native grasses (U.S.A.) 1.2 – 1.8

Short native grasses (U.S.A.) 0.9 – 1.2
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Figure 10. Erosion limits as a function of flow duration. Based on a plots from Fischenich 
(2001, p. 6) and Sprague (1999). 

Anon (1936) gave correction factors for Vmax for channels greater than 1 m deep (factor >1), and 
less than 1 m deep (factor <1). The factor for a channel 7 m deep (Pages River at bankfull) is >1.3 
(limit of graph). Tabulated values of Vmax are for straight channels, and for sinuous channels Vmax

should be reduced. Lane (1955) recommended reductions in Vmax of 5% for slightly sinuous 
channels, 13% for moderately sinuous channels, and 22% for very sinuous channels. 

For the erodible Pages River Flat bank material in a confined stream channel situation the 
maximum permissible velocity when the stream is transporting suspended solids is in the range 0.8 
– 1.5 ms-1 (soil composition is expected to vary throughout the reach). Factoring by 0.6 for 
duration, 1.3 for depth, and reducing 13% for moderate sinuosity, the maximum permissible 
velocity for would be in the order of 0.54 - 1.02 ms-1. Vegetated floodplain surfaces would be 
expected to tolerate velocities up to 2 ms-1. 

Maximum permissible shear stress
Tractive force is the force that acts in the direction of flow on the channel bed, and is also known 
as bed shear force or stress. Unit bed shear stress (or unit tractive force), b, is calculated by:

b = RS

where

b = bed shear stress (N m-2)

 = the weight of water (9806 N ms-1)

R = hydraulic radius (m)

S = the slope of the energy grade line.

Maximum permissible shear stress (max) is the maximum unit shear stress that will not cause 
serious erosion of the channel. Tables of maximum permissible shear stress appear in many 
channel design, engineering and hydraulics publications (e.g. Chow, 1981; Chang, 1988), and they 
are all based on values given by the U.S. Bureau of Reclamation (Lane, 1952; Carter, 1953) (Table 
6). 

A channel is stable when:

b < max
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Table 6.
Maximum permissible bed shear stress for channels formed in fine-grained material. 

Note: no vegetative cover.

Bed material
(USDA soil description)

Maximum permissible shear stress (N m-2)

Clear water3 Water transporting fine 
suspended solids3

Ordinary firm loam1 3.6 7.2

Stiff clay, very colloidal2 12.5 22.0

Alluvial silts, colloidal 12.5 22.0

Alluvial sits, noncolloidal 2.3 7.2

Sandy loam, noncolloidal 1.8 3.6

Fine gravel 3.6 15.3

1. Plastic clay soil; mixture of clay, sand, and/or gravel, with minimum fines (silt and clay) content of 36% 
(Stallings, 1999).

2. Moderately to highly plastic clay; mixtures of clay, sand, and/or gravel, with minimum clay content of 36% 
(Stallings, 1999). 

3. Chow (1981, p. 165).

When soil is covered by vegetation its resistance to scour is considerably enhanced (Table 7, Table 
8). A critical shear stress in the range 100 – 200 Nm-2 is a reasonable guide to the shear stress 
required to remove the grass cover expected on the Pages River floodplain and hence initiate 
stripping of the floodplain surface.

Tabulated values of maximum permissible shear stress are for straight channels, and for sinuous 
channels the maximum permissible shear stress should be reduced. Lane (1955) recommended 
reductions of 10% for slightly sinuous channels, 25% for moderately sinuous channels, and 40% 
for very sinuous channels.

It should be noted that unit bed shear stress is not uniformly distributed along the wetted 
perimeter. Computed values of shear stress based on average cross-section conditions may be 
adjusted to account for local variability and instantaneous values higher than mean (Fischenich, 
2001). A number of procedures exist for this purpose. Most commonly applied are empirical 
methods based upon channel form and irregularity. According to Chow (1981, p. 170), for 
trapezoidal channels, the maximum shear stress on the bed is close to RS, and on the sides it is 
close to 0.76b. Fischenich (2001) recommended that for straight channels, the local maximum 
shear stress can be assumed to be 1.5b.

Temporal variations in bed shear stress occur in turbulent flows, and these can be 10 – 20% higher 
than the mean value. Fischenich (2001) suggested that computed bed shear stress values be 
adjusted by factor of 1.15.

Table 7.
Maximum permissible shear stress for channels lined with grass. Source: Fischenich 

(2001) using data from various sources.

Cover Permissible shear stress (Nm-2)

Class A turf 177

Class B turf 101

Class C turf 48

Long native grasses (U.S.A.) 57 - 81

Short native grasses (U.S.A.) 34 - 45
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Table 8.
Summary table of threshold shear stress for erosion of vegetated surfaces from various 

studies. Source is Blackham (2006).

Vegetation type Erosion threshold (Nm-2)

Aquatic (swampy) vegetation (Prosser and Slade, 1994) 105

Tussock and sedge (Prosser and Slade, 1994) 240

Disturbed tussock and sedge (Prosser and Slade, 1994) 180

Bunch grass† 20 - 25 cm high (Prosser et al., 1995) 184

Bunch grass† 2 - 4 cm high (Prosser et al., 1995) 104

Bunch grass† (Hudson, 1971) 80 - 170*

Bunch grass† [Ree, 1949 in (Reid, 1989)] 80 - 90*

Bermuda grass (Hudson, 1971) 110 - 200*

Bermuda grass [Ree, 1949 in (Reid, 1989)] 120 - 180*

Buffalo grass, Kentucky bluegrass (Hudson, 1971) 110 - 200*

Buffalo grass [Ree, 1949 in (Reid, 1989)] 110 - 180*

† Any of various grasses of many genera that grow in tufts or clumps rather than forming a sod or mat.

* These ranges summarise data for a variety of soil types/hillslopes. See Reid (1989) and Hudson (1971) for 
more details.

Bed shear stress is higher in sinuous reaches than in straight reaches. Simple 1-D hydraulic 
modeling such as Hec-Ras does not usually account for this, so Fischenich (2001) suggested an 
adjustment be made to the computed bed shear stress values, to calculate the maximum shear 
stress on the bend (bend) as a function of the planform characteristics:

bend = 2.65 b (Rc/W)-0.5

where Rc is the radius of curvature and W is the top width of the channel. When assessing channel 
stability, the computed shear stress values do not need to be adjusted for sinuosity in this way if a 
sinuosity correction factor is applied to the maximum permissible shear stress value, as described 
previously (i.e. either approach can be applied to a case, but not both).

Based on the particle size analysis of samples from the Pages River Flat, the appropriate bank 
material class for maximum permissible shear stress (Table 6) is ‘ordinary firm loam’, ‘alluvial silts’ 
and ‘fine gravel’. This material has maximum permissible shear stress, max, of 7.2 Nm-2 to 
22.0 Nm-2 for a stream transporting fine suspended solids. Correction for moderate sinuosity using 
the method of Lane (1955) requires reduction by 25%, to give a maximum permissible shear 
stress of 5.4 Nm-2 to 16.5 Nm-2. The vegetated floodplain surfaces should be expected to tolerate 
shear stresses of 100 Nm-2 to 200 Nm-2. 

The range of critical shear stress adopted for the Pages River Flat channel material (i.e. 5.4 Nm-2 to 
16.5 Nm-2) can be compared with a relationship developed by Julian and Torres (2006) using data 
from the literature (Figure 11). This relationship indicates that the adopted range of critical shear 
stress corresponds to soil material with a silt/clay content of 25 to 65 percent. This range of 
silt/clay percentage corresponds with the sampled Pages River Flat stream bank material and 
floodplain surface and mid-level soils (Table 2). Thus, the relationship of Julian and Torres (Figure 
11) supports the estimates of maximum permissible shear stress adopted here. 
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Figure 11. Critical shear stress estimate from silt–clay percentage (data from Dunn, 
1959). Each point represents the average critical shear stress for a soil sample with a 

specified silt–clay percentage. The average value was derived from 2 to 4 tests on each 
soil sample. Error bars represent the maximum and minimum values of the tests for each 
soil sample. The dashed lines are 95% confidence intervals for the rating curve. Source: 

Julian and Torres (2006).

1.6 The geomorphic status of the Pages River Flat channel and 
floodplain under existing conditions

Hec-Ras modelling by Evans and Peck of the hydraulics of the Pages River through the Flat 
revealed that under existing conditions velocities for the 5 yr ARI flood ranged from 1.4 ms-1

(upstream end) to 2.3 ms-1 (downstream end) (Figure 12). Shear stress through the reach varied 
from 19 Nm-2 (upstream end) to 111 Nm-2 (downstream end) (Figure 13). These values indicate a 
high energy stream, with the capacity to erode the channel banks (with both velocity and shear 
stress exceeding the maximum permissible values). Thus, the 5 yr ARI flood would be expected to 
generate bank erosion, although this would be focused on the most susceptible areas, with some 
areas showing no erosion.

As flood magnitude increases, the mean velocity in the channel decreases (Figure 12). This is due 
to increased backwater effects, and spreading of the flow onto the floodplain. Channel velocities 
are erosive for the 10 yr ARI event, but for the 20 yr ARI event, channel velocities on the lower 
part of the Flat (4900 to 5160 m chainage) reduce to the marginal stability zone. For the 3 x 
100 yr ARI event (labeled ‘Extreme’ in the figures of this report) and above, the channel velocities 
are within the stable range in the lower part of the Flat (4900 to 5160 m chainage). The change in 
channel shear stress with increasing discharge follows a similar pattern; the channel is predicted to 
be unstable for events more frequent than the 100 yr ARI event, and stable for this event and 
above (Figure 13). 

Floodplain velocities are lower than those in the channel (Figure 14). Based on maximum 
permissible velocity for a vegetated surface, the floodplain surfaces are currently stable for all flood 
magnitudes, with the highest predicted velocity being 0.92 ms-1. Predicted floodplain shear stress 
is well below the tolerable limit of a vegetated floodplain surface, and so the floodplain is predicted 
to be stable under all flood conditions (Figure 15). 
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Figure 12. Distribution of Hec-Ras predicted mean channel velocity through Pages River 
Flat for existing conditions. Chainage 4900 m to 5440 m covers the linear extent of the 

proposed overburden dump through the Flat.

Figure 13. Distribution of Hec-Ras predicted mean channel shear stress through Pages 
River Flat for existing conditions. Chainage 4900 m to 5440 m covers the linear extent of 

the proposed overburden dump through the Flat.
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Figure 14. Distribution of Hec-Ras predicted mean right-side floodplain surface velocity 
through Pages River Flat for existing conditions. Velocities are slightly lower for the 

narrow left-side floodplain surface. Chainage 4900 m to 5440 m covers the linear extent 
of the proposed overburden dump through the Flat.

Figure 15. Distribution of Hec-Ras predicted mean right-side floodplain surface shear 
stress through Pages River Flat for existing conditions. Shear stresses are slightly lower 
for the narrow left-side floodplain surface. Chainage 4900 m to 5440 m covers the linear 

extent of the proposed overburden dump through the Flat.
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1.7 The geomorphic status of the Pages River Flat channel and 
floodplain under developed conditions

The proposed overburden dump does not impact the channel hydraulics for the 5 yr ARI event and 
below. This is because the channel contains these events. The 10 yr ARI event and above spills 
onto the floodplain, so the hydraulic characteristics of these floods are impacted by the proposed 
overburden dump (Figure 16, Figure 17, Figure 18 and Figure 19). The effect of the overburden 
dump is to reduce the total cross-sectional area of the flow; energy grade and water surface 
elevation are little affected because backwater conditions remain under the primary control of the 
morphological constriction in the gorge. As there is only a small change in the slope and depth, 
there is very little change in shear stress; thus, the method of maximum permissible shear stress 
predicts no real change to the stability of the channel and floodplain with the proposed overburden 
dump in place.

The hydraulic model predicts a small change in the water surface elevation under developed 
conditions. For the 10 year ARI event, over the section of the Flat where the overburden will be 
placed there is a rise of 0.03 – 0.07 m from chainage 5160 m to 5440 m, while downstream of 
4900 m to 5160 m there is a fall in elevation of 0.01 – 0.03 m. For all the model runs, the increase 
in water surface elevation never exceeds 0.07 m at any river cross-section, and for many there is a 
reduction in elevation (never exceeding 0.05 m). The likelihood of changes in water surface 
elevation of this magnitude having a significant geomorphic consequence is low. 

It is important to understand that the channel is currently unstable for the range of flows doing 
most of the geomorphic work (i.e. flows of 5 yr ARI and more frequent) and the hydraulics of these 
flows are unchanged by the development (Figure 20). For the 10 yr ARI event, the channel is 
predicted to be unstable under both current and developed scenarios (Figure 12, Figure 13, Figure 
16 and Figure 17). Thus, under developed conditions, most of the geomorphic work will be done 
under conditions identical to existing conditions. On the lower part of the Flat (4900 to 5160 m 
chainage), with the proposed overburden dump in place, for the 20 yr ARI event, mean channel 
velocities increase by to 0.2 – 0.4 ms-1 (Figure 16, Figure 20), which means that this section is 
unstable, when under current conditions it is predicted to be of marginal stability (Figure 12). For 
the 50 yr ARI event, the presence of the overburden dump increases velocities by 0.3 ms-1, shifting 
the channel on the lower part of the Flat from the lower boundary of the marginally stable class to 
the upper boundary (Figure 16). The channel in the lower part of the Flat is of marginal stability for 
the 100 yr ARI and 3 x 100 yr ARI events, while under existing conditions it was stable. The 
predicted stability is similar for the velocity and shear stress criteria (Figure 16, Figure 17). For the 
reach as a whole, the major increases in channel shear stress and velocity due to development 
apply for events of 50 year ARI and above (Figure 20). 

It is important to realize that these changes to the stability rating for the low frequency, high 
magnitude events are relatively inconsequential. In reaching the peak magnitudes of these events, 
the rising and recession limbs of the flood hydrograph experience the discharges characteristic of 
the more frequent 5 yr ARI, 10 yr ARI events, etc. So, while these high magnitude events may not 
have such erosive conditions at their peak, erosive conditions occur during the event. Thus, it is 
concluded that the channel is unstable under both the existing and developed conditions. 

Floodplain velocities generally increase with the overburden dump in place, but they remain below 
the velocity tolerable by a grassed surface (Figure 18). Floodplain shear stress changes very little 
with the overburden dump in place, and is well within the stable range (Figure 19). For the reach 
as a whole, while floodplain velocities and shear stresses increase significantly for events of 
20 year ARI and above (Figure 20), provided the floodplain remains vegetated, these increases are 
inconsequential for floodplain surface stability.
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Figure 16. Distribution of Hec-Ras predicted mean channel velocity through Pages River 
Flat for developed conditions. Chainage 4900 m to 5440 m covers the linear extent of the 

proposed overburden dump through the Flat.

Figure 17. Distribution of Hec-Ras predicted mean channel shear stress through Pages 
River Flat for developed conditions. Chainage 4900 m to 5440 m covers the linear extent 

of the proposed overburden dump through the Flat.
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Figure 18. Distribution of Hec-Ras predicted mean right-side floodplain surface velocity 
through Pages River Flat for develped conditions. Velocities are slightly lower for the 

narrow left-side floodplain surface. Chainage 4900 m to 5440 m covers the linear extent 
of the proposed overburden dump through the Flat.

Figure 19. Distribution of Hec-Ras predicted mean right-side floodplain surface shear 
stress through Pages River Flat for developed conditions. Shear stresses are slightly 

lower for the narrow left-side floodplain surface. Chainage 4900 m to 5440 m covers the 
linear extent of the proposed overburden dump through the Flat.
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5 year 10 year 20 year 50 year 100 year Extreme

Max 0 0.3 0.4 0.3 0.3 0.4

Min 0 -0.1 -0.1 0.0 0.0 0.2
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Figure 20. Difference in velocity and shear stress between developed and current 
conditions at seven Hec-Ras cross-sections in Pages River Flat reach between chainage 

4900 m to 5440 m. Floodplain refers to right-side floodplain surface. The 5 year ARI 
event is wholly contained within the channel.

With the overburden dump in place, probably the area most prone to flood event erosion is the 
margin of the dump itself where it is in contact with the flood waters. The predicted floodplain 
velocities are high enough that an unprotected surface would be subject to erosion and once the 
surface was weakened, significant slumping could occur. Apart from the local erosion issue, this 
process would increase the sediment load to downstream areas. Thus, it is recommended that the 
surface of the overburden dump be protected from fluvial erosion by re-vegetation, using a suitable 
species of grass that will bind the surface. It will be necessary to maintain complete vegetative 
coverage of the surface at all times. Under grass, the surface is predicted to be stable under flood 
conditions. A long duration flood could negatively impact the vegetation, weakening its resistance 
to erosion. Thus, there is a risk that a sequence of large floods could result in scour and slumping 
of the overburden dump. This risk could be lessened by protecting the toe of the overburden dump 
with appropriate geotextile material. The height of the base of the dump that would require this 
additional protection could be determined on the basis of providing protection for a design flood, 
say the 50 yr ARI event. Another potential erosion protection measure is a densely planted band of 
shrubs along the edge of the floodplain, running along the toe of the overbuden dump. This will act 
to slow the velocity of flow impinging on the face of the overburden dump. 

Impacts on Minor Creeks – Rehabilitation Plan
During the course of the mining project the mine (pit or overburden dump) will largely subsume 
the creeks in catchments B and C and will significantly impact the southern portion of catchment A. 
Catchment D, which drains to Kingdon Ponds will be subsumed by the overburden dump (Figure 4). 
Thus, the impact on these creeks during the period of mining is severe. Geomorphologically they 
are small tributaries, contributing a small but not insignificant volume of flow and sediment to the 
Pages River (catchments A, B and C) and Kingdon Ponds (catchment D) (Figure 4). During the 
course of the mining project, this natural process will cease (except for catchment A, the northern 
part of which will operate as it does currently).
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The plan is to restore these catchment areas once mining has ceased. Thus, in the long term, there 
will be no change, provided the restoration creates a landform that behaves in a hydrologically 
similar way to the existing one. This will mean that the soil hydraulic conductivity should be similar 
to existing, the vegetation cover should be similar to existing, and drainage system a similar to the 
existing one should be restored. The drainage system will be a particularly sensitive area. The re-
created swales in the landforms and especially the channels will have to be carefully designed and 
constructed so as to be stable. Failure to do so could result in gullying of the restored landform, 
which will deliver a large quantity of sediment to the stream system. 

The revised mine plan includes reshaping of the overburden dumps adjacent to the final void, to 
minimise the size of the final void catchment. This will reduce the final void catchment from 166 ha 
to around 90 ha in area. Also, the overburden dumps will be reshaped so that there is no change to 
the size of the catchment area draining to the Kingdon Ponds post-mining.

Monitoring
As erosion processes are difficult to predict, and spatially quite variable, it will be extremely 
difficult, if not impossible, to associate any erosion that might result from a high magnitude flood 
with the presence of the overburden dump. The modelling suggests that the floodplain surface will 
be no more susceptible to erosion with the overburden dump in place than current, provided the 
overburden dump surface is very well stabilized with vegetation. Additional protection can be 
provided by covering the lower part of the overburden dump with appropriate geotextile material. 
An important component of monitoring is regular checks of the integrity of the overburden dump. 
It is suggested that the coverage of vegetation, and the health of the vegetation on the overburden 
dump be monitored on a monthly basis. The objective of this monitoring is to maintain the cover 
and health of the vegetation covering the overburden dump, so maintenance action is required if 
the check reveals wilting vegetation, or patchy coverage. 

If floodplain stripping takes place in the future, it would be difficult to attribute this solely to the 
presence of the overburden dump. The risk of erosion can be minimised by maintaining good 
vegetative cover on the floodplain surfaces. The channel banks are likely to continue to suffer 
erosion regardless of riparian re-vegetation, due to the depth of the incised channel. However, in 
the very long term, riparian vegetation will assist in slowing channel erosion. The main risk to 
floodplain vegetation condition is stock damage. It is recommended that monthly checks be made 
of any fences and gates that are critical to excluding stock access to the floodplain and riparian 
zone. The objective of this monitoring is to maintain stock exclusion, so maintenance action is 
required if the check reveals a problem or potential problem with the integrity of the fences and 
gates.

Seven cross-sections have been established on the channel and floodplain of the Pages River Flat. 
Permanent markers need to be maintained on these cross-sections so that they can be re-surveyed 
along exactly the same transect. It is advised to re-survey these cross-sections after every over-
bank event, to measure any channel and floodplain change. The surveys are to be undertaken by a 
registered surveyor using electronic equipment. It is expected that the survey will measure in the 
order of 100+ points per cross-section, so that the survey accurately represents the shape of the 
channel. An experienced geomorphologist will have to interpret the re-survey in order to determine 
if there has been any impact from the overburden dump (Note: regardless of monitoring efforts, 
this may be a question that cannot be resolved). Prior to beginning the monitoring (i.e. just before 
the overburden dump is placed on the floodplain) a geomorphologist should fully map the channel 
and floodplain for relative stability and instability. This record will be the benchmark against which 
future conditions can be assessed, and will be an adjunct to the cross-section survey comparisons. 

Conclusion
The channel is currently unstable under the 5 yr ARI event and erosion is to be expected. Indeed, 
evidence of erosion was currently observed. The proposed overburden dump on the floodplain does 
not impact this event, because the channel fully contains this event. Of the high magnitude floods 
that do significantly overtop the banks, only those with a frequency of 1 in 20 years or less 
frequent will have a significantly increased risk of causing channel erosion under conditions of the 
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overburden dump in place. It is noted here that the channel is currently unstable for the range of 
flows doing most of the geomorphic work (i.e. flows of 5 yr ARI and more frequent) and the 
hydraulics of these flows are unchanged by the development. Thus, under developed conditions, 
most of the geomorphic work will be done under conditions identical to existing conditions.

The stability of the channel into the future, with or without the proposed mine operating, depends 
on a number of factors, including the pattern of floods that happen to occur and the state of 
vegetative cover (which naturally varies over time). The methodology used in this report to assess 
stability classified the channel and floodplain into categories of stable, marginal and unstable, 
rather than scoring stability on a continuous scale. The conclusion was that the channel is unstable 
(prone to erosion) under existing and developed conditions. Under developed conditions the shear 
stresses and velocities are higher than under existing conditions, but this cannot be readily 
translated to a statement of how much more unstable is the channel under developed conditions. 
However, it can be stated that the probability of the channel eroding at a greater rate is higher 
under developed conditions than under existing conditions. This is a statement of probability rather 
than a prediction, because the actual erosion experienced in the future will depend more on the 
particular floods that happen to occur over the life of the mine, rather than the presence of the 
overburden dump.

If a very large flood occurs, such as a 20 yr ARI event or larger, then extensive channel erosion 
would be expected, and possibly some floodplain stripping, with or without the overburden dump. 
These low frequency, high magnitude, events can have a more catastrophic geomorphic impact on 
channels and floodplains than the less frequent events, even if mean channel velocity at the peak 
of the larger events is lower than for the smaller event. This is probably explained by the longer 
duration of the higher magnitude events. The overburden dump increases mean channel velocities 
for large floods, particularly for the 20 yr ARI event and higher. Thus, there is an increased risk of 
more extensive and intensive channel and floodplain erosion for the developed case compared to 
the existing case. Understanding of the process of channel and floodplain erosion is not sufficiently 
deterministic to predict how much more unstable the channel will be under the developed case 
compared to the existing case.

Increasing the resistance of the channel boundary materials can offset the increased risk of fluvial 
instability under the developed conditions. The best way to increase resistance is to encourage 
growth of riparian and instream vegetation. This can be achieved by following an appropriate 
riparian management plan, the key element of which would be stock exclusion. 
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