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A selection of Canadian stream restoration projects and studies based on 

traditional one-dimensional steady flow hydraulic equations and natural 

channel reference sites are collected as case studies in this volume. The 

projects were undertaken between 1976 and 2016 and continue to function, 

often with new features created by subsequent flood flows and riparian zone 

recovery.    
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The sketch designs in this casebook were carried forward and constructed 

in cooperation with private companies, government agencies and 

environmental organizations footnoted near the beginning of each project 

description. Marc Gaboury (now with LGL Ltd. Nanaimo BC) and I were 

given a unique opportunity to trial and research the restoration methods in 

many of the early projects undertaken on the Canadian Prairies. The 

Manitoba Habitat Heritage Corporation, Manitoba Fisheries and the 

Freshwater Institute of Canada Fisheries and Oceans provided funding 

and the freedom to do the work. A selection of the projects and a 

compendium of fish habitat preferences compiled by Marc Gaboury are 

reported in Stream Analysis and Fish Habitat Design (Newbury and 

Gaboury 1994). The manual is available from several sources on line (see 

www.for.gov.bc.ca/hfd/library/ffip/Newbury_RW1994_pt01.pdf).	 Six	 of	 the	

projects	are summarized here as well.  

Ten additional projects in eastern and western Canada were selected for this manual. The hydraulics chapters are expanded from 

summary class notes at the University of Manitoba, then Simon Fraser University and lastly, the Canadian Rivers Institute at the 

University of New Brunswick. Many of the projects are based on research done by an outstanding array of graduate students at all 

three universities that I was privileged to work with. I am solely responsible for their interpretation here.  

I hope the fieldwork and project designs compliment two generous mentors who led me to these studies, Professor Edward Kuiper 

(University of Manitoba) and Dr. M. Gordon "Reds" Wolman (Johns Hopkins University). I recommend their work as the real 

introduction to this casebook (Kuiper 1965, Leopold Wolman and Miller 1964). 

2015/16 Printing: In the last 10 years freeware programs (HEC-RAS, FishXing, CHUTE), hydraulic calculation spreadsheets (Vlab 

from SDSU www.onlinecalc.sdsu.edu for example), and stream restoration toolkits (NCED www.nced.umn.edu/content/stream-

restoration-toolbox and Australia www.toolkit.net.au/tools/ for example) are available on line. Videos of the Manitoba pool and riffle 

projects, Dickson Brook project and others are available on YouTube (referenced in www.newbury-hydraulics.com). 
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Introduction: Stream Restoration 

Streams and valleys are ancient corridors that have existed for thousands of years. We are recent 

occupants in these museum pieces, attracted by their utility for water supply, hydropower, 

agriculture and recreation. But they are not set pieces; land use and climate change alter their 

size, shape and habitats. Restoring some of their original ecology by creating replacement 

habitats is often the only viable option. Restoration is more renovation; subject to ownerships, 

building codes and other compliances. 

Casebook Studies: Twenty Canadian stream reference studies and project designs distributed 

across southern Canada are summarized in the casebook (Figure I.1, Table I.1). The typical 

stream restoration process begins with the analysis of the stream and ends when the stream has 

adjusted the works (Figure I.2). Studies of large projects that have caused major changes in river 

patterns and ecology are beyond the scale of stream restoration methods (CJFAS 41:4 1984, 

Rosenberg et al 2000).   

 

Figure I.1:  A reference sample of Canadian stream studies and restoration projects. 
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River Project Year Page 

1. Sakinaw River dam back flooding to create launching pool for fish 
passage 

1997 166 

2. Chapman Creek pool and run profile to retain spawning gravels 1990  79 

3. Oulette Creek step-pool profile for steep man-made stream 1993 101 

4. Okanagan River meander re-connection, spawning and fish passage 
works for drop structure and dam 

2001-09 144, 186 

5. Kettle River river geometry study 1998 27 

6.Coursier Dam reservoir dam removal with step channel re-
connection 

1994-03 179 

7. Jumping Pound Creek fish habitat hydraulics study 1984-08 71 

8. Battle Creek stream geometry study, backwater and HEC-RAS 
example 

1993-09 49 

9. North Pine River meandering channel restoration 1990 133 

10. Mink Creek walleye spawning pools and riffles in drainage canal 1985 88 

11. Wilson Creek alluvial fan stabilization 1978 126 

12. Little Saskatchewan dam step pool fish ladder 1992 172 

13. Whiteshell River trout pool habitat enhancement 1991 130 

14. Hamilton Creek gas pipeline crossing protection 1990 129 

15. Don River stream geometry study 1991 18 

16. Nottawasaga River stream geometry and hydraulic habitat model 2000 54 

17. Restigouche River sediment removal and channel alignment restoration 1997 164 

18. Little SW Miramichi 
River 

bank repair and river alignment restoration bars 2000 155 

19. SW Miramichi River river alignment maintenance bars 1996 158 

20. Dickson Brook step-pool channel in man-made golf course stream 2002-09 113 

 

Table I.1: Casebook projects and studies in southern Canada (west to east, see Figure I.1). 
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Figure I.2: Typical steps in the restoration process. 

Figure I.2 

       Stream Restoration Process   (Dickson Brook, Fundy National Park, see Chapter 5) 
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Chapter 1: River Forms and Forces 
 

River Classifications: Alluvial rivers gather water from the landscape in a dendritic 

branching pattern that occurs in many natural forms. Leaves, trees, blood vessels and rivers 

share common branching characteristics that describe the distance and frequency of 

bifurcation or junctions between reaches (Stevens, 1974). By assigning reach order numbers 

(Figure 1.1), a bifurcation ratio of about 2.5 has been observed in natural systems where the 

minimum structure of streams or branches required to efficiently cover a drainage area or a 

tree canopy has been achieved.  
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Figure 1.1 (modified from Hogan and Ward 1997): An idealized uninterrupted sequence of channel 
development in a drainage basin showing reach categories based on sediment transport (Schumm 1977), 
lettered reach types (Rosgen 1996) and stream branching order numbers (Strahler 1964). 

 

Inconsistencies in the bifurcation ratio (the number of branches of order n+1 divided by the 

number of branches of order n) often occur where the drainage basin materials change or 

where drainage works have diverted or piped parts of the river network. The loss of tributaries 

has severe implications for the river ecosystem where downstream organisms rely on 

upstream refugia and the delivery of nutrients.  

 

River classification studies undertaken by fluvial geomorphologists characterize the channel 

cross-section, slope, bed material and the reach pattern as it changes from the headwaters to 
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the ocean. For example, Schumm (1977) suggested that an idealized sequence of river 

processes occur in a basin that divides the river from the headwaters down into reaches of 

erosion, transportation and deposition (Figure 1.1). The steep headwater channels supply 

coarse bed materials to intermediate reaches where it is transported and sorted into fluvially 

dominated river forms. The finest sediments are deposited in the lowest reaches as the river 

enters a plateau, lake or the ocean. There are several classification systems based on order 

number or channel types encountered in this idealized sequence. A popular lettered channel 

classification system presented by Rosgen (1994) follows the sequence from the steep 

headwaters (type A) to shallow depositional reaches (type E) (Figure 1.1). All of the 

classification systems are useful as general descriptors, for example in the river continuum 

concept (Vannote et al 1980), but do not provide a basis for restoration design (Goodwin 

1999).  

 

Canadian River Classification: With the exception 

of a few elevated landforms, all of Canada was 

glaciated in late Pleistocene epoch ending only 

12,000 years BP. Consequently many streams run in 

large glacial outwash valleys with coarse lag 

deposits that are stable at contemporary flood flows. 

Others cross fine-grained glacial lake beds in widely 

meandering patterns with low gradients of less than 

a few cm per km. Galay et al. (1978) developed a 

river classification scheme for mid-continent Canadian rivers. In this system individual river 

reaches fell into geomorphic settings that were either valley-controlled or landform-controlled. 

Sub-categories similar to the lettered classification systems described the relationship between 

the channel and the often-inherited valley as well as the degree of entrenchment, the channel 

pattern and the bed and bank stability. Many of the channel patterns are presented in a classic 

stereo photograph study of Canadian landforms prepared by Mollard and Janes (1984) (Figure 

1.2). There are examples of straight channels with meandering flow patterns, braided channels 

in coarse sediments that are typical of glacial outwash areas and meandering streams in 

alluvial floodplains and glacial river valleys.  
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Figure 1.2: Channel classifications and their setting observed in Canada (Mollard and Janes 1984). 

 

In the following two examples, the information gathered in geomorphic studies determined the 

engineering design requirements and strategy for managing two important fisheries habitats:  

 

Example 1: Bank erosion in landslide-prone valleys. The Quesnel and Cariboo Rivers (BC) 

flow in valleys that were deeply incised into the glacial till plain of the Fraser plateau by 
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meltwater runoff during the last de-glaciation period. At the end of this period 7,000 to 10,000 

years BP, the valleys were in-filled with alluvial and lacustrine materials deposited by pro-

glacial lakes and rivers (Figure 1.3).  

 

Quesnel River valley air photo

 
Figure 1.3: A soils map showing the region surrounding the forks of the Quesnel and Cariboo Rivers 
shown in Figure 1.4 (air photo).  Pro-glacial fluvial and lacustrine materials (B) fill the valleys that are 
deeply incised in the rolling glacial till plain (LZ and DN). The mid-valley deposit in the slide area at the 
forks is mine tailings (GF) (Lord 1948). 
 

The present rivers meander within the larger meander pattern of the post-glacial valleys, 

eroding the valley walls where the two patterns intersect. There has not been sufficient time 

for the banks to stabilize through toe erosion and mass wasting. Consequently, the present 

river steepens the slope of the valley walls at points of contact. The toe of the slope retreats 

until the banks catastrophically fail in a landslide that blocks the river. For example, a 

landslide above the junction of the rivers has forced the Quesnel River across the valley into 

the north bank, forming a new riffle and eroding the valley wall upstream from the old town 

site (Figure 1.4). To stop a similar landslide from occurring below the town site, the channel 

must now be excavated to a stable width and shifted away from the bank with an optimum 

curvature across the point bar into the Cariboo junction. This can be accomplished with 

channel training works, for example with flow retarding bars (Victoria Water 1991, see 

Chapter 6). 
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Figure 1.4: The meandering pattern of the Cariboo and Quesnel Rivers (BC) wanders within the larger 
dimensions of a glacial river valley. A recent landslide has forced the Quesnel River across the valley floor, 
forming a new chute, riffle and bank erosion site (pers. com. McFarlane, BC Forestry 100 Mile House, 
1999). 
 

Example 2: Migrating and permanent salmon holding pools. The famous Miramichi Atlantic 

salmon river meanders and braids on the abandoned bed of a much larger post-glacial river. 

The former river carved a wide meandering valley bounded by bedrock walls in the 

sedimentary rock plain of the New Brunswick lowlands. Settlements and small farms are 

located on “intervals” along the old riverbed (former point bars), separated by the present river 

as it crosses and re-crosses the valley floor between the bedrock walls (Figure 1.5). Because 

the present river is only one-quarter of the width of the former river its meander pattern has 

less amplitude and a shorter wavelength (Figure 1.6). As the meanders translate downstream, 

gravel bars and shallow pools shift across the river forming and destroying temporary salmon 

holding pools. Attempts to maintain the position of the pools with excavators for more than 

one or two seasons have proved fruitless. Rather than issuing excavation permits, temporary 

pool owners are now encouraged to enjoy fishing in the translating pools as they pass by and 

to look elsewhere until the next pool approaches their river frontage.  
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Figure 1.5: The SW Miramichi River meanders, braids and shifts across the infilled flat valley formed by 
the antecedent post-glacial river. The braiding segment in the foreground occurs in the post-glacial riffle 
reach near Doaktown, NB.  
 
 

 
Figure 1.6: The dashed meander pattern of the Miramichi valley has the geometry of a 400 m wide post-
glacial river. Where the present 100 m wide river in Wilson’s fishing camp reach at McNamee NB strikes 
the bedrock valley walls, deeper permanent holding pools are maintained.  
 
 
 
Some holding pools persist year after year. They occur where the meander pattern of the 

present river strikes the bedrock wall of the former river channel on the edge of the valley, 

locally called “ledge pools”. The concentration of energy in the immoveable meander bend 
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maintains a deep hole in the riverbed. These are the rare and highly prized permanent Atlantic 

salmon pools of the Miramichi. Most are privately owned, a few are on public frontages and 

one or two remain to be discovered by river morphology explorers.  

 

Similar effects of glaciation and post-glacial meltwater flows cause a variety of disorganized 

channel reaches to form in most Canadian rivers that require pre-design research and field 

surveys to determine the stream setting and history.  A short field survey for reach geometry 

and hydraulics is presented at the end of this chapter. 

 

River Dimensions Predicted from Discharge Relationships: In uniform channels running 

through erodible materials, general geometry relationships known as regime equations have 

been derived that describe the relationship between the channel-forming discharge, slope and 

cross-section (Leliavsky 1955). These “hydraulically determined” dimensions are measured 

between the banks of the channel at different levels of flow depending on the stream and the 

valley history. Where there is a clearly defined floodplain, for example in an alluvial stream 

forming its own channel, bankfull measurements are made from “top of bank to top of bank” 

(Emmett 1999). The flood stage just reaching the floodplain level or "bankfull" discharge is 

assumed to be the characteristic or dominant channel-forming flow. However, in many 

streams the channel is entrenched below the floodplain level, particularly where there is 

resistant bank material, dense riparian vegetation or a fluvial history of base level changes 

(Millar 2000). In these cases, measurements equivalent to the bankfull stage are taken to the 

regularly scoured stage within the channel. These are sometimes called “root-to-root” 

measurements where the scour levels are marked by the top of the roots in the first band of 

perennial vegetation in the riparian zone. The discharge at the root-to-root stage is taken as a 

characteristic flow that is equivalent to the alluvial river floodplain-defined bankfull flow.   

 

Of all the dimensions, the correlation between the width and characteristic discharge is often 

the strongest. For example, in the bankfull width (w) vs. discharge (Q) relationship shown in 

Figure 1.7 compiled by Kellerhals and Church (1989), rivers and streams with bankfull 

discharges between 10 and 1000 m3/s follow a relationship summarized as w = 4.5 (Q) 0.5.  
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The characteristic discharge was observed to occur with an annual instantaneous flood 

frequency generally lying between 50% and 70%. 

 
Figure 1.7: Channel width and characteristic discharge relationships for a global range of natural 
channels. The characteristic discharge may occur at the bankfull level in alluvial rivers or at the perennial 
vegetation trim line in entrenched channels (after Kellerhals and Church 1989). 
 

Many of the observations in Figure 1.7 were gathered by Bray (1973) for gravel-bed rivers in 

Alberta. The relationships for width and depth of these rivers were found to be 

w = 4.75 (Q2).527 and d = 0.266 (Q2).333 , where w = width (m), d = average depth (m) and  

Q2 = the 50% or median annual flood peak (m3/s). In a typical gravel bed channel with a 

median annual flood peak of 70 cubic metres per sec, the predicted values would be w = 44.6 

m and d = 1.1 m. The ratio between the width and the depth is typically high in alluvial 

channels, in this case 40:1. In cobble and boulder dominated streams where a large portion of 

the bed material is stable, the ratio of width to depth may be as low as 10:1 (Table 1.1, Oulette 

and Chapman Creeks). In streams that are narrowly confined by dense riparian vegetation or 

by high banks in entrenched valleys, the width to depth ratios may be further reduced (Table 

1.1, headwaters of Jumping Pound and Battle Creeks) (Millar 2000).  
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Basin Drainage 
Area 

Width Depth W/D 
ratio 

Slope Tractive 
Force 

Manning's 
Roughness 
(median 
flood) 

Velocity Discharge 
Estimate 

 sq km m m   kg/sq m m1/6 m/s cu m/s 

          

Battle Creek SK 65 5 0.6 8.3 0.018 8.6 0.04 2.1 6.3 

precip.  529 mm 111 6 0.9 6.6 0.009 6.2 0.035 2.1 11.4 

 240 9 0.8 11.2 0.007 4.7 0.03 2.2 15.9 

 630 12 1 12.1 0.004 1.4 0.03 1.9 22.8 

          

Jumping Pound 7.4 1.8 0.32 11.8 0.04 11.2 0.08 1 1.2 

Creek AB 39 9.2 0.44 20.9 0.02 9.6 0.065 1.1 4.5 

precip. 657 mm 67 12.6 0.49 25.7 0.009 4.1 0.05 1.1 6.8 

 113 14.9 0.59 25.2 0.007 4.1 0.05 1.1 9.7 

          

Oulette Creek BC 5.6 7 0.7 10 0.03 17.4 0.05 2.4 11.8 

precip. 2500 mm          

          

Chapman Creek BC 72 20 1.3 15.4 0.017 19.6 0.05 2.8 67.6 

precip. 1039 mm          

          

Miramichi River NB 55 12.5 0.51 24.5 0.008 1.7 0.03 1.7 10.8 

precip. 1131 mm 100 16.4 1.14 14.4 0.0083 8.3 0.04 2.2 41.1 

 450 28.3 2.13 11.2 0.0026 5.2 0.03 2.7 162.8 

 1925 88 2.2 44 0.0017 1.6 0.03 2.2 425.9 

    5050 146 4.2 34.7 0.00065 2.6 0.025 2.5 1533 

Table 1.1: Averaged hydraulic geometry measurements and flow predictions in several Canadian streams 
and rivers.  

 

Summaries of alluvial river processes and dimensions have been compiled by Leopold, 

Wolman and Miller (1964) and Gregory and Walling (1973). A recent compilation of fluvial 

geomorphology methods has been prepared by Kondolf and Piegay (2004). These are useful 

references for alluvial river reaches but on-site geomorphic studies of the landscape in a 

drainage basin are necessary to determine the natural rates of change in river channels, the 

location of unique habitats and the influence of man-made works. 
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Characteristic Discharge Frequency: The frequency of flood peaks is described using a 

flood insurance convention where one maximum peak discharge per year is assumed to be a 

representative sample of all floods. The convention ignores multiple large floods in the same 

year. The annual instantaneous flood peaks are ranked and plotted as cumulative frequency 

curves that are fitted to a variety of theoretical probability functions (Riggs 1968, Chow et al 

1988). As with many natural processes, the flood peaks generally fit a log-normal probability 

relationship. This may be tested graphically on log-probability graph paper where the y axis is 

plotted on a logarithmic scale that converts the arithmetic value of the flood peak to the 

logarithm of the value. The extremities of the x-axis of the graph paper are stretched 

progressively until the normally "s-shaped" cumulative probability function lies along a 

straight line. Data plotted on the graph paper that is log-normal distributed would lie along a 

straight line. For example, the annual maximum flood peaks observed in Chapman Creek BC 

(Figure 1.27) are shown in Table 1.2.  

 
Peak Flow 

m3/s 
Year Rank Cum. Probability 

% 
148.0 1981 1 5 
133.0 1983 2 10 
102.0 1980 3 15 
94.3 1975 4 20 
93.7 1982 5 25 
93.4 1979 6 30 
85.8 1978 7 35 
85.2 1987 8 40 
80.7 1977 9 45 
77.5 1986 10 50 
75.6 1974 11 55 
71.9 1984 12 60 
69.4 1985 13 65 
63.7 1973 14 70 

62.0e 1988 15 75 
60.9 1972 16 80 
58.3 1976 17 85 
46.2 1971 18 90 
35.7 1970 19 95 

 

Table 1.2: Annual flood peaks and cumulative frequencies for Chapman Creek, BC (WSC Station No. 
08GA060, 1970-1988). 
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The flows are ranked regardless of the sequence of years in which they occurred as they are 

assumed to be independent and not serially correlated. The cumulative frequency (probability) 

P calculated using Weibull's approximation (Chow et al. 1988) is: 

P = (rank x 100%) / (n + 1)  Weibull probability equation 

where n = the total number of records. When the flows are plotted on log-normal graph paper, 

they generally follow a straight line or log-normal trend as shown in Figure 1.8. 
         

 
 Figure 1.8: Annual flood frequency curve for Chapman Creek BC (Table 1.2) 

 

The median annual flood peak on Chapman Creek is predicted to lie between 70 and 80 m3/s. 

In the case of Chapman Creek, the channel is entrenched within a glacial outwash channel. 

The vegetation trim-line discharge was estimated to be 72 m3/s from channel surveys 

downstream from the recording gauge reach. The 5% probability flood peak is predicted as 

150 m3/s or more. This is referred to as having a 20-year recurrence period although the 

chance of the peak or more occurring in any year is 5%. In addition to this simple curve a 

variety of flood frequency relationships may be tested to obtain the best fit (Chow et al 1988).  

 

In many smaller Canadian streams there are no recorded flood records. Consequently floods 

must be predicted. The predictions may be verified in several ways: 
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1) watershed models: runoff-precipitation relationships have been developed for drainage 

basins that range from simple coefficients (the rational method) to complex storage based  

predictions that characterize the sub-basins in the watershed and route the flood flows through 

the connecting channels (USCE HEC 4 model, Bedient and Huber 1992; UBC Watershed 

Model, Quick and Pipes 1977). In these cases the flood frequency is based on the frequency of 

annual peak rain and snowmelt events observed in or near the watershed.  

 

2. flood depth observations: in entrenched channels, ratios of the depth of flow to the 

characteristic discharge depth of flow have been used to predict the depth of less frequent 

flood peaks. Some typical ratios observed in several US regions (Bohn 1998) and in Jumping 

Pound Creek AB are listed in Table 1.3. 

 

Frequency % Eastern US Idaho 
Western 

Cascades WA 

Jumping 

Pound AB 

67 bankfull 1.0 1.0 1.0 1.0 

20 1.1 1.2 1.3 1.4 

10 1.2 1.3 1.5 1.7 

2 1.8 1.4 2.0 2.2 

1  1.5 2.2 2.3 

 
       Table 1.3: Ratios of (depth / Q67% depth) for entrenched channels (Bohn 1998). 
 

3. data transferred from nearby gauging stations: The ratio of the drainage area of the un-

gauged reach to the drainage area of the gauging station may be used to transfer flood records 

where the reaches are in similar catchments. To allow for the difference in response times 

between large and small basins, the ratio is adjusted exponentially: 

 peak / peak recorded = (area / area of gauging station)exp data transfer equation 

Where there are several gauging stations in the region, the value of the exponent may be 

determined by comparing their flood records. An exponent of 0.8 has been found in several 
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Canadian basins (NRC Canada 1989). Exponents observed in an Alberta study ranged from 

0.6 to 0.95 (Alberta Fish Habitat Manual 1991). 

 

Channel Dimensions Predicted by Drainage Area Relationships: Stream geometry 

measurements and corresponding discharges may be more generally related to the drainage 

basin area and the annual runoff. The bankfull widths shown in Figure 1.9 for a sample of 

southern Canadian streams follow a power relationship that is similar in slope but with an 

intercept that reflects the difference between low and high annual precipitation basins.  

 

Figure 1.9: Bankfull or trimline width vs. drainage area for streams in varying hydrological settings across 
southern Canada. 

 

The lowest runoff basin is Battle Creek, SK (Figure 1.10) with an annual precipitation of 529 

mm (Cypress Hills). Annual precipitation in the Don River, Jumping Pound Creek and SW 

Miramichi River basins (Figures 1.11 to 1.13) lies between 657 and 1150 mm.  The highest 

runoff occurs in the Oulette Creek basin (Figure 1.14) with an annual precipitation of 2500mm 

(Port Mellon).  
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Figure 1.10: Battle Creek, 
Cypress Hills, SK.  

 

 
 
 
 
 
 
 
Figure 1.11: Don River near the 
historic Brickworks site, ON. 

 

 

 

 

 

 

Figure 1.12: Jumping Pound 
Creek, Kananaskis Country, AB. 

 

 

 

 

 

 

 

Figure 1.13: SW Miramichi River 
near Doaktown, NB. 

 

 

 

 

 

 

Figure 1.14: Oulette Creek, Howe 
Sound, BC. 
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Channel dimensions gathered for floodplain planning may be used to determine area 

relationships as well. In general the river widths agree with site surveys but depths may be 

adjusted by zoning regulation safety factors. River widths and depths surveyed for a 

restoration planning study at eleven sample sites in the Don River ON watershed are shown in 

Figure 1.15 (MTRCA 1991).  

 

 

 

Figure 1.15: Surveyed Don River width and depth dimensions plotted with HEC-RAS floodplain zoning 
data. The range of widths and depths shown between solid lines were observed in alluvial rivers in the 
United States (Leopold, Wolman and Miller 1964).  The zoning depths exceed typical alluvial river values. 

 

Characteristic Bed Forms in Pools, Riffles and Meanders: The three-dimensional sine 

wave followed by flowing water has been observed in glacier ice, the Gulf Stream, and 

straight man-made canals (Henderson 1966, Leopold 1994). Theory suggests that the 

waveform is generated by turbulent bursts that are scaled to the width and depth of the flood 

flows (Yalin and da Silva 2001). In mobile bed streams, the eroded legacy of the wave is an 

undulating profile with pools at the low point of the wave, riffles at the high point of the wave 

and meanders that follow the lateral extent of the wave. Two theoretical sine waves expressed 

as profile and plan views are shown in Figure 1.16.  
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Figure 1.16: Sine waves generated as a profile (2 cycles) and a plan (1 cycle) for a theoretical 10 m wide 
channel with a meander amplitude of 30 m and a pool depth of 1 m. The 120 m meander is measured 
along the axis of a 1% gradient valley. 

 

In natural alluvial channels, the average length of a meander wave has been observed to be 10 

to 14 times the channel width (Chang 1988) (Figure 1.17). Because a full wave consists of two 

pools and two crossover riffles, the average pool and riffle spacing varies from 5 to 7 channel 

widths (approximately 2π cycles). The average radius of curvature of natural meander bends 

was found to be 2.4 channel widths (Chang 1988). From river to river the pool, riffle and 

meander geometries vary widely depending upon the valley materials and man-made 

interruptions (Burge and Lapointe 2005). On site surveys and air photo reconnaissance are 

required to establish the specific geometry of a reach.  
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Figure 1.17: Average pool, riffle and meander dimensions measured in mobile bed streams (Chang 1988).  
 

The mobility of the valley materials, riparian vegetation, inherited valley dimensions of 

previous rivers and man-made obstructions affect the migration of meandering channels along 

the valley bottom. Uniform meanders that migrate down alluvial valley bottoms without 

distortion are seldom seen. An interesting exercise in understanding meander migration is to 

trace an outline of the present river channel from a suitably scaled air photo onto a transparent 

sheet. By sliding the sheet upstream and downstream, remnants of former meanders can often 

be discovered. In some cases tree ring counts or historical mapping may date their period of 

occupation. The effects of channelization and river training works are often discernable as 

well. Constrictions such as bridges or changes in gradient may cause upstream meanders to 

widen and shorten, often overtaking downstream meanders and cutting through them to leave 

“oxbow” lakes on the valley margins. In rocky channels, the meander may be suppressed 

altogether but the vertical wave-like tendency of the flow can be observed as regularly sorted 

bed deposits in riffles and runs. Even in straight and uniform man-made channels, the flow 

can be observed to oscillate from one side of the channel to the other with a frequency of 

about 6 times the channel width. 
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Figure 1.18: A typical meander pool and riffle crest (lower left) in the Fort Walsh reach of Battle Creek, 
SK. The meander is slowly progressing down the valley into the original townsite on a former floodplain. 
The valley bottom deposits are composed of easily eroded glacio-fluvial sands and silts re-sorted in  
landslide lobes on the steep valley walls (Sauchyn 1996). 
 

Where the valley materials are uniformly mobile the downstream translation rate of meander 

bends has been observed to be a function of the ratio between radius of curvature and the 

channel width, or rc/w. Observations of the age of successive point bar vegetation in the 

Beatton River BC by Hickin and Nanson (1975) found the rate of movement R in metres per 

year was 

R = 0.10 (rc/w)2.05   meander migration equation  

For example, the rate of movement downstream for a meander with an average ratio of 2.4 in 

this system would be 60 cm per year. In rivers with forested riparian zones, this is often slow 

enough to allow trees to develop an upward curving growth habit in response to the slow 

erosion and slumping of the riverbank on the outside curve of the meander. Typical upward 

curving trees on the outside bank are shown in the “ideal” trout meander in Figure 1.32.  
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River Bed Stability: Empirical relationships for the movement of bed materials have been 

derived largely from observations in canals and laboratory flumes. Modeling of the forces 

causing motion must be simplified because the turbulent flow and shear stress are too complex 

to analyze in detail (Frey and Church 2009). Consequently, empirical coefficients that must 

combine several variables in the simplified equations vary widely. In the simplest case, 

assuming uniform flow conditions, the shear force acting on the bed (tractive force in some 

engineering studies) is equal to the downslope component of the force of gravity acting on the 

flow. In metric units on earth, the tractive force T (kg/m2) is the product of the density of 

water (1000 kg/m3), D the depth of flow (m) and S the slope of the water surface, or  

 

T = 1000 D S   tractive force equation 

 

As this is the same basis for deriving the uniform velocity equation, there is an implied 

velocity at impending motion for a given depth and channel resistance (Chapter 2). 

 

Empirical relationships between the tractive force and the size of bed material that can be 

rolled or skipped along the bed vary. In fine-grained materials (<5 mm diameter), cohesion 

binds the materials to a break-up threshold before motion occurs, producing a wide range of 

observed values. In unconsolidated beds of sands, gravels and cobbles (>5mm diameter), the 

observations are less variable and generally contained within the envelope curve shown in 

Figure 1.19 developed by Lane (1955) where  

 

T (kg/m2) = ∅ (bed material diameter in cm)  Lane’s incipient motion equation 

 

A line for flat shale particles has been added to Lane’s diagram based on flume studies of bed 

materials taken from Wilson Creek on the Manitoba escarpment (Figure 1.27) (Magalhaes and 

Chau 1983).  
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Figure 1.19: Relationships between the tractive force in a reach and the bed material size in motion (Lane 
1955). The relationship is scattered for finer particles (shaded area). 
 

These observations are applied in selecting riprap sizes, often with a safety factor of 1.5 (US 

FHA 1988) so that the riprap middle diameter (cm) = 1500 D S. The tractive force estimate 

may also be increased for selecting riprap on the outside bank of meander bends. For average 

natural meander bends with a radius of curvature between 2 and 3 times the channel width, the 

force may be doubled (USCE 1970). In sharper bends the force may be up to 4 times the 

straight channel value (Ontario Ministry of Transportation 1997).  

 

The prediction of channel scour to produce pools and habitat refugia is based on combinations 

of local hydraulic factors (US FHA 1988). For example, observations of scour at rounded 

bridge piers or boulders has been summarized in the empirical formula: 

  Ds / D = 2 (b / D)0.65 (Fr)0.43   scour depth equation 

where D (m) is the depth of flow approaching the pier or boulder, Ds (m) is the depth of scour 

below the bed surface, b (m) is the width of the obstruction, and Fr is the Froude number of 
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the approaching flow (Fr = V/ (g D)1/2 (Chapter 3).  The observations provide some insight 

into the depth of scour holes formed by large boulders and log debris catchers that may be 

added to mobile bed streams. 

 

Local erosion adjacent to irregular channel configurations where the flow is concentrated 

between boulders or around projecting logs may be related to increased velocities predicted by 

a flow "net". The net consists of lines representing the path of the flow intersected by 

perpendicular equipotential lines that represent the decreasing energy level of the flow as it 

moves downstream. Although the flow is turbulent, lines of flow are used to represent 

theoretically independent "tubes" that conduct discrete portions of the discharge. There are 

programs for plotting flow nets but they are often estimated by sketching and adjusting the net 

until all the lines intersect at approximately 90 degrees. For example, in the profile view of a 

boulder obstruction shown in Figure 1.20 the flow depth decreases beside the boulder as the 

velocity must increase in order to pass the same discharge through the partially obstructed 

channel. In front of the boulder, the water rises as the kinetic energy of the flow has been 

converted to depth at the velocity stagnation point (see Chapter 3, Bernoulli’s equation). 
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Figure 1.20: A flow net of path lines and equipotential lines around an emergent boulder. 

 

The pattern of the flow in plan view is shown as a flow net of 4 streamlines and equipotential 

lines. The net may be fairly accurate as the flow accelerates around the boulder but is in error 

as the flow decelerates and eddies form below the boulder. The change in velocity from the 

upstream channel to the flow adjacent to the boulder is inversely proportional to the ratio of 

the size of the sides of the flow net cells. This is because the same portion of the flow must 

pass through the smaller cell. If the velocity of the approaching flow is known, the velocity 

adjacent to the boulder may be predicted by the change in cell size assuming that the flow is 

uniform and does not separate into eddies. 

 

A relationship between the velocity and the size of material transported is required to evaluate 

the bed stability in this case as the average slope of the channel used in the tractive force 

25



   

 
 

 

equation does not describe the local conditions. Several relationships between velocity and the 

threshold size of bed materials in motion are shown in Figure 1.21 (ASCE 1967). 

   

Similar design velocities for a variety of bed materials are compiled by Fishenich (1963). 

Where the gradient changes abruptly, the bed stability may be predicted by conservative 

assumptions of the tractive force, for example, by assuming that the bankfull depth of flow 

occurs at the slope of a riffle or rapids rather than at the average pool and riffle channel slope.  

 

Stream Power and Profiles: The unit potential energy of water in the stream decreases as the 

flow moves downstream. In a uniform channel, the energy is lost in friction on the stream 

boundaries, in turbulence in the flow, and in transporting sediment. The rate of energy loss per 

square metre (p) along the profile is equal to the weight of the discharge times the slope: 

  p = stream power / m2 = ρ g q S  (Nm/s) stream power equation  

where q = the discharge per meter of stream width (m3/s) and ρ = 1000 kg/m3. As one Nm/s = 

one watt, the stream power per square metre may be written as p = 9.8 q S (Kw). 

Discontinuities in the stream profile such as rapids or waterfalls concentrate the energy loss in 

a local reach. If river drops H (m), the rate of energy expended or power of the full flow is 

equal to P = 9.8 Q H (Kw). Van den Berg suggests that stream power may be a useful indictor 

of braiding for a range of bed material sizes (discussed in Knighton 1998). 

 

Figure 1.21: Velocity and streambed material size in transport relationships observed for finer 
grained materials (ASCE 1967).   
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The stream profile is in effect a diagram of the energy distribution along the stream (Leopold 

and Langbein 1962, Chang 1988). Alluvial stream profiles are often concave upwards, with 

steep headwater slopes decreasing to a level surface as the stream enters a downstream lake or 

the ocean. For example the discharge, width and depth of the Kettle River BC increase while 

the slope and tractive force decrease. The annual flood depth increases at a lower rate than the 

slope, consequently the tractive force and bed material size decrease along the concave 

upward profile (Figures 1.22 and 1.23).  

 

Figure 1.22: Downstream fining of the East Kettle River BC bed materials along the concave profile. 
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Figure 1.23: The East Kettle River, BC. The river meanders through alluvial deposits in the steep-walled 
bedrock valley. The river gradient and bed material decreases in the downstream direction.  
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As the discharge increases and the slope decreases it has been suggested that equilibrium may 

be reached where the product of the slope and discharge per unit width is equal throughout a 

concave profile. The river would be in equilibrium or “graded” in this state (Leopold and 

Langbein 1962). This is seldom achieved in Canada because the valley materials are not 

uniform and their profiles are altered by multiple glaciations.  For example, the profile of the 

Saskatchewan River (Figure 1.24) is broken into three concave steps separated by escarpments 

before dropping over limestone rapids into Lake Winnipeg in the deeply glaciated Red River 

valley. The Grand Rapids dam and power station capture the energy of the final drop. In this 

case typical headwater river conditions and some habitats are re-set as mildly sloping river 

drops over the short reaches between steps. 

 

 

Figure 1.24: The Saskatchewan River profile before the development of dams and diversions (Denis and 
Challies 1916).  

 

At the end of the Red River valley, the combined waters of Lake Winnipeg spill across the 

Canadian Shield through the Nelson River valley into Hudson Bay. In contrast to alluvial 

streams, the profile is concave downwards dropping between impounded lakes in steep rapids 

and short reaches as the river flows over the heavily fractured and glaciated bedrock (Figure 

1.25). Several of the attractive hydroelectric sites have been developed. 
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Figure 1.25: The lower Nelson River profile before power development (Denis and Challies 1916). The 
inset shows Whitemud Falls at the outlet of Cross Lake. The lower Nelson River rapids are now 
impounded power dams at 4 locations (2009). 

 

In summary, the longitudinal profile of the stream offers an insight into the distribution of 

shear stresses and sediments and often the location of unique habitats. Plotting the profile 

from contour maps is a useful first step in understanding the stream’s history and behaviour.  

 

Sediment Transport: The total quantity of sediment transported is a difficult prediction. It 

depends on not only the portion of the channel bed material that can be transported as bed 

load, but also on the supply of sediment from the drainage basin. Although the stream may 

have a large carrying capacity, the basin supply is often limited to snowmelt and large storm 

runoff events. Sediment sampling over a range of discharges and a long period of time is the 

only reliable method for predicting the suspended sediment transport relationship to discharge 

(discussed in Kondolf and Piegay 2003). Bed load transport is also difficult to sample. After 

30 years of operating a sediment trap in the Wilson Creek experimental watershed on the 

Manitoba escarpment, no reliable relationship was observed. Shale gravel movement from the 

escarpment depended on the magnitude, sequence and periodicity of storm runoff as well the 
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rate of weathering that supplied the bed material (Figures 1.26 and 1.27) (Wilson Creek 

Headwater Committee 1983).  

 

Figure 1.26: Weathered shale bedload 
supply in Wilson Creek. 

 

 

Figure 1.27: Shale bed of Wilson Creek at the foot of the 
Manitoba escarpment (see Figure 5.52) 

Sediment Transport: Equations for predicting bed load transport based on the difference 

between the shear stress of the flow and the stress required to move a corresponding fraction 

of the bed materials have been derived by several investigators. They may be applied to 

ranges of flow that are of interest, for example during the spawning or incubation periods, or 

integrated over a full year of flows to obtain an annual rate of transport.  The basic form of the 

shear stress bed load equation was proposed by Du Boys in 1879 (Rouse and Ince 1957). A 

more recent form of the equation discussed in Sturm (2001) is: 

  qs = CDB τ0 (τ0 – τc) / (d50)0.75   bed load transport equation 

where  qs = the volumetric sediment discharge per unit width (m3/s per m), CBD = 6.9 x 10-6, 

d50 = the median bed material size (mm), τ0 = ρgRS = the shear stress at the particular flow of 

interest (N/m2) and τc = critical shear stress for the bed material size of interest (N/m2). 

Subsequent equations have followed the same form with other empirical coefficients but none 

have successfully replicated observed data without 10X scatter in observed versus predicted 

plots (Gomez and Church 1989, see Vlab www.onlinecalc.sdsu.edu).  
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Hydraulic Forces in the Flow: For very large materials in the stream such as isolated 

boulders, root wads, weirs, logs, and occasionally machines, the forces exerted on an object 

may be analyzed directly. One approach is to isolate the object in a free body diagram to solve 

for the net downstream force Fx exerted by the flow. This is equal to the difference between 

the upstream and downstream static pressures and the change in momentum of the flow: 

Fx = ρ q C (Vup – Vdown) / 9.8      momentum equation 

where Fx = the force exerted by the flow in the x direction (kg), ρ = the density of water at the 

earth’s surface (1000 kg/m2), q = the discharge that would have flowed through the cross-

section of the submerged object perpendicular to the flow (m3/s) and (Vup – Vdown) is the net 

change in velocity upstream and immediately downstream from the body (Chow 1959). In the 

case of an impermeable body Vdown = 0. The value of C, the drag coefficient, depends upon 

the turbulence of the flow and the streamlining of the body. For large blunt objects, the drag 

coefficient approaches 1. For streamlined shapes such as a trout or other predator fish bodies it 

may be as little as 0.015 (see Vogel 1994 for an interesting discussion of this complex number 

and its effect on flow lines and ambient water pressures). 

 
The force exerted on a blunt impermeable object that is submerged equally on the upstream 

and downstream sides can be approximated by rounding off and reducing the equation to:  

 

Fx = 100 Ax V2                direct flow force equation 

 

where Ax is the submerged cross-sectional area (m2). For example, if the boulder in Figure 

1.20 had a diameter of 1.5 m and was fully submerged in a 3.0 m/s flow, the force exerted 

would be Fx = 100 (π  0.752) 3.02  = 1590 kg. The frictional force resisting motion between the 

streambed and the bottom of the boulder may be estimated as the submerged weight of the 

boulder times the coefficient of friction between the boulder and the bed. In this case, if the 

boulder had a specific weight of 2.67 (granite) and the coefficient of friction was a maximum 

of 1, the resisting force would be approximately (2670 – 1000) (π 1.53 / 6) (1) = 2951 kg. The 

boulder would not slide but it may roll or fall into a downstream scour-hole. Porous 

sedimentary rocks that are lighter than granite may slide in the 3.0 m/s flow.  
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The force exerted on logs, root wads or debris catchers 

used to restore habitats may be similarly estimated 

(Slaney et al. 1997, Braudick and Grant 2000). In the 

example shown in Figure 1.28, the cross-sectional area 

Ax may be estimated as the product of the length 

perpendicular to the flow Wp and the height of the 

structure. The force Fx = 100 (height) Wp Vm
2 where Vm 

is the mean approaching velocity.  For example, for a 1 

metre high submerged debris pile exposed for 1.5 m in a 

2 m/s flow, the force exerted by the flow Fx would be 

100 (1.0) (1.5) (2.0)2  = 600 kg.  

 

To withstand the force of the flow, the structure may be 

anchored by ballasting or cabling to the bank (or both).  

If the log debris trap is only ballasted with rock the 

submerged weight of the ballast, log and debris times 

the coefficient of friction between the trap and the bed 

must be greater than the force exerted by the flow to 

prevent it from sliding downstream. Alternately, if the end of the log is cabled to a competent 

tree trunk or other anchor the diameter must be selected to withstand the rotational moment 

caused by the force of the flow about the trunk or Tcable = Fx (d1) / d2.  The distances d1 and 

d2 are measured at right angles from the forces to the trunk. For example, if the force of the 

flow is considered as acting at the midpoint of the 1.5 m exposed log, d1 = 1.5 / 2 = 0.75 m. If 

the cable is attached from the midpoint to an anchor on the upstream bank at an angle of 450, 

the distance d2 will be 0.75 (cos 45o) = 0.53 m. The tension in the cable is Tcable  = 600 

(0.75)/(0.53) = 849 kg. 

 

Ice may also effect the forces exerted on channel bed materials and isolated boulders 

(Newbury 1968, Davar et al 1997, ERDC/CRREL 2005). Shear stress and rising water levels 

create break-up conditions that drive the cover downstream, mechanically scouring the 

channel banks and rafting large boulders (Figures 1.29 and 1.30).  

Figure 1.28: Forces exerted on a log 
debris catcher. 

 

mid-point 
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Figure 1.29: The annual ice scour line on the bank of the Nelson River MB in a zone of ice accumulation. 
The vegetation changes from annual grasses to a mature forest at the trimline (Newbury 1968). 
 

 
Figure 1.30: Large boulders may be shoved along the bed during the ice breakup period. Boulder surveys 
on the Nelson River revealed crushed paths of movement along the bed in shallow rapids zones (Newbury 
1968). 
 

Another interesting application of the momentum equation is estimating the depth of flow at 

which a wading person will be swept away (Figure 1.31). The cross-sectional area exposed to 

the flow depends on the width of the wader B (front or side exposed to the flow) and the depth 

of the flow. Standard sloppy waders are approximately 0.4 m wide on the face side and 0.2 m 

wide on edge. The force exerted by the flow is Fx = 100 B (depth) (V2).  The frictional force 
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that resists being swept away depends upon the weight and height of the person (Wt kg in air 

and Ht m) and the coefficient of friction µ between the soles of the wader and the stream bed 

where Fresistance = µWt (1 – depth/Ht). As most experiments in being swept downstream are 

uncontrolled, there is little data on the coefficient of friction between rubber and rock. A 

useful substitute may be a value of µ = 0.6 for rubber tires on wet pavement. A wader would 

be swept away at the depth at which the two forces are equal or:  

 

 depth away (m)   =   µ Wt  /  (100 B V2  + µ Wt/Ht)    wader wipe-out equation 
     
 

 

Figure 1.31: Wader stability factors. 

 

For example, for a 1.8 m tall person weighing 80 kg stepping sideways across a 2 m/s flowing 

stream in rubber-soled waders, the swept away depth would be approximately (0.6)(80) 

divided by (100(0.2)(22) + 0.6(80/1.8) = 0.45 m. Aluminum cleats would help the wader stay 

in place by increasing the coefficient of friction between the soles and river bed. Carrying 

more weight above the water line would help but may decrease your balance. A field-tested 

velocity and safe depth chart for your own weight, height and type of waders is a better idea. 
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Hydraulic Geometry Surveys: Hydraulic geometry relationships are seldom available for 

smaller rivers and streams. The river data must be gathered and assembled from topographic 

maps, air photos and field measurements in reference reaches. Reference reaches should be 

selected by: 

• dividing the basin into distinct surficial and bedrock geology regions,  

• plotting the long profile of the valley from topographic maps to establish breaks in the 

valley slope that might further sub-divide the regions, 

• locating gauging station reaches where flow records are available, 

• identifying reference reaches that cover a range of drainage areas to establish the trend line 

for width, depth or discharge relationships. 

Gauging station reaches, anomalous profile reaches, and sites of special habitats or other 

interests require detailed mapping as well as hydraulic surveys to show the patterns of flow 

and local channel features. For example, the detailed map of the trout habitat reach (Figure 

1.32) reproduced in Figure 1.33 shows the extent of the meander holding pool, overhanging 

vegetation, point bar and floodplains. 

 

 

Figure 1.32: A reference reach survey of a meander heavily used by adult and juvenile rainbow trout. In 
this case a surveyor’s level and a rangefinder were used to plot the bottom contours and curvature on a 
plane table map (see Figure 1.33).  
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Figure 1.33: Detailed mapping of the trout habitat reach shown in Figure 1.32. The meander dimensions 
and curvature in the trout reach were found to be the average of all river meanders.   
 

A short form for recording stream survey measurements and observations is shown in Figure 

1.34. Calculations and data plots should be completed in the field to reduce errors and 

discover anomalous measurements. Hydraulic forces are surprisingly strong in shallow swiftly 

flowing streams and top-heavy observers in waders are easily overbalanced. Before entering a 

stream the velocity should be checked with a surface float and a safe depth established for the 

observers weight, height and footgear. Detailed reference reach and topographic survey 

methods are presented in Harrelson et al (1994).  
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Field equipment required for hydraulic geometry surveys includes: 

• survey level and rod for slope and cross-section measurements 

• 100 m and 50 m tapes for channel width measurements 

• metre sticks (or the survey rod) for depth measurements 

• carpenter's tape or metre stick for bed material measurements 

• flow meter for gauging the present discharge (and a few oranges to check the meter) 

• scientific calculator, clipboard, waterproof data sheets 

• camera for reference reach photos of upstream and downstream views 

• life jackets, safety ropes or throw-packs for use in swifter streams. 

 

Detailed mapping requires more elaborate equipment. Plane table drawing boards, distance 

meters, total station theodolites and GPS receivers are now in common use.  

 

In preparing the reach notes, references to the right and left bank of the river are often 

confusing. Canoeists and hydraulic computation programs such as HEC-RAS define distances 

and the right and left banks facing downstream. In this system the starting points can be 

confused as they may be made from a variety of origins in the basin. Early navigators 

described the rivers facing upstream as they came upon them from the ocean, often naming 

places by their “river miles” from a common origin at head of tide to avoid confusion.  

 

The instream mapping and sketches in the data sheet are based on facing downstream with 

measurements starting from the left floodplain to agree with program formats. 
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Figure 1.34: Stream survey short form. 
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Chapter 2: Open Channel Hydraulics Review 
 

Flow in Rivers and Streams: Uniform flow occurs when a steady discharge flows at a 

constant (also termed normal) depth in a uniform channel with a constant gradient. The flow 

condition occurs in long canals for example where the depth and velocity are determined by 

the frictional drag on the channel boundaries alone (Figure 2.1-A).  Because there is no slip 

between the flow and the channel boundaries, the velocity of the flow varies from zero at the 

wetted perimeter of the channel to a maximum near the centre of the cross-section.  

 

Non-uniform flow may occur gradually or rapidly (Figure 2.1-B). The depth and velocity may 

vary gradually as the effects of a downstream change in cross-section or gradient extend 

upstream in a "backwater" reach. The depth and velocity also vary rapidly when the channel 

changes abruptly at a rapids or weir for example. Rapidly varied flows and habitats are 

discussed in Chapter 3. 

  

 
A: uniform or gradually varied flow 

 
B: rapidly varied flow 

Figure 2.1: Open channel flow conditions defined by Chow (1959). 

 

At very low discharges in rugged channels the flow may change from uniform to rapidly 

varied conditions, making the prediction of low flow velocities and depths difficult. In these 

cases, direct observations or reference river channel data are required. 

 

Uniform Flow Equations: The analysis of uniform flow assumes that all energy losses can be 

modeled as friction and form drag on the wetted channel boundaries (Millar 1999). With these 

40



assumptions, an “ideal” flow with a uniform velocity may be modelled as a solid block of 

water outlined by its wetted perimeter (Figure 2.2).  

 

 

  
 
 
Figure 2.2: A trapezoidal block of bankfull flow in the uniform channel of Black Creek ON.  
 

At a constant velocity, the component of gravity acting on the block parallel to the slope is 

just equal to the frictional resistance forces acting on the wetted perimeter of the block shown 

schematically in Figure 2.3. 
 

 
 

Figure 2.3: A sliding block analysis in a uniform channel is used to predict velocity in the Chezy and 
Manning equations. In effect, the flow is the net flux of water in the channel, disregarding the actual 
velocity variations in pools, riffles, backwater zones and eddies.  
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For a block of flow of length L with a cross-sectional area A and a wetted perimeter of P, the 

steady state forces may be written as 

ρg A L sin α = τ P L  

where ρ = the density of water on the earth’s surface (1000 kg/m3), g = gravitational 

acceleration (9.81 m/sec2), A = the cross-sectional area of the flow (m2), L = the length of the 

flowing block of water (m), P = the wetted perimeter of the flow (m), α = the slope angle of 

the channel bed and water surface and τ = the unit area frictional force exerted by the stream 

bed on the flowing water (Newtons/m2). This may be simplified as  

 

τ = ρg R S N/m2  bed shear stress equation    

 

where R is the hydraulic radius (m) = the cross-sectional area divided by the wetted perimeter 

and S = the slope of the water surface and channel bed. S is approximately equal to sin α in 

mildly sloping rivers. 

 

In some engineering notations for wide shallow channels on the planet earth, T may be 

divided by g to round off the tractive force of the flow on the channel bed where: 

 

T = 1000 D S kg/m2  tractive force equation  

 

This is a useful unit for T as studies by Lane (1955) found that the mean diameter in cm of 

sand and greater-sized bed materials at incipient motion was approximately equal to the 

tractive force in kg/m2 (Chapter 1). 

 

Chezy's and Manning's Uniform Flow Equations: In 1769, Antoine 

Chezy was charged with predicting the flow in a proposed water supply 

canal for Paris. His observations (somewhat shrouded by history and the 

disruptions of the French Revolution) of the velocity of wax floats in the 

Seine River and nearby canals suggested that τ varied with the square of 

the velocity1. Consequently V2 was substituted for τ to derive the equation 

V=C R1/2 S1/2 where C = Chezy's flow resistance factor (Chezy 1775).  
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Chezy’s C is a combination of constants and a frictional resistance index peculiar to the river 

and discharge. In later studies by Manning (1890), Chezy's C was replaced by Manning's 

channel roughness factor n as C = R1/6 / n, recognizing that the resistance to the flow generally 

decreases as the depth increases in an open channel. The Manning equation for predicting the 

uniform flow velocity in an open channel is thus: 

  V = R2/3   S1/2    

              n   Manning’s velocity equation 

where V = the average velocity (m/sec), R = the hydraulic radius (m), S = the slope of the 

water surface or bed (uniform flow) and n = the Manning roughness factor (with implied units 

of s/m1/6, Chow 1959). Later derivations based on the momentum of the flow do not overcome 

the assumptions of Chezy’s original equation1.  

 

The discharge Q (m3/s) is the net flux of water passing through the wetted channel cross-

section (m2) calculated as the average velocity times the cross-sectional area or 

     Q = VA  discharge or continuity equation  

 

The smallest channel cross-section area required to pass a given discharge is a half circle. In 

many water resources projects this has been approximated as an equal sided trapezoid 

producing a width to depth ratio slightly greater than 2:1. In contrast, natural alluvial channel 

cross-sections are many times wider and shallower. Width to depth ratios in the streams 

surveyed in Table 1.1 for example vary between 6.6:1 and 44:1. The shallow natural channels 

have a lower tractive force and are able to retain finer bed materials. It is often a challenge to 

find the amount of land required to restore a trapezoidal channelized stream to its former 

width (see Chapter 5, Dickson Brook example). 

 

Flow Resistance and Roughness Factors: The difficulty of applying the Manning equation 

to predict the discharge in a natural channel lies in the approximations that were made to 

simplify the flow using a single correlation coefficient.  Three common prediction methods 

for estimating the all-encompassing Manning’s n coefficient are: 

1 “the resistance occasioned by the side of the channel is as the square of the velocity” 
Chezy 1776 (Dooge J.C.I. in Yen 1992) 
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1) Bed Material Approach for Smooth Channels: In reaches with smooth beds where the depth 

of flow is much greater than the median size of the bed surface materials (at least 5X to 10X 

or more), Manning’s n has been related to the bed material diameter by Strickler as:  

   n = .04 (∅50 )1/6  Strickler’s smooth bed roughness equation   

where ∅50 is the median diameter in metres of the largest sizes on the stream bed that protrude 

into the flow (Chang 1988). A random sample of the surface materials, for example taken in a 

Wolman "pebble count" (Wolman 1954) may be used to determine the median size (see 

survey sheet Figure 1.34). This limits the upper value of the roughness estimate to n = .04 for 

most river depths and bed materials. For example, in the Shepherd's Ditch reach of Battle 

Creek SK shown in Figure 2.4, the median size of the coarse gravel bed materials was 7.8 cm. 

The predicted roughness as a smooth channel at a bankfull stage of 1.0 m would be n = 0.026. 

The ratio between the bankfull depth and the median size of bed material is 1.0/.078 ≅ 13/1. 

As the depth of flow decreases, the “relative roughness” ratio of the depth to the bed material 

also decreases and a larger portion of the flow is directly impacted by the protruding 

materials. At the time of the Shepherd’s Ditch survey when the depth of flow was only 0.3 m 

the observed Manning’s n value was 0.04. 

 

 

Figure 2.4: The Shepherds Ditch reach of Battle Creek SK. The bankfull channel roughness estimate 
based on the median bed surface material size is n = .026. The value at the stage shown is n = .04. 
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2) Composite n Approach for Complex Channels: Factors in addition to the bed materials may 

be used to modify the Manning’s n estimate (Chow 1959). To apply this approach, a basic 

value nb chosen for the channel type is adjusted for meandering after small increments are 

added for other resistance features as: 

   n =  m (nb + n1 + n2 + n3 + n4)  composite roughness equation 

  nb = the base value chose for the channel type (Table 2.1), 

n1 = addition for bed irregularities ranging from .001 for channels with mildly 

slumping banks to .02 for irregular bedrock channels, 

n2 = addition for changes in the channel cross-section ranging from .001 for 

channels with shifting flows to .015 for tortuous channels, 

n3 = addition for obstructions ranging from .005 for channels with isolated 

objects to .05 for channels where obstructions occupy 50% of the cross-section,  

n4 = addition for vegetation ranging from .002 for low grasses in the channel 

that are less than one third of the depth of flow to 0.1 in channels where small 

trees, cattails or brush obstruct the flow, 

m =  varies from 1.15 for mildly meandering channels (channel length to valley 

length ratios from 1.2 to 1.5)  to 1.3 for fully meandering channels (channel 

length to valley length ratios greater than 1.5). 

 
Channel or 
Floodplain Surface 

Median Size of 
Bed Material  mm 

Base Value of 
Manning’s nb 

   
Concrete  .012 - .018 
firm soil, grassed  .025 - .032 
coarse sand 1 – 2 .026 - .035 
Gravel 2 – 64 .028 - .035 
Cobble 64 – 256 .030 - .050 
Boulder 256 + .040 - .070 

 

         Table 2.1: Common base values of Manning's n (Chow 1959). 
 

The utility of the composite n approach is limited by the data available and the number of 

combinations of variables that produce the same roughness value.  
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3) Reference Channel Approach: Pictures of channels in which the roughness coefficients 

have been determined from surveys and discharge measurements are widely used to predict n 

values (Fasken 1993 - agricultural drains, Barnes 1967 and HEC-RAS pulldown tab - USA 

rivers and Hicks and Mason 1991 - New Zealand rivers). The New Zealand guide provides 

additional data on the bed materials and change in roughness at different discharges.  

 

A roughness guide can be compiled in a reference reach where there are discharge records. 

After an initial survey of the cross-section and bed materials, water levels are re-surveyed or 

monitored with data loggers over a range of discharges. Roughness coefficients may then be 

solved for from observations of the hydraulic radius and energy loss slope (Chapter 3).  

 

The difference between high and low discharge values in rocky streams is significant. For 

example, in the reference reach of Chapman Creek BC shown in Figure 2.5, the discharge at 

the time of the survey was 1.6 m3/s. The Manning's n value was 0.15. At the bankfull stage 

(Figure 2.6) the n value decreased to 0.05, typical of flood values for cobble bed streams.  

Errors would occur if the flood values were applied to estimate low flow conditions. 

    

 
 
Figure 2.5: A frequently surveyed reference reach on Chapman Creek BC. The low discharge of 1.6 m3/s 
occurs with a high Manning's roughness coefficient of 0.15.  
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Figure 2.6: The Chapman creek reference reach at a bankfull discharge of 67.6 m3/s with a lower 
roughness coefficient of 0.05.  

 

The Chapman Creek data for a range of discharges is presented in the broader format of the 

New Zealand stream roughness guide on the following 2 pages (Figure 2.7). 
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Figure 2.7: Reference reach data for Chapman Creek BC presented in the New Zealand roughness guide 
format (Hicks and Mason 1991). 
 
 
Other factors that affect the channel roughness such as instream vegetation, woody debris and 

ice formation require more detailed site-specific studies  (Abt et al 1998, Davar et al 1996). 
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The Special Case of Gradually Varied “Uniform” Flow in Backwater Curves: The 

normal depth of uniform flow Dn may be altered locally by obstructions or changes in the 

channel dimensions. This will affect the depth and velocity of the flow in adjacent reaches as 

they adjust to meet the depth in the altered reach. The curving water surface in the adjustment 

zone between the reaches forms a backwater curve. Backwater curves for a variety of flow 

conditions have been classified with a letter and number grade in open channels (Chow 1959). 

Two commonly encountered backwater curves in mildly sloping channels are shown in Figure 

2.8. The M1 curve is formed when an obstruction at the downstream end of the reach such as 

a weir, anchor ice or a log jam increases the normal uniform flow depth Dn to Do. An M2 

curve is formed when the depth of flow at the downstream end of the reach decreases to less 

than the normal value, for example as the flow approaches a rapid or falls. The curve extends 

upstream and approaches the normal depth asymptotically. The computed length of the curve 

(L) is determined by the accuracy required. It is commonly considered terminated when the 

depth has recovered to 95 to 98 percent of the normal uniform flow depth (governed by the 

channel slope alone). 

 
L

Dn
Do

M1 M2
Do

So So

 
Figure 2.8: M1 and M2 backwater curves in mildly sloping channels caused by changes in the depth of 
flow at the downstream end of a reach. 
 

Backwater Curve Calculations: The approximate shape of the curve can be determined by 

dividing the backwater reach into segments which are short enough to approximate the curve 

as a series of straight lines with an average slope and uniform flow. A single segment is 

shown in Figure 2.9.  The average energy loss gradient Se av. is determined by calculating the 

gradient at each end of the segment using Manning’s or Chezy's equation and roughness value 

for an assumed increment in depth and averaging the values. The distance from datum to the 

energy gradient in the segment is equal to the elevation + depth + kinetic energy of the flow 

(Chapter 3). 

50



 

S 	   Lo Δ

Δ L

S 	   Le Δ

D 1

D 2

V /2 g1
2

V /2 g2
2

So

Se 	  a v.

 
 

Figure 2.9: The hydraulic dimensions of a short segment of a backwater curve reach. 
 

For simple channels measured above a constant datum throughout the segment,  

V1
2/2g + D1 + So ΔL = V2

2/2g + D2 + Se ΔL  

where So is the slope of the channel, Se av. is the average slope of the energy gradient and ΔL is 

the length of a segment for a small increment in depth. Re-arranging the terms the length of 

the segment is: 

ΔL = (V2
2/2g + D2) - (V1

2/2g + D1) 

    So - Se av.  

The segment lengths for each increment of depth between the downstream controlling depth 

and the near normal upstream depth are joined to form the backwater curve. M1 curve 

calculation for a reach of Battle Creek above the Alberta/Saskatchewan border is shown in 

Figure 2.10.  The curve was divided into five increments of depth (Table 2.2) assuming that 

landslide debris similar to that observed by Sauchyn and Lemmen (1996) filled the entrenched 

channel while the stream was flowing at a discharge of 11.4 cum/s (Figure 2.11). The 

downstream control is the depth of the pool impounded by the landslide debris.  The estimated 

backwater effect extends over 140 m to the point where the depth has recovered to within two 

percent of the normal depth governed by the slope of the channel alone.  
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Figure 2.10: Backwater curve depth and distance segments calculated in Table 2.2 for a 1 m landslide 
impoundment in Battle Creek below Police Point, AB (Figure 2.11). 
 

 
 
Table 2.2: M1 backwater curve step calculations for a 1 m deep landslide fill in Battle Creek while it is 
flowing at 11.4 m3/s in a reach above the AB/SK border. In the table D = depth, A = cross-sectional area, V 
= velocity, H = specific energy (D + V2/2g), R = hydraulic radius, Se = the energy line gradient, Se av. = the 
average energy line gradient in the segment, So = slope of the channel bed (0.009), ΔH = change in specific 
energy in the segment, ΔL = segment length, L = total length.  
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Figure 2.11: Landslide debris entering the upper reaches of Battle Creek near Police Point SK 
(photograph D. Sauchyn 1998). 
 

RangaRaju (1981) proposed a useful approximation of the maximum upstream limit of 

backwater effects in mildly sloping streams: 

    L S0 / Dn = 0.92 ( Do / Dn ) 1.05  

where L = the length of the backwater effect to 99% recovery of the normal depth, S0 = the 

slope of the stream bed, Dn = the normal depth predicted by S0 and D0 = the downstream 

controlling depth. The length of the M1 backwater effect in the reach of Battle Creek in the 

above example would be estimated conservatively as 182 m.  

 

Complex channels with floodplain flows or rapidly changing cross-sections may be modeled 

by adding more cross-sections above and below points of change to allow for roughness 

changes, uneven velocity distributions and energy losses from rapid contractions or 

expansions. The calculations are readily programmable. For example, the results of the US 

Corps of Engineers Hydraulic Engineering Center, River Analysis System (HEC-RAS) 

program with expansion and contraction allowances for the same Battle Creek example are 

summarized in Table 2.3.  To perform the calculations, the channel geometry and Manning’s n 

choices are entered in the program data file. The backwater curves for a variety of discharges 

can then be computed. 
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RAS 2.2 
Reach 

Station Q Total Predicted 
Depth 

Bed 
Elevation 

W.S. 
Elev 

E.G. Elev E.G. 
Slope 

Vel Chnl 

  (m3/s) (m) (m) (m) (m) (m/m) (m/s) 
landslide 160 11.40 0.91 1.44 2.35 2.57 0.008659 2.09 
landslide 143.7 11.40 0.93 1.29 2.22 2.43 0.008181 2.05 
landslide 123.5 11.40 0.97 1.09 2.06 2.25 0.007200 1.97 
landslide 85.1 11.40 1.11 0.77 1.88 2.03 0.004780 1.72 
landslide 53.4 11.40 1.31 0.48 1.79 1.90 0.002883 1.45 
landslide 27.2 11.40 1.5 0.25 1.75 1.83 0.001970 1.27 
landslide 0 11.40 1.72 0.00 1.72 1.78 0.001330 1.11 

 
Table 2.3: Battle Creek M1 backwater curve summary predicted by the HEC-RAS program 
 

The HEC-RAS graphical outputs for the backwater curve and channel are shown in Figure 

2.12 and Figure 2.13. 

 
 
Figure 2.12: profile of the M1 backwater curve predicted by the HEC-RAS model for the Battle Creek 
landslide reach.  
 
 

 
 
Figure 2.13: schematic drawing of the M1 backwater reach predicted by the HEC-RAS model for the 
Battle Creek landslide  
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Before/After HEC-RAS Models: Even though the backwater uniform flow models are one-

dimensional, they provide a relative comparison of stream restoration hydraulic alternatives. 

Their relationship with habitats is more complex (discussed in Chapter 3). For example, the 

changes in velocity, depth and bed shear stress in a uniform reach of the Nottawasaga River 

ON with the addition of 3 pools and riffles are shown in Figures 2.14 and 2.15. The riffles 

raise the median annual flood stage to the floodplain level in a straightened and entrenched 

channel below a historic mill dam. The upper riffle back-floods the spillway crest to create a 

shallow fish passage channel.  

 

 
 

 

 

 
 

Figure 2.14: Cross-section and proposed pool and riffle profile for a uniform reach of the Nottawasaga 
River ON below an abandoned mill dam.  
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  BEFORE     AFTER 
 
Figure 2.15: Before and after HEC-RAS models of a Nottawasaga River ON study reach with 3 pool and 
riffle additions. Changes in depth and velocity and the reduction in shear stress would allow gravels to be 
retained behind the riffles in the step-pool profile. Only the upper riffle has been built. 
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Flow Analysis Methods: The real time record of flows are represented in a hydrograph, for 

example in the plot of mean monthly flows for a two year period in Chapman Creek BC 

shown in Figure 2.16.  
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 Figure 2.16: Hydrograph of 1997-98 mean monthly flows for Chapman Creek BC  

 

The same flows may be represented as a duration curve by ranking the monthly discharges 

and plotting them as a cumulative percentage of the record period (Figure 2.17). In this 

summary form, the timing of the flows is disregarded and the magnitude of a given flow or 

greater is expressed as a percentage of the total time period being analyzed. In some cases, a 

partial duration curve may be prepared for shorter periods of specific interest, for example 

during selected spawning months.    
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Figure 2.17: Duration curve of 1997-98 mean monthly flows for Chapman Creek BC. The segmented line 
may be fitted to a general relationship for all flows in a specific period. 
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For instream flow management, both the duration and calendar year time of occurrence of the 

flows are required to determine the persistence of habitats and fish mobility. These two 

properties can be represented in a mass curve of accumulated flows. The mass curve is plotted 

by summing the flows at the end of each period of record on the calendar time scale (Figure 

2.18). The volume of the accumulated flow is expressed as a rate of flow for a given period, in 

this case cubic metres per second – months (cms-m).  
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Figure 2.18: Mass curve of 1997-98 mean monthly flows for Chapman Creek BC.  The low flow portion of 
the curve in the circle is discussed with Figure 2.19. 

 

As the y axis units of the plot are m3/s-months (cms-m) and the x axis units months, the slope 

of the curve (cms-m/m) represents the average rate of flow (cms) during a period of interest. 

This is a useful tool for hind-casting stream habitat conditions at different fish life stages, for 

example, determining the flows during migration periods or the persistence of habitats under 

drought conditions (see Chapter 5, Mink Creek example). 

 

Storage Requirements: The storage required to maintain flows during drought periods may 

be read directly from the mass curve. If the target flow for a drought period is plotted from the 

beginning of the drought until it strikes the recorded flow line, the maximum vertical 

departure of the target flow line from the recorded flow line represents the storage that would 

be required to sustain the flow. For example in Figure 2.19, the 1997 summer flows had 

increased to almost 9 m3/s after the August drought. A line joining the recorded flows from 

discharge 
 
cms-m 
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the beginning of the drought (51) to the end of October (69) represents a steady flow of 6 m3/s 

for the three-month period (18 cms-months divided by 3 months). Water released from 

upstream storage (if available) to maintain a 6 m3/s flow would be replenished by higher flows 

in late September and October. The volume of storage required to maintain the flow is 5 cms-

months, measured as the maximum departure between the recorded flows and the target flow 

line. This represents a volume of approximately 5 (30.5 days) (24 h x 60 m x 60 sec) = 13.18 

million cubic metres drawn from an upstream reservoir. In a small 10 km2 reservoir, the draw-

down of active storage would be 13.18 x 106 / 10 x 1 x 106 = 1.32 m.  This is the maximum 

flow that can be sustained over the sample period. Lesser flows would plot as lower sloping 

lines over shorter periods with smaller intercepts requiring less storage.  

 

 

Figure 2.19: A flow of 6 m3/s can be maintained during the 3-month period that includes drought 
conditions in 1997 in Chapman Creek if 5 cms-m of upstream storage are available.   

 
Mass curve studies are generally undertaken to determine the reliability of power generation 

and water supplies. They are also useful in determining flow conditions at the time of specific 

biological life cycles in the stream because they are calendar date related rather than lumped 

as time duration values. 
 

 

month 
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 Chapter 3:  Local Hydraulics and Habitats 

 
States of Open Channel Flow: Many aquatic habitats are located in short sections of the 

channel where rapidly varied hydraulic conditions occur. In these habitats the depth, velocity and 

trajectory of flow are shaped by the channel geometry and the momentum of cells of water 

moving within one another. For example, fish find cover under air-entrained whitewater where 

rapid flows penetrate quiescent flows, grazing benthic insects seek critical flow conditions 

around cobbles where there is maximum light penetration on the bed of the stream for plant 

growth and juvenile fish find easy refuge in back-eddies and vortices that have no solid 

boundaries but are dynamic structures within the flow. Contrary to the uniform and gradually 

varied flow assumption that all of the flow in a cross-section moves downstream, a surprising 

amount of water may flow across and up the stream in back-eddies and vortices (Figure 3.1).  

 

Figure 3.1: In this short reach at the head of a pool, 2/3 of the flow moves upstream or across the channel in 
back eddies and a “horseshoe vortex” behind the boulder.  Aeration occurs as the rapid flow penetrates the 
slower-moving pool water. Air carried under the surface re-emerges as noisy bubble-popping whitewater 
(Chapman Creek BC).  

 
Energy losses in rapidly varied sections are primarily from turbulence as the flow accelerates in 

contractions and decelerates in expansions. These conditions occur over such a short reach that 

frictional losses on the channel boundaries are comparatively insignificant. Uniform flow 

equations that are frictional loss driven such as Manning’s do not apply. 
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Bernoulli’s Equation: The state of the flow is described instead by the local 

potential energy of the flow (depth-driven) and the kinetic energy of the flow 

(velocity-driven). The potential and kinetic energy components of the flow are 

expressed in an equation named for Daniel Bernoulli (1700-1782) in recognition 

of his founding hydraulic concepts where  

E = Z + D + V2/2g  Bernoulli’s equation 

Applied to stream channels, E = the sum of all of the energy of the flow at that point in the 

channel above a specified datum, Z = the elevation of the channel bed above the datum (m), D = 

depth of flow (m), V2/ 2g = the kinetic energy of the flow (m) where g = gravity (9.81 m/sec2) 

and V = the mean velocity (m/sec). Locally the specific energy of the flow H (m) is the sum of 

the kinetic energy and depth measured above the bed where  

H = D + V2/2g  specific energy equation  

 

Four states of flow may occur in an open channel: 

1. subcritical (typical of most mildly sloping natural channels),  

2. critical (flow over riffles, boulders or flood flows in steeply sloping streams),  

3. supercritical (waterfalls and short vertical drops below boulders and ledges), 

4. laminar (on the channel boundaries and in the hyporheic zone of the substrate).  

 

The depth-velocity zones for the four states 

are shown in Figure 3.2. Critical velocities 

may occur in a steeply sloping stream at 

higher discharges but it is most often 

observed locally on the top of an obstacle 

where water is falling freely over the 

surface, for example, as water flows over a 

boulder or weir. An important characteristic 

of critical flow is that it requires the 

minimum specific energy Hc for a given 

discharge.  

 
Figure 3.2: stream depths, velocities and states of flow. 
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Critical flow is the benchmark for the first three states of flow. If the depth of flow is greater than 

the critical depth, the slower flow is sub-critical. If depth of flow is less than the critical depth, 

the faster flow is super-critical.  As the specific head of critical flow is always divided into 1/3 

kinetic energy and 2/3 depth, the critical velocity is: 

 

                       Vc = (g Dc )½  critical velocity equation 

 

The critical depth and specific energy may be expressed in terms of the discharge and width of 

the flow as: 

 

Dc = ( Q2 / gW2 )1/3 and  Hc = 1.5 Dc =1.5 ( Q2 / gW2 )1/3 critical flow equations  

 

where Q = discharge (m3/s) and W = width of the flow (m). 

 

The critical velocity is also the velocity of a shallow wave caused by a disturbance in a still pond 

of the same depth. Consequently standing waves of disturbance from the bed that are moving 

upstream are trapped in place in zones of critical velocity moving downstream (Figure 3.3). 

 

 

Figure 3.3: Critical depth and standing waves in the entrance to a shallow rapids. The smooth critical flow 
zone occurs in the central throat at the crest (Sea River Falls, Nelson River MB). 
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Froude Number: The Froude number (Fr) is the dimensionless ratio between 

the velocity of the flow and the critical velocity that can be attained at the same 

depth of flow: 

 

                                      Fr = V / (gD)1/2  Froude number 

 

At critical flow Fr = 1. Super-critical flows have Fr numbers > 1 and subcritical flows have Fr 

numbers < 1.  William Froude (1810-1871) used the ratio to establish the similitude between 

model hulls and full-scale ships. He found that the optimum upper speed for displacement hulls 

occurred at approximately Fr = 0.4 where the waterline length of the hull (m) is substituted for 

the depth of flow in the above equation. For a given length of canoe or kayak, paddling harder to 

exceed this speed requires an excessive amount of work as the craft rises higher and higher onto 

its bow wave (see Vogel’s “rubber ducky” experiments, 1994 edition).   

 

Reynolds Number: Reynolds (1842-1912) proposed a dimensionless number 

that would describe the scale of turbulence of the flow relative to the velocity 

and a characteristic length of interest. The Reynolds number Re is the ratio of 

the inertial forces of the moving fluid to the viscose properties of the fluid that 

resist mixing. For stream turbulence this is predicted by the ratio of the velocity 

times the depth of flow divided by the kinematic viscosity: 

 

       Re = V D / η   Reynolds number 

 

where V and D are in m/s and m.  Typical values of the kinematic viscosity η range from 1.8 x 

10 -6 m2/sec for water near 0o C, 1.3 x 10-6 at 10o C and 1 x 10 -6 m2/sec at 20o C. The choice of a 

characteristic length may also depend upon the size of the phenomenon under study. For 

example, the length of a fish or insect measured in the direction of the flow may be used in 

studies of turbulent forces that act directly on the organism. 
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Reynolds numbers distinguish between laminar and turbulent states of flow. The flow is fully 

laminar with no mixing for Re values below 2000. Above a transitional zone between 2000 and 

8000 the flow is fully turbulent.  

 

Flow Transitions: The states of the flow surrounding a habitat of interest provide useful insight 

into the hydraulic structure of the immediate reach. For example, in the simplified flow 

structures created by the weirs and rapids shown in Figure 3.4, the state of the flow shifts from 

 Fr < 1 at 1, to Fr = 1 at 2, to Fr > 1 at 3 and back to Fr < 1 below the hydraulic jump at 4. 

 
Figure 3.4: Changing states of flow in man-made and natural structures (H represents the head above the 
crest and hc the critical depth). 
 

In the accelerating transition 1 to 2, the flow is drawn smoothly over and around the obstruction. 

The glassy surface and smooth flow lines are often mistaken for laminar flow but that occurs 

only in the first mm or so of the channel boundary (Newbury and Bates 2006). In the 

decelerating transition from 3 to 4, the condition is the opposite. The shallow rapid flow does not 

uniformly decelerate but instead penetrates the downstream flow, sweeping air into the water and 
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causing internal rollers to form on the surface. The depth increases abruptly in a hydraulic 

“jump” to a higher elevation. The transitions between fast and slow states of flow are repeated 

many times in riffles and rapids (Figure 3.5). 

  

 

Figure 3.5: Critical depth overflows, hydraulic jumps, subcritical platforms and multiple changes of flow 
states in the rapids below Wuskwatim Lake MB before the Churchill River diversion (Rosenberg et al 1995). 

 

Hydraulic Jumps: The position of the hydraulic jump on or below a spillway or riffle is 

predicted by calculating the upstream and downstream depths in the reach and searching for the 

condition at which: 

 

   y2/y1 = 1.4 Fr1  -  0.4  conjugate depth formula 

 

where y1 and y2 are the upstream and downstream depths and Fr1 is the Froude number of the 

upstream flow (Chow 1959). The upstream flow must be critical or greater for a jump to form. 

The iterative calculations are readily programmed in HEC-RAS or CHUTE (see 2015 Preface). 

 

There are degrees of steepness to the jump, varying from a simple wave to a rapidly re-

circulating near-vertical face depending on the upstream Froude number and downstream depth.  

If Fr1 is less than 1.7 only an undular surface jump is formed.  As the value of Fr1 increases, a 

distinct roller forms with a steeper and steeper face. The length of the jump zone increases with 
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to a maximum of 5.5 to 6 times the downstream depth as the value of Fr1 approaches 5.0 (Chow 

1964). Consequently, if the length and severity of the jump zone is a factor in fish migration it 

can be adjusted by altering the downstream water depth as might be done in designing a stilling 

basin below a road crossing or dam (see Figure 3.19). 

Specific Energy Curves: All combinations of depth and velocity at a given discharge and width 

are expressed in a specific energy curve where the depth of flow is plotted against the specific 

energy of the flow (Figure 3.6). The point of minimum energy occurs at the critical depth where 

the curve reverses slope between the subcritical zone and supercritical zone, in this case at a 

depth of 1.0 m. 

 
 

Figure 3.6: All the combinations of depth and velocity that can occur for a given discharge and channel 
geometry are shown on the specific energy curve. The minimum specific energy required to pass the 
discharge occurs at the critical depth.  
 

This is a key point in adding riffles or contracting the flow in pool and riffle stream restoration. 

If the depth governed by friction in the reach is greater than the critical depth in mildly sloping 

channels there is some leeway for manipulating the specific energy of the flow (ΔZ) to create 

faster and shallower flows locally by narrowing or raising the bed of the stream without 

increasing the flood stage. Larger additions or contractions may be added to deliberately raise the 
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flood stage, for example to access former floodplains in entrenched channels. Several examples 

of calculating the heights of riffles added to create rapidly varying flow conditions in uniformly 

channelized streams are presented in the following chapters.      

 

Hydraulic Habitats in the Flow 

River Continuum Concept: The river continuum concept links habitats and biological 

processes to the idealized progression of hydraulic conditions from the headwaters to the mouth 

of a river shown in Figure 1.1 (Vannote et al 1980). There are shallow turbulent streams in the 

headwaters, deeper bank-to-bank filled channels in the mid-reaches, and broad transitional 

reaches at the end of the river as it enters a lake or tidal estuary (Figure 3.7, Craig 2002).  

 
Figure 3.7: The river continuum concept graphic modified for different basin settings  (Craig 2002). 
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Scale of Hydraulic Conditions: The analysis of the hydraulic conditions depends upon the size 

of the habitats of interest. At the smallest scale, boundary layer flows occur within the substrate 

and on every wetted surface. At the next larger scale, local hydraulic conditions occur around 

objects in the flow. They in turn depend on the geometry of the reach and its position within the 

basin. Each level of hydraulic behaviour is nested within a larger and larger scale until the 

oceans, the atmosphere and the earth itself is encompassed. Consequently the geographic 

location and scale of habitats are essential descriptors. The nesting of hydraulic conditions in a 

basin is shown schematically in Figure 3.8.  

 
Figure 3.8: The nesting of hydraulic conditions from the stream substrate to the catchment in a mid-reach 
pool and riffle segment.  
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The Range of Habitat Hydraulics in Natural Streams: Hydraulic conditions in streams fall 

within the upper zone of velocity and depth combinations shown in Figure 3.9.  The boundaries 

are set by the proximity to the surface and the infrequent occurrence of local areas of 

supercritical flow. Reynolds numbers in the main body of the flow are generally much larger 

than the laminar threshold of 2000 although a very thin laminar layer exists next to the wetted 

boundary (Anderson Jr. J.D. 2005).  For example, the laminar boundary layer on the bed of a 1 m 

deep stream flowing at 1.3 m/s is less than 1 mm thick (Newbury and Bates 2006). At the other 

end of the scale, the areas in which Froude numbers exceed critical values are limited as well, for 

example on the downstream side of overflowing rocks or in waterfalls. Typical habitats defined 

by velocity and depth taken in combination are shown in Figure 3.9. The state (Fr) and 

turbulence (Re) of the flow are plotted as an overlay. In general fish with higher swim speeds 

navigate higher Fr zones. Larger fish can tolerate more turbulent Re flows without being trapped 

in recirculating eddies (see Figure 3.12).   

 
Figure 3.9: Typical habitats defined by combinations of velocity and depth, the state of the flow (Fr) and the 
turbulence of the flow (Re). Larger and faster fish tolerate habitats to the mid right side of the plot.  
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Mapping Hydraulics and Habitats: At the reach scale, habitat conditions are modeled using 

uniform flow hydraulics. The relationship between discharge and the available habitats is 

commonly evaluated using a study plan known as the Instream Flow Incremental Methodology 

(USGS 1999). Flow records are used directly in the calculation of a weighted useable habitat 

area (WUA) in a reach at different depths, velocities and cover conditions (Waddle 2001). The 

utility of the area is weighted by three habitat suitability criteria expressed as suitability indices 

for a study species and their life stage (Figure 3.10).  

 
 
 
Figure 3.10: Schematic suitability curves for velocity, depth and substrate (Bovee 1978, USGS 1999). 
 

The simplified hydraulic analysis and the difficulty of modeling suitability curves using only 

depth and velocity observations may limit the application to being a comparative index of before 

and after conditions in a restored reach (Shirvell and Morantz 1983).  

 

Other methods for determining the environmental discharge required to preserve or enhance 

habitat conditions range from simple portions of the annual flow (Tennant 1976), the flow that 

fills a portion of the channel cross-section (Gippel and Stewardson 1998) or more detailed 

predictions of the hydrographs required during different life stages (Poff et al 1997). 

Uncertainties surrounding environmental flow decisions are widely discussed (for example see 

www.instreamflowcouncil.org ). 
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At a local scale, the Froude number, Reynolds numbers and patterns of turbulence for different 

units of stream flow may be mapped by measuring velocities and depths in pools, riffles and 

back eddies (Jowett 1993). Where the trajectory of high velocity flow enters slower moving 

water, for example at the end of a riffle or contraction in the channel, the flow separates into 

several characteristic cells (Figure 3.11). 
 

 
 
 
Figure 3.11: The trajectory of rapid flow (Re = 1,050,000) entering a slower moving pool (Re = 80,000) causes 
flow separations and back-eddies to form. The large rock splits the flow, forming a double back-eddy  
(horseshoe vortex) downstream. Part of the flow reaches critical velocity as it passes over the rock (Fr = 1) 
(Chapman Creek BC, discharge = 4 m3/s). 
 
Large re-circulating cells or “back-eddies” on either side of the channel are driven by shear 

forces on the boundary of the rapid flow as it penetrates the slower flow. As the higher velocities 

of the rapid flow tilt the water level towards the centre of the channel the cells are inclined 

downwards. This causes up-welling flow on the outside of the cells as the flow emerges and 

down-welling flow approaching the rapid flow trajectory. Where the high flow torrent is split by 

a mid-stream obstacle, the emergent rock in Figure 3.11 for example, four vortices are formed, 

 

HO RSESHO E	  VO RTEX

RO C K
Re 	  = 	  1 ,0 50 ,0 00 	  	  Fr	  = 	  0 .6

Re 	  = 	  15 0 ,0 00
RETURN	  EDDY

Fr	  = 	  1

Re 	  = 	  80 ,000
Fr	  = 	  0 .1 5
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two on the sides of the channel and two smaller vortices immediately below the obstacle. The 

latter two vortices combine to form a single return flow that is down-welling as it approaches the 

downstream side of the rock. This vortex captures surface detritus and delivers it to the 

downstream side of the boulder, forming a protected low velocity feeding habitat.   

 

Habitat choices of fish and insects based on hydraulic parameters have been found in several 

studies:  

 

1. Distribution of fish size and species: ranges of velocities and depths chosen by different fish 

sizes and species sampled in Jumping Pound Creek, AB are shown in Figure 3.12.  

 

 

 
Figure 3.12: Velocity and depth choices of fish observed in Jumping Pound Creek, AB (Swanson and Ray 

2003) 

 

The size and number of fish species changed along the stream as well as the river continuum 

concept suggests. Headwater reaches had smaller fish and fewer species. Their size and diversity 

increased as the stream grew larger (Glozier 1989, Figure 3.13). 
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Figure 3.13: Increase in fish species and size from the headwaters to the mouth of Jumping Pound Creek, AB  

(Glozier 1989).  

 

2. Hatchery vs. natural fish habitat 

choices: the hydraulics of preferred locations 

of wild and hatchery-raised one-year-old 

cutthroat trout in BC streams were mapped in 

Chapman Creek (Bates 1999). Tank-raised 

hatchery fish spread into areas of flow 

seldom used by wild fish in the main torrent 

of flood flows (Figure 3.13). This was a poor 

choice as most of the stocked fish were swept 

downstream to the estuary in the first storm 

event. To provide more release areas with 

shallow habitats several riffles were added to 

back-flood wider reaches in braided sections 

of the stream (see Chapter 4).    
 
 
 
 
 
 
Figure 3.13: Froude preferences in a natural stream made by wild and hatchery-raised one-year-old 
cutthroat trout (Chapman Creek BC, Bates 1998). The higher Froude number areas occur in the deep central 
channel that is scoured by floods. The lower Froude number areas chosen by wild fish occur in shallow back-
eddies on the margins of the channel. 
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3.  Spawning bar preferences: gravel spawning runs chosen by Sockeye, Chinook and Atlantic 

salmon have been characterized by Froude numbers as well. For example, the range of velocity 

and depth combinations at salmon redd sites on the Okanagan River BC (Figure 3.14) follow a 

trend of Froude numbers lying between 0.2 and 0.5 (Figure 3.15, Long 2006). The preferred sites 

are chosen within the full range of Froude number conditions from 0 to 1.0 that occur in the 

spawning reaches.     

 
Figure 3.14: A natural salmon spawning run in the Okanagan River BC. 

 
Figure 3.15: Velocity, depth and Froude number ranges of salmon spawning redds in the Okanagan River BC 
(Long 2006).  
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The range of spawning Froude numbers was reproduced in bars and platforms constructed in the 

Okanagan River restoration project (Chapter 6). 
 
4. Benthic insect habitats: stream insects have a highly refined sense of hydraulic conditions 

surrounding riffles and other shallow areas in the stream (Kani 1944). For example black fly 

larvae cling to critical flow areas on the tops and sides of rocks in riffles and rapids in zones of 

critical and near-critical velocity (Craig and Galloway 1987, Statzner et al 1988) (Figure 3.16).  

  

 
Figure 3.16: Black fly larvae in the critical flow zone on the top of a riffle rock (Battle Creek AB). 

 

Wetmore et al. (1990) found that caddis fly larvae selected rocks in slower flowing runs where 

the Froude number of the flow ranged from 0.4 to 0.6. A randomly sampled range of available 

Froude numbers conditions on boulders in Wilson Creek MB and the ranges chosen by fifth 

instar insects are shown in Figure 3.17.  
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Brachycentrus occidentalis, Wilson Creek MB 

 
Figure 3.17: Caddis fly cases and the Froude number of random and preferred locations on the bed of Wilson 
Creek MB (Wetmore et al 1990). 
 

Flow separation zones may be utilized as well. For example, Caddis fly cases cemented to the 

downstream face of an overtopped riffle rock in an upwelling eddy are shown in Figure 3.18. 

  

 
 
Figure 3.18: Caddis fly cases in the upwelling flow cell behind an overtopped riffle rock in Jumping Pound 
Creek AB.  
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Fish Passage: Where back-eddies are present an organism with limited swimming ability can 

move upstream past the torrent of rapid flow by riding the upstream portion of the eddy. Resting 

areas exist in the centre of the eddies. If an obstacle is overtopped by higher flows, the horseshoe 

vortex shown in Figure 3.11 is replaced by a hydraulic jump. The refuge area is swept away and 

replaced by a small re-circulating vertical eddy below the nappe of the flow on the downstream 

face of the obstacle (as in Figure 3.18). If a weir or bedrock sill extends across the full width of 

the channel, fish passage can only be accomplished with high burst speeds through the critical 

flow or jump trajectories that launch the fish over the obstacle. In studies of the geometry 

required for jumping fish shown in Figure 3.19, Stuart (1962) observed that the launching pool 

depth must be at least 1.25X the height of the jump to develop the speed required.  

  

 
Figure 3.19: Limiting pool depths and flow geometries studied by Stuart (1962). 
 

As well the hydraulic jump formed below an obstacle must be steep and compact enough to 

allow the non-aerated flow to closely approach the face of the barrier. Otherwise the air-

entrained water reduces the buoyancy of the fish and the effective resistance to swimming 

thrusts. In some cases, full stream width obstacles require backflooding to create a launching 

pool (Figure 3.20, see Chapter 7). 
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Figure 3.20: The launching pool below this small dam was created by backflooding the tailrace with a 
downstream rock riffle (Sakinaw Lake BC project, Chapter 7). 

 
Jumping abilities with required pool depths for several species are listed in Table 3.2.  

 

Species and Life Stage 
(size - mm) 
 

Max. Jump Height 
(m) 

Min. Pool Depth 
Required (m) 

Rainbow and  Adults 
Cutthroat              Juveniles (125 mm) 
  Juveniles (50 mm) 

1.5 
0.6 
0.3 

1.88 
0.75 
0.38 

Coho and          Adults 
Chinook               Juveniles (120 mm) 
                             Juveniles (50 mm) 

2.4 
0.5 
0.3 

3.0 
0.63 
0.38 

Chum/Pink 1.5 1.88 
Sockeye          Adults 2.1 2.63 
Steelhead          Adults 3.4 4.25 
Whitefish  Adults 1.0 1.25 
Arctic Grayling Adults 1.0 1.25 

  
Table 3.2: Jumping abilities (from Whyte et al. 1997). 

 

Fish swimming performance is often measured in closed pipes (respirometers) and flumes to 

determine burst and prolonged speeds. Research in open channel raceways suggests that fish 

achieve better results by adopting an unsteady burst and glide gait (Peake and Farrell 2004). A 

summary of results observed by Peake is shown in Figure 3.21. 
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Figure 3.21: Salmon and trout swimming performance based for a range of fish lengths (Peake 2008). 
 

Velocities, depths and jump heights may be adjusted below dams, rapids, and culverts by 

constructing fish passable rock riffles that backflood the flow below the obstruction (see 

Chapters 4 and 7). 
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Chapter 4: Designing Pools, Runs and Riffles 

 

Design Objectives: Riffles and rapids may be added to channels to change the local state of 

flow, increase access to floodplains, provide fish passage, reduce bed and bank erosion and 

create new habitats for fish, insects and aquatic vegetation (Harper et al 1998). Targets for low-

flow and flood stages are design decisions that must be made at the outset. Three typical 

conditions are: 

 

1. raising the upstream stage so that the design flow reaches the trim-line or floodplain 

level. This condition often occurs in entrenched streams where down-cutting has forced 

the channel to carry higher and higher discharges until the banks steepen and collapse. In 

many cases the water level in the upstream pool approaching the riffle is raised until the 

median or design flood breaks out of the channel into the floodplain or reaches a historic 

trim line, 

 

2. raising the upstream stage until a culvert, channel constriction or launching pool is 

backflooded enough to allow fish passage,  

 

3. altering a uniform, often man-made channel profile to create riffle, run and pool habitats. 

These are best set in conjunction with the habitats required by the target species and their 

life cycles.     

 

The riffles or rapids themselves must be designed ruggedly with opportunities for routes of flow 

to emerge at different stages so that channels between pools are available over a range of 

discharges. For example, riffles were added in a man-made uniform reach of Chapman Creek BC 

in 1994 (Figure 4.1) to retain spawning gravels and create accessible pools that would persist at 

low flows. The average cross-section in the reach is 1.6 m deep and 21 m wide. The retained 

gravels in the lower half of the upstream pools are heavily used by spawning pink and chum 

salmon (Figure 4.2). 
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Figure 4.1: A rock riffle was added to Chapman Creek to retain spawning gravels and maintain water 
depths. The bankfull depth at the site is 1.6 m. The height of the riffle crest is 0.28 m. 
 

 

Figure 4.2: Bed load spawning-sized gravels retained above the Chapman Creek riffles. 

 

The depth of the median flood discharge of 68 m3/s (50% annual frequency) just fills the uniform 

channel to the floodplain stage. The design question was, how deep a pool can be created behind 

the riffle without increasing the natural flood frequency that would threaten a nearby hatchery 

and trailer park?  To meet this condition the height of the riffle must be less than or equal to the 

difference between the specific energy of the pool at the floodplain stage and the minimum 

specific energy required to pass the same discharge at the critical depth (ΔZ in Figure 3.6).  
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Riffle Height Calculations: At the bankfull stage in the pool above the riffle at a discharge of 

68 m3/s the average velocity is Q/(W x D) or 68 / (21 x 1.6) = 2.02 m/s. The specific energy is D 

+ V2/2g = 1.6 + ((2.02)2/2x9.81) = 1.6 + 0.21 = 1.81 m.  This is greater than the specific energy 

required to pass the same flow at the critical depth. The critical depth at 68 m3/s = (Q2/gW2)1/3 or 

(682/9.81(21)2)1/3 = 1.02 m. The critical velocity = (gDc)1/2 = (9.81 x 1.02)1/2 = 3.16 m/s. The 

critical specific energy = 1.02 + (3.16)2/ (2 x 9.81) = 1.02 + 0.51 = 1.53 m. Therefore the 

maximum height of the riffle based on the difference between the energy level in the pool and 

the minimum energy required to pass the same flow at the critical depth over the riffle is  

ΔZ = 1.81 – 1.53 = 0.28 m. The riffle height must not exceed 0.28 m if the same bankfull flood is 

to pass through the reach without exceeding the pre-project bankfull stage. The depth and 

specific energy of the flow as it approaches and passes over the riffle is shown in Figure 4.3. 

 
 

 
 

Figure 4.3: Schematic profile of the change in state of subcritical to critical flow as it passes over a riffle crest 
in Chapman Creek without increasing the flood stage.  
 
 

The riffle calculations and dimensions are summarized in the pool and riffle design data sheet 

and diagrams on the following two pages (Table 4.1 and Figure 4.4). They may be conveniently 

entered in a spreadsheet to test other pool, riffle and discharge combinations.  

  

82



    

 
 
 RIFFLE HEIGHT  

Chapman Creek 
BC 
 

Q design discharge  m3/s  68 

D depth of flow approaching riffle m  1.6 

W average width of flow  m  21 

V approaching velocity  m/s Q / W D 2.02 

v2/2g velocity head (kinetic energy of approaching 
flow) m  0.21 

H  specific energy m D + V2/2g 1.81 

Dc critical depth of flow m Dc = (Q2 / gW2)1/3 1.02 

vc2/2g critical velocity head  m Dc / 2  0.51 

Hc critical specific energy  m Hc  = Dc + vc2/2g 1.53 

RH riffle height above channel bed m H – Hc  0.28 

    

 DIMENSIONS   

SB channel slope  .03 

SRU slope of upstream riffle face  0.5  (2:1) 

SRD slope of downstream riffle face  0.1 (10:1) 

RU distance of heel to crest m  RU = RH / (SRU + SB) .53 

RD distance of crest to toe m RD = RH / (SRD – SB) 4.0 

YD height of bed at the crest above toe  m YD = RD (SB) 0.12 

 total drop in chute  m YD + RH 0.4 

    

 
Table 4.1: Summary of Chapman Creek riffle calculations. 
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Figure 4.4: Riffle Dimensions. 
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Designing Channel Constrictions: The critical flow analysis may be applied as well to 

determine how narrow the stream can be made without increasing local flooding, for example by 

intruding bridge abutments (Figure 4.5). This is an essential calculation in many projects where 

flow retarding bars, boulder clusters and debris catchers are added to stream banks.  

  

 
Figure 4.5: Schematic plan and profile of the minimum width between bridge piers that can be attained 
without increasing the upstream energy line and water level at the bankfull flood stage. 
 
The width of the stream may be narrowed locally until the specific energy of the critical flow 

equals the normal specific energy in the reach. For example, if the specific energy for 1.6 m deep 

normal bankfull conditions in Chapman Creek is 1.81 m, the critical depth will be  

2/3 (1.81) = 1.21 m. The critical velocity will be (9.81 x 1.21)1/2 = 3.45 m/s. To pass the bankfull 

flow of 68 m3/s without backflooding, the width required will be 68 / (1.21 x 3.45) = 16.29 m. If 

contraction losses are minimized with a smooth transition between widths, the stream can be 

narrowed locally without causing flooding by (21 – 16.29) = 4.71 m. The addition of the bridge 

piers counter-intuitively causes the water level to decrease to less than the normal stage in the 

narrower section because of the greater kinetic energy of the faster critical flow.  

 

85



    

Bed erosion may occur because of the increased shear stress of the faster flow. The size of bed 

materials in the channel can be increased to maintain the bed elevation using the erosion velocity 

relationships discussed in Chapter 1 (Figures 1.20 and 1.21). Alternately, erosion to form a pool 

around the toe of an intruding structure like a debris catcher may be desired.  

 

Designing Pool, Run and Riffle Reaches: The restoration of a pool, riffle and run profiles 

requires both local and backwater flow analyses. Several flow patterns are possible depending 

upon the steepness of the channel, the riffle heights and the pool lengths (Chanson 1994). Three 

common cases are shown in Figure 4.6.  

 
Profile A: in the riffle-pool sequence, for a target riffle height the riffle spacing is adjusted so 

that the low flow elevation of the downstream riffle just reaches the toe of the upstream riffle. 

 

Profile B: in the riffle-run-pool sequence, the spacing is divided into run and pool segments. In 

some meandering alluvial streams energy losses in the pool and run segments were observed to 

be approximately equal (Leopold, Wolman Miller 1964). 

 

Profile C: in the backflooded sequence, the riffle spacing is decreased to flood the face of the 

upstream riffle, creating a step pool channel that has a continuous water depth throughout. This 

is the classic stepped channel design used by Roman and Andean designers to control velocities. 

Modern designs occur in drop-structure controlled channels and canals. 

  

In steeper riffles and narrowed channels, expansion and contraction losses hxc (m) must be 

accommodated in the riffle design. They are estimated from the change in kinetic energy 

Δ(v2/2g) as the flow contracts above and expands below the structure where hxc = C Δ(v2/2g). 

The contraction or expansion coefficient C varies with the type of structure and geometry of the 

local transition. Values for in-stream structures range from 0 (very gradual transitions) to 0.5 

(square bridge abutments with backwater effects). Minor structures with critical or lesser local 

velocities without hydraulic jumps and abrupt transitions have low expansion coefficients. 
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Figure 4.6: Mixed hydraulic conditions in pool, run and riffle channels.  
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A profile C stepped-pool project is shown in Figures 4.7. The stream runs through a golf course 

where bank erosion and meander migration are suppressed.  

 

Figure 4.7: Profile C stepped pool construction in Dickson Brook NB (see Chapter 5). 

 
A profile B riffle and run project is shown in Figure 4.8. Runs were created to promote point bars 

and undercut the banks in meander bends. 

 

 
Figure 4.8: Profile B riffle-run channel constructed on the North Pine River MB (see Chapter 6). 

 

Summary calculation sheets and diagrams for designing pools, runs and riffles are contained in 
Appendix.  
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APPENDIX 
 Design and Construction Aids 

 
EQUATION	  SUMMARY	  SHEET	  

(refer	  to	  text	  for	  appropriate	  coefficients)	  
 
(1) bifurcation ratio = no. of stream segments of order n + 1 
                                    no. of stream segments of order n 
 
(2) channel form  ≈ structure + process + time  
 
(3) channel width W (m) = 4.5 (median annual flood 
discharge Q2)

0.5  
  
(4) cumulative probability P (%) = 100 (rank / n + 1) 
 
(5) rate of meander progression (m) ≈ 0.1 (rc / W)   
 
(6) tractive force T (kg/m2) = 1000 D S  ≈  diameter in 
motion (cm) 
 
(7) force of the flow Fx (kg) ≈ 100 Ax Vx

2 

 
(8) peak QA / peak QB = (basin area A / basin area B)0.8 
 
(9) velocity V (m/s) = R2/3 S1/2 / n  (Manning’s equation) 
 
(10) hydraulic radius R (m) = W D / (W + 2D) 
 
(11) discharge Q (m3/s) = V A  
 
(12) Manning’s n = 0.04 (Ø50)

1/6  (Strickler in Chow 1959) 
 
(13) energy of the flow E (m) =  Z + D + V2/2g     (Bernoulli) 
 
(14) specific energy H (m) = D + V2/2g 
 
(15) critical velocity Vc (m/s) = (g Dc)

1/2   
 
(16) critical depth Dc (m) = (Q2 / g W2)1/3 
 
(17) critical specific energy Hc (m) = 3 Vc

2/2g = 1.5 Dc 
 
(18) Froude number Fr = V / (gD)1/2 
 
(19) channel Reynold’s number Re = V D / v 
 
(20) simple riffle height ∆Z (m) = Hpool - Hcritical 
 

 

 (Strahler 1964) 

 
(William Morris Davis c1900) 
 
Q2 (m3/s) (Kellerhals and Church 1989) 
 
 
n = number in sample 
 
rc = radius of curvature (m)          
(Hickin and Nanson1975)  
 
D = depth (m)  S = slope of the 
energy gradient  (Lane 1955) 
 
 
Ax = cross-section of a submerged 
impermeable object (m2) 
Vx = approaching flow velocity 
(m/s) 
 
 
 
 
A (m2) = D W (rectangular channels) 
 
n = Manning’s roughness 
coefficient (m1/6) for smooth 
channels, high depth, Ø50 = 
median bed paving material (m) 
 
Z = elevation above datum (m) 
 
g = gravity constant (9.81 m/s2) 
 
 
 
 
 
 
 
v = kinematic viscosity 1.0 x 10-6 
(m2/s) at 200 C, 1.6 x 10-6 at 00 C 
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SIMPLE	  POOL	  AND	  RIFFLE	  CALCULATION	  SHEET	  
           

 RIFFLE HEIGHT   

Q design discharge  m3/s   

D depth of flow approaching riffle m   

W average width of flow  m   

V approaching velocity  m/s Q / W D  

v2/2g velocity head of approaching flow  m   

H  specific energy of approaching flow m D + V2/2g  

Dc critical depth of flow m Dc = (Q2 / gW2)1/3  

vc
2/2g critical velocity head  m Vc = Dc / 2  

Hc critical specific energy  m Hc  = Dc + vc
2/2g  

RH riffle height above channel bed m H – Hc  

    

 DIMENSIONS   

SB channel slope   

SRU slope of upstream riffle face   

SRD slope of downstream riffle face   

RU distance of heel to crest m  RU = RH / (SRU + SB)  

RD distance of crest to toe m RD = RH / (SRD – SB)  

YD height of bed at the crest above toe  m YD = RD (SB)  

 total drop in chute  m YD + RH 
 

    

 SPACING   

L pool length with no back-flooding  m L = RH / SB  

BF height of back-flooding on upstream riffle m   

Istep interval between stepped crests  m Istep = L  – (BF / SB) + RD   

Irun interval between run & pool crests m Irun = L + RD + run  
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Videos	  showing	  riffle	  layout	  surveys	  and	  construction	  are	  included	  on	  the	  attached	  CD	  (see	  Riffle	  
Construction	  Files).	  

Mould Engineering Ltd. 2001 
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