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PREFACE 
 

 
Lecture notes for the proposed Engineering Degree Level Course entitled ‘Water Resources 

Development’ for branches in Electrical, Mechanical, Instrumentation and Electronic 

Engineering is in accordance with the approved syllabus. These have been prepared by Prof 

PK Pande, Former Provice Chancellor, Head and Professor of Hydraulics Deptt. of Civil 

Engg., University of Roorkee (1960-2000) who has been enclosed in various water resources 

projects in the country. Modern trends in design are brought out. Copies of some relevant 

published/ unplublished papers  on various aspects of design are included. It may be noted 

that published design papers are relevant to the design practice at the time of publication/ 

design and must be used/ modified with relevant to current practice at the time of publication/ 

design and must be used/ modified with relevant to current practice as per reference given in 

the text. The material in these notes is also part of a book entitled ‘Hydro-electric 

Engineering Practice in India’ being complied by author. 

 

 

 

 

 

         (ARUN KUMAR) 
            Head, AHEC, IIT, Roorkee 
 



FOR ENGINEERING DIPLOMA LEVEL COURSE 
 
For the branches in Civil, Electrical, Mechanical, Industrial, Agriculture, 
Environmental, Production, Electric Engg. 
 
1. Course Title: Water Resources Development  

 
2.* Contact Hours: L:48 T:0 P:0  
 
3.* Examination Duration (Hrs.): Theory :   Practical : 
 
4.* Relative Weightage : CWS  PRS  MTE  ETE 
 PRE 
 
5.* Credit:   6.* Semester:  
       Autumn     Spring        Both 
7. Pre-requisite: NIL   
 
8. Details of Course:  
 

Sl. 
No. Particulars 

Contact 
Hours 

1. Government Hydropower policies, environmental issues, SWOT-
(Strength weakness opportunity threatening) of hydropower projects, 
type of clearance required for Hydropower project, master plan,  
topography, catchments area, types of streams, allotment of site-(Open 
bid, Mou, Joint venture). 

3 

2. Survey & investigation, PFR-(Pre-feasibility report), DPR (Detailed 
Project Report), Process of  development of site (announcement, 
allotment, clearance, agreement, commissioning).Types of survey- 
Topographical, metrological, hydrological, ecological, geological. 
Arial Rainfall Measurement, Type of flow measurement Devices-
(Notch, weir, flume), dilution method, and Flow duration curve 
(important), flood – discharge estimation kripitech formula, dickens 
formula, English formula, hydrograph, unit hydrograph. 

4 

3. Financial institution, SOI Map, Cost / Estimation – wheeling charges, 
Banking, Moratorium, PPA-(Power purchase agreement), SERC-
(State electricity regulatory commission) Hydrological cycle. 

2 

4. WATER RESOURCES PLANNING—Water Resources in India, 
Purpose & Classification of Water Resources Development Projects, 
Functional Requirements of Multipurpose Projects, Strategies for the 
Future. 

2 

5. HYDROLOGY—Hydrologic Cycle, Precipitation, Runoff, 
Hydrograph Analysis. 

3 

6. PRECIPITATION & PRECIPITATION LOSSES—Forms & Types 
of Precipitation, Rainfall in India, Measurement of Rainfall, Design 
Storm, Evaporation & its Estimation, Reducing Reservoir 
Evaporation, Evapotranspiration, Interception, Storage in Depression, 
Infiltration, Watershed Leakage. 

3 

* These are to be decided by the respective University/Board 



Sl. 
No. Particulars 

Contact 
Hours 

7. GROUND WATER—Subsurface Zoning, Water Bearing Material, 
Aquifers, Steady, unsteady & Ground Water flow. Well Hydraulics, 
Well Losses, Stream & Seawater Intrusion, Groundwater 
Investigation. 

5 

8. STREAM FLOW—Terminology, Factors Influencing Runoff, Runoff 
Computation, Runoff Simulation Models, Storage, Discharge 
Measurements. 

4 

9. HYDROGRAPHS—Concepts & Components, Unit Hydrograph, S- 
Hydrograph, Distribution Graph. 

3 

10. DESIGN FLOODS—Introduction, Design Floods, Flood Estimations, 
Analysis of Regional Flood Frequency. 
 

3 

11. RESERVOIR PLANNING & DAM PLANNING—Investigation, Site 
Selection, Zones of Storage, Storage Capacity, Sedimentation & 
Control, Single & Multipurpose Reservoir, Flood Routing. 
Classification of DAMS, Factors Influencing selection of Dam, Site 
Selection. 

6 

12. SPILLWAYS & DIVERSION HEADWORKS—General, Types, 
Energy Dissipation, Indian Standards Criteria, Gates, Outlet works. 
Diversion Headwork Components, Weirs, Khoslas Theory, Silt 
Control, Site Selection, Effect of Weir on Regime of River. 

4 

13. WATER POWER ENGINEERING—General, Classifications, 
Principle Components, Site Selection of Hydro-Power Plants, 
Turbines Power House, Water Power Potential Assessment, Design of 
Hydel Channel.   

4 

14. REMOTE SENSING APPLICATION on WATER RESOURCES - 
Preliminary Concepts 

2 

 
Suggested Readings: 
 
1. Arakeri, H.R., Donahue, Roy, “Principles of Soil Conservation & Water 

Management”. 
2. Bower, H., “Ground Water Hydrology”. 
3. Central Water Commission, India, “Water Sources of India”, Publication  

No.30/88,CWC, New Delhi, 1988. 
4. Indian Institute of Remote Sensing, Publications on Water Resources. 
5. Karanth, K.R., “Ground Water Assessment Development  & Management”. 
6. Patra, K.C., “Hydrology &Water Resources Engineering”. 
7. Sharma, R.K., “A Text  Book of  Hydrology & Water Resources”. 
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1. OCCURANCE OF WATER ON EARTH AND ITS 
MOVEMENT 

 
Water is an essential ingredient for sustenance of life. The total quantity of water 

available on earth is estimated to be about 1400 million cubic kilometer, which is enough to 
cover the earth with a layer 3 km deep. However, 97.3% of this is saltwater in oceans, 
thereby leaving only 2.7% freshwater. Again, about 75% of the freshwater lies frozen in the 
Polar Regions and about 22.6% is groundwater- some of it very deep to be economically 
extractable. The surface freshwater is thus only about 0.07% of the total water occurring on 
earth. With increasing population, while the demand for water increases, anthropogenic 
pressures are rendering many water sources unfit for use because of the high level of 
pollution. Development and management of water resources is thus one of the important 
aspects of development at the present time. 

HYDROLOGIC CYCLE 
 

The conceptual model describing the movement and storage of water on earth is 
known as the Hydrologic Cycle. The energy of the sun is responsible for this cycle (Fig.1.1). 
 

 
 
 

 
There are six processes taking place in the Hydrologic Cycle viz.: 
 

1. Evaporation and Transpiration (Evapotranspiration) 
2. Condensation 
3. Advection 
4. Precipitation 
5. Surface Runoff 
6. Infiltration and Percolation 
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Water is evaporated from the oceans, inland water bodies and land surface because of 
the energy supplied by sun. Water vapour also enters the atmosphere due to transpiration by 
plants and animals.  
 

Condensation of this vapour on the nuclei present in atmosphere results in the 
formation of clouds.  
 

The clouds are transported by winds (Advection) and under appropriate conditions 
result in precipitation in the form of rain, sleet, hail or snow. 
 

Part of the precipitation flows overland (Surface Runoff) and through drains and 
rivulets, joins a river and ultimately flows back into the oceans. 
 

Part of the precipitation is intercepted by the leafs of plants (Interception), while the 
rest falls on the ground and may infiltrate through the soil (Infiltration) or through fracture 
and interstices of rocks (Percolation) and join the groundwater reservoir. 
 

The freshwater available for use can be in the form of surface water i.e. the water in 
lakes, streams and reservoirs or in the form of groundwater, which is extracted from aquifers. 
There is a strong interaction between surface and groundwater as they feed each other. 

IMPORTANCE OF WATER MANAGEMENT 
 

As already mentioned, the fresh water forms a very small fraction of the total water 
available on the earth and its management therefore assumes a great significance for the 
survival of life.  
 

It is estimated that about 400,000 cu km. of water is evaporated annually. Of this, the 
evaporation from oceans is about 340,000 cu km., while from land it is 60,000 cu km. The 
rainfall, on the other hand, is 300,000 cu km. over oceans and 100,000 cu km over land. The 
difference of 40,000 cu km between the evaporation and precipitation over land is thus the 
renewable fresh water supply of the earth. 
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Fig. 1.2: Water availability 

 
In the Indian context, one of the major problems is the skew distribution of 

precipitation both in time and in space. Most of the precipitation in India takes place in the 
monsoon months. The average annual rainfall of India is 1143 mm. and nearly 75-90% of this 
occurs in 25 to 60 days of monsoon. Further, while there are areas in the Northeast which 
receive excessive rainfall- more than 11,000 mm- there are areas in Rajasthan that may be 
receiving as little as about 220 mm of rainfall. There is also a variability of upto about 20% in 
the rainfall from year to year in most of the parts. 
 

The Central Water Commission of India has made a basinwise assessment of the 
water potential of the country. The total utilizable resources are estimated to be 1110 cu km 
annually, of which surface water accounts for 690 cu km and groundwater the remaining 420 
cu km. It is estimated that the water demand by the year 2025 will nearly equal or exceed the 
availability. Thereafter, the alternative of interbasin transfer of water will have to be seriously 
considered. There is thus an imperative need for proper management of the water resources 
of the country. 
 

Some of the important management issues that need to be addressed include: 
 
• Creation of enough storage  

 
As mentioned earlier, the rainfall and hence the surface runoff is not evenly 

distributed in time, with a major part of surface runoff taking place in the  monsoon months. 
The excess runoff during monsoons flows back into the oceans unless enough storage is 
created to store the water when available and draw from the storage during the dry months. 
This requires construction of dams at sites where the same is possible. 

 
• Conjunctive use of surface and ground water to avoid ground water mining 

 
Water for various uses can be drawn from surface water sources like rivers, lakes  or 

reservoirs or from ground water sources through wells and tubewells. Excessive application 

          ATMOSPHERE                     0.013 million cu km 
                                                             (Water Storage) 

 
        LAND 
33.6 million cu km 
  (Water Storage) 

       
         OCEANS  
 1350 million cu km 
    (Water Storage) 

PRECIPITATION 
300,000 cu km 

PRECIPITATION 
100,000 cu km 

RUNOFF/ GROUNDWATER 
              40,000 cu km

EVAPORATION 
   60,000 cu km 

EVAPORATION 
340,000 cu km 
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of surface water, specially for irrigation purposes can lead to waterlogging of fields. 
Similarly, excessive withdrawal from ground water can lead to a permanent lowering of the 
water table- termed as ground water mining.  Either of these situations need to be avoided. 
The proper use of both surface and  groundwater is termed conjunctive use and needs to be 
resorted to. 

 
• Increasing groundwater recharge 

 
Ground water mining can be avoided by increasing the recharge. With increase in 

draft due to increased demand and reduction in recharge area due to construction and other 
activities, artificial recharge has to be resorted to in many areas. 

 
• Rainwater harvesting 

 
The collection of rainwater at the point of use is termed rainwater harvesting and  has 

been gaining ground as a cheap and effective means of water collection for later use. The 
water can be collected from the roof tops, fields and paved surfaces and this collected water 
could be stored  in tanks for its subsequent use whenever required. 

 
• Interbasin transfers- creation of a national water grid 

 
As already mentioned, there is a skew distribution of rainfall in space also. Thus while 

one part of the country may be experiencing drought conditions at some  point of time, 
another part may be faced with the problem of floods. Transfer of  water from one river basin 
to another under such conditions can alleviate the  problems of scarcity as well as flooding 
to a large extent. The concept of a  national water grid is based on this philosophy. 

 
• Water quality- both surface and ground water 

 
With increasing population and consequent pollution of water sources, water quality 

is becoming a very important parameter in water resources management.  While the surface 
water sources are getting highly polluted, ground water is also not unaffected from the same. 
The various sources of water pollution include municipal and industrial wastes, agricultural 
return flow, leaching from sanitary  landfills, leakages from underground reservoirs etc.  
The Central Pollution  Control Board has classified  surface water into different categories 
depending on  its quality and specified the designated best use for each category. Prevention 
and control of water pollution, however remains one of the priority areas in water  resources 
management. 

 
• Economical use of water in all activities 

 
The economical use of water in all the activities is another aspect that needs to be 

stressed. The consumer has to be made aware of the current scenario and educated on the 
economical use of water. Such an exercise needs to be undertaken not only in irrigation, 
where most of the farmers still use the flooding method of irrigation, but also in other sectors 
including domestic and industrial usage. 
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2. SURFACE WATER – DIVERSION SCHEMES 
 

While surface water sources include rivers as well as lakes, rivers remain the major 
source of the same. The strategies for development of this source can be based either on 
diversion of the water available in the river at any point of time or on storing water when 
available (such as in monsoon months) and drawing from the storage during lean flows. In the 
former case, these are termed as diversion schemes, while the latter are called storage schemes. 
 

While diversion schemes are quite popular for irrigation, they may also serve the purpose 
of power generation and water supply. Diversion schemes for power generation alone are also in 
existence. 
 

DIVERSION SCHEMES FOR IRRIGATION 
 

Diversion schemes are quite common for irrigation and the following discussion 
primarily pertains to irrigation schemes. 
 

A diversion scheme for irrigation will essentially consist of the following: 
 
• Diversion Headworks- These are the works constructed across the river at the point 

where a canal takes off (head of the canal). 
• Distribution Network- This will include the main canal, branch canals, and distributaries 

to covey water to the fields. 
• Canal Regulation Structures- These are works such as canal falls, cross-regulators, 

distributary head regulators etc. 
• Cross Drainage works- Works required at places where a canal crosses a drain or a river. 

 

DIVERSION HEADWORKS 
 

A canal will normally be taking off from a river and the works constructed at the point of 
take-off are called the headworks. A diversion headwork performs the tasks of diverting the river 
water to the canal as well as regulating the quantity of water entering the canal. Control of the 
sediment entering the canal may also be a function of the headworks. 
 

The major components of a typical diversion headworks are: 
 
• Weir or Barrage 
• Undersluices 
• Divide Walls 
• Fish Ladder 
• Canal Head Regulator 
• Sediment Excluder 
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• River Training Works 
 
Fig.2.1 shows the layout and the main components of a typical canal headworks. 
 
   Fig.2.1 
  
Weir  

 
The weir is a structure built across the river to raise the water level on the upstream side 

to ensure easy diversion of water to the canal. The raising of water level is carried out by 
providing a raised crest in the weir and with the help of shutters over the crest. In some works, 
the crest height is very small or even zero and the control is by means of gates, in which case the 
work is known as a barrage. Typical sections of weir and barrage are shown in Fig.2.2. 
 
   Fig.2.2 
 

There are three interrelated parameters that need to be fixed while designing a weir or a 
barrage. These are the afflux, the waterway and the pond level. 
 

Afflux is the difference between the flood level on the upstream and downstream of the 
weir/barrage under free flow conditions and is a consequence of the construction of the same. 
Since the flood level on the upstream goes up by an amount equal to the afflux, a larger value of 
afflux means higher flood levels and hence more submergence on the upstream side. It is 
therefore aimed to keep the afflux as low as possible and the value generally adopted is 1.0m or 
less, except in reaches where the river has a very flat gradient, where values of the order of 0.3m 
are considered adequate. 
 

Waterway is the length of the structure from abutment to abutment. This is the total 
passage available for the water to flow over the weir and undersluice portions and is generally 
fixed based on the Lacey’s regime perimeter. According to the Lacey’s theory, the regime 
perimeter is given by 
 
  P = 4.75 Q  in SI units 
 
 In which P is the regime perimeter in m and Q the design flood discharge of the river in 
m3/s. The waterway is chosen so as to be close to the regime perimeter. 
 

Pond level is the water level maintained on the upstream side of the headworks to 
facilitate the diversion of water into the canal. This is governed by the full supply level of the 
canal and is generally kept above the full supply level of the canal at the head. The difference 
between the pond level and the full supply level of the canal- called the working head- is usually 
kept about 1.0-1.2 m. Since the full supply level of the canal depends on the command and is 
determined once the canal longitudinal section has been fixed, the pond level also gets more or 
less determined. 
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The pond level is maintained with the help of a raised crest and falling shutters in a weir 
and gates in case of a barrage. When water has to be passed over the weir- as in case of floods- 
the shutters are dropped and flow takes place over the crest. The discharge over the weir is given 
by: 
  
  Q = C L H3/2 

 
Where Q is the discharge, L the length (waterway) of the weir and H is the head over the 

crest. C is a constant depending upon the crest width and is usually taken as 1.71 in metric units. 
 

Once the afflux has been decided, the level of the total energy line (TEL) on the upstream 
is obtained by adding the afflux to the level of the total energy line before the construction of the 
weir. The latter is available from the stage-discharge curve of the river at the site. Knowing this 
level and choosing a waterway, H can be obtained from the above equation. The value of H 
subtracted from the level of the upstream TEL gives the crest level of the weir. Ponding is 
carried out by providing a solid crest upto the level so obtained and providing shutters for the 
remaining height. Variations of these parameters can be tried to obtain a satisfactory 
combination. Falling shutters with heights more than 2.0m pose many problems and hence are 
avoided by a suitable combination of the afflux, waterway and pond level. 
 

In the case of a barrage, however, there is no limitation to the height of gates and as such 
the crest height can be very small. Sometimes barrages can even be designed with no solid raised 
crest at all.  
 

Having fixed the parameters mentioned above, the design of the weir/barrage is carried 
out. This requires designing from surface flow as well as subsurface considerations. 
 
Undersluices 
 

Undersluices are gate controlled openings provided in continuation of the weir/barrage 
adjacent to the canal head regulator. If there are two canals taking off on either side of a 
headworks, undersluices are provided on both the sides. The crest level of the undersluices is 
generally kept at the minimum river bed level so as to attract the river flow towards canal 
regulator even during low flows this is separated from the weir portion by a divide wall. These 
serve the following purpose: 
 

1. To maintain a still pond of water near the canal entry 
2. To flush out the sediment deposited in the pond for maintaining a deep water channel on 

the canal side 
3. To pass smaller floods without the necessity of dropping the weir shutters. This is done as 

raising the weir shutters after passing a flood is a cumbersome process, while gates can 
be raised easily. 

 
The undersluice discharging capacity is fixed on the basis of the above considerations 

and is generally kept equal to the maximum of the following: 
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1. Twice the canal full supply discharge- this is to ensure sufficient sediment scouring 
capacity 

2. 10 to 20% of the high flood discharge of the river 
3. Low floods- which the undersluices should be able to pass while maintaining the pond 

level on the upstream side 
 
Divide Wall 
 

The divide wall is constructed to separate the weir portion from the undersluices and 
serves the following purposes: 
 

• To provide, alongwith the undersluices and head regulator, a still pond of water in front 
of the head regulator. This helps sediment to settle down and reduce its entry into the 
canal. 

• To prevent cross currents that may develop along the weir and cause damage. 
• To isolate the undersluice floor from the main weir that has a higher floor level. 

 
 
Fish Ladder 
 

This is a narrow opening provided between the divide wall and the undersluices to allow 
fish to migrate. In order to keep the velocity of flow in the fish ladder reasonably low to allow 
the fish to swim against the current, the fish ladder is provided with baffles (Fig.2.3). The design 
of this needs consideration of the type of fish in the river. 
 
   Fig.2.3 
 
Canal Head Regulator 
 

The canal head regulator, as the name implies, is intended to regulate the supplies to the 
canal. It also serves to control the entry of sediment into the canal. A typical section of a canal 
head regulator is shown in Fig.2.4. 
 
   Fig.2.4 
 

The fixing up of the crest level and width of waterway are amongst the first steps towards 
the design of the head regulator. The crest of the canal head regulator is kept above the sill level 
of the undersluices. The difference between the two is also governed by the provision or 
otherwise of a sediment excluder at the headworks. The discharge through the canal head 
regulator is given by: 
 
   Q = C (L – KnH) H3/2 

In which Q is the discharge, L the width of the canal head regulator, n the number of end 
contractions, H the head over the crest and K is a coefficient depending upon the shape of the 
nose of piers. 
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Since H will be the difference between the pond level and the head regulator crest level, 
the width should be such that the full supply discharge of the canal can pass over the head 
regulator with this head over the crest. In order to keep provision for future expansions etc., the 
width provided is such that the canal may be able to draw its full supply discharge with about 
50% of the working head H. The width is divided suitably onto a number of bays, normally 8 to 
10m span, and separated by piers. Each bay has gates to control the discharge. The gates, 
generally of steel, move in gate grooves provided in the piers. The height of gates is kept equal to 
the difference between the pond level and the head regulator crest level. In order to prevent 
spilling of water over the gates during floods, an RCC breast wall is provided, spanning between 
adjacent piers, from the pond level to the high flood level. This is done so as to keep the height 
of the gates, which would otherwise have to extend upto the high flood level, within a reasonable 
value and achieve economy.  
 
Sediment Excluder 
 

A sediment excluder is provided in some headworks to control the entry of excess 
sediment into the canal. The excluder is provided adjacent to the canal head regulator. Its 
functioning and design has been discussed subsequently under the head of sediment control in 
canals. 
 
River Training Works 
 

Almost all headworks will require river training works like guide banks, afflux bunds, 
spurs etc. These have been discussed separately under river training works. 
 

DISTRIBUTION NETWORK 
 

The distribution network for an irrigation project consists of the main canal, branch 
canals, major distributaries, minor distributaries and watercourses (Fig.2.5) 
 
   Fig.2.5 
 

A main canal takes off from the river and feeds water to the branches. Generally no 
irrigation is carried out directly from the main canal. 
 

Branches take off from the main canal and generally carry discharges in excess of 5 
cumecs. Direct irrigation from large branches is also usually not carried out. 
 

Major distributaries get their supply from branches and generally carry discharges in the 
range of 0.25 to 5 cumecs. Sometimes major distributaries can also take off from the main canal. 
Direct irrigation from the major distributaries is sometimes carried out, in which case they feed 
watercourses through outlets. 
 

Minor distributaries, which draw water from major distributaries, are the ones which are 
provided with outlets feeding watercourses and are responsible fro most of the direct irrigation. 
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Watercourses are small channels fed by outlets in the distributaries and carry water to the 
fields for irrigation. 
 
 
Design of Channels 
 

The canals may be for irrigation or power generation purposes. While the former may be 
unlined (mobile boundaries) or lined (rigid boundaries), the later are almost invariably lined.  
Further, they may be taking off from diversion headworks or from storage works. While canals 
taking off from diversion works will carry sediment laden water, those taking off from storage 
works will be carrying relatively sediment free water. Thus from the design point of view, 
channels can be classified into the following four categories: 

 
1. Channels with mobile boundaries and carrying sediment laden water 
2. Channels with mobile boundaries and carrying relatively clear water 
3. Channels with rigid boundaries and carrying sediment laden water 
4. Channels with rigid boundaries and carrying  relatively clear water 

 
The design criteria and procedure for each of the above categories are different and are 

discussed subsequently. 
 
Channels with mobile boundaries and carrying sediment laden water 
 

Such channels have to be designed so as to transport the sediment entering the channel 
without deposition or scour. Since the boundaries are mobile, the bed or sides could be scoured if 
the sediment carrying capacity of the channel is more than the quantity entering the same. On the 
other hand if the sediment carrying capacity is less than the quantity of sediment entering the 
channel, there could be objectionable deposits. There have been a large number of studies on 
design of stable channels for such conditions, but only two such approaches which have been 
used in designs are being discussed here. 
 
Kennedy’s Theory 
 

Based on data from non-silting, non-scouring channels of the Upper Bari Doab canal 
system in Punjab, Kennedy developed the relationship given below: 
 
   Uc = 0.55 D0.64 

 
In which D is the depth of flow in metres and Uc the critical velocity (in m/s) and was 

considered as the mean velocity which will not allow silting or scouring in the channel. Kennedy 
later realized that this relationship could apply only to channels having the same type of 
sediment as the ones from which the data was obtained. In order to account for the sediment size, 
the relationship was modified as: 
 
   U0 = 0.55 m D0.64 
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In which U0 is the critical velocity for any sediment size and m is a parameter called the 
critical velocity ratio (=U0/Uc) and depends on the sediment size, being equal to 1 for the same 
size of sediment as the Upper Bari Doab canal system, while for sediments coarser or finer than 
that m will be greater or smaller than 1 respectively.  

 
Kennedy’s equation alongwith the continuity and resistance equations can be used to 

design a channel if the slope is specified. While Kennedy recommended use of the Kutter’s 
equation for resistance, one could as well use the Manning’s equation. Thus for the design of a 
stable channel based on Kennedy’s theory the following set of equations can be used: 
 
  Kennedy’s Equation   U0 = 0.55 m D0.64 

 
  Continuity Equation  Q = A U0 

 
  Manning’s equation  U0 = (R2/3 S1/2)/n 
 

In which Q is the discharge, A the area of cross section of the channel, R the hydraulic 
mean radius (= A/P), P being the wetted perimeter, S is the channel slope and n is the Manning’s 
roughness coefficient. 
 

For a specified slope S, the aforesaid equations can be used to determine the channel 
width B and depth D, once the shape of the cross section- generally trapezoidal- is specified. 
This involves a trial procedure in as much as for known values of Q, S, m and n, a value of D is 
assumed from which the value of U0 and hence A is obtained from Kennedy’s and continuity 
equations. Knowing A and D, the value of the bed width B of the channel for given side slopes 
can be computed. Using this B and D, U0 is obtained from the Manning’s equation. If the value 
so obtained is the same as that from Kennedy’s equation, the assumed D and computed B are 
alright, else another trial for D is made and the calculations repeated. 
 

Some aspects of the design procedure outlined above need mention. First, no relation for 
determining the slope of the channel is given and it must be assumed. While the slope generally 
is governed to a considerable extent by the ground slope, it can be varied within a range. 
Corresponding to each slope within this range, different combinations of B and D can be 
obtained resulting in a number of designs of the channel all of which will satisfy the equations 
given above. However, one cannot expect all these – which may range from very narrow to very 
wide - to behave satisfactorily. It therefore becomes important to specify some acceptable B/D 
ratios for such channels before finalizing the design.   
 
Lacey’s Regime Theory 
 

Lacey made a study of channels which had remained stable i.e. which were neither 
getting silted up nor were scouring – a condition termed as “Regime Condition” by him - and 
came out with what is called Lacey’s Regime Theory. 
For regime conditions to be established, Lacey postulated that the channel should be carrying a 
constant discharge and sediment load and flowing through an unlimited incoherent alluvium of 
the same grade and character as the sediment being transported. This implies that the bed and 
sides of the channel should be equally amenable to deposition and scour. He further stipulated 
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that if these conditions are satisfied, the channel will have a unique slope and size which is 
related only to the discharge and the silt grade. 
 

The aforesaid conditions are hardly met with fully in any situation. Canals, however meet 
them to a large extent in as much as the discharge and sediment load remain substantially 
unchanged. The bed and sides are of course not totally devoid of cohesion and deposition is 
easier compared to erosion. Further the bed and sides may also have different characteristics. 
However, in most cases of alluvial channels, Lacey’s theory can be used to a reasonable extent. 
The situation in rivers is quite different in as much as there is a large variation in the discharge as 
well as the sediment load. It is only during the high floods that conditions approaching the 
regime may be attained partially and hence rivers can at best attain what is called quasi regime 
conditions only during floods. 
 

In the case of canals, Lacey also differentiated between “initial” and “final” regime. A 
canal constructed with dimensions different from the regime dimensions will adjust the slope and 
attain a working equilibrium, which was called the initial regime. With time however, the canal 
will adjust the dimensions and slope to attain the final regime. In cases where such adjustment is 
not possible, say because of the sides being non-erodable, the canal will continue to flow in the 
initial regime. 
 

Lacey also considered that the sediment size is an important parameter in determining the 
dimensions of regime channels and introduced what he called the silt factor f, related to the 
median sediment size as below: 
 
    f = 1.76 √d 
 
in which d is the sediment diameter in millimeters. 
 
Plotting all the available data, he obtained the following equations in SI units for a regime 
channel: 
 
    U = 10.8 R2/3 S1/3 
 
    P = 4.75 √Q 
 
    R = 0.48 (Q/f)1/3 
 
    S = 0.0003 f5/3 / Q1/6 
 

The aforesaid equations, known as Lacey’s regime equations, define completely the slope 
and dimensions of a channel once the discharge Q and sediment size d are specified and hence 
can be used for design. 
 

It may be mentioned, however that the Lacey’s theory is empirical in nature and hence 
expected to yield appropriate results for channels with the same kind of parameters – viz. 
sediment size and sediment load - as those from which the data was obtained. The theory thus 
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cannot be applied to channels carrying large sediment loads or to rivers flowing through gravel 
or boulder regions. 
 
Channels with mobile boundaries and carrying relatively clear water 
 

Such conditions arise mostly in channels taking off from reservoirs. In such a case most 
of the sediment settles down in the reservoir and only relatively clear water enters the channel. 
The design therefore has to be such as to ensure that there is no scouring in the channel bed or 
sides. The procedure for such designs is known as the USBR method and is based on ensuring 
that the tractive force on the bed and sides is within specified limits.  
The average tractive stress on the channel bed is given by 
 
   τb = γ R S 
 

The distribution of this however is not uniform and depends on the B/D ratio for the 
channel. Likewise, the tractive stress on the sides is also different from that at the bed and its 
distribution also is dependent on the B/D ratio. However, the maximum shear both at the bed 
(τbm) and sides (τsm) can be expressed in terms of γ R S and B/D and obtained from curves given 
by USBR. 
 
   Fig.2.6 
 
Two conditions need to be considered in such a design (Fig.2.6): 
 
(i) Particle on the bed: If the channel slope is small such that the component of the weight of 

the particle in the direction of flow can be ignored, the force tending to cause the motion 
of the particle will be τb a, where a is the effective area of the particle on which the 
tractive force acts. The force opposing the motion of the particle will be Ws tan φ, where 
Ws is the submerged weight of the particle and φ is the angle of repose for the particle. 
Under incipient motion conditions, τbi will be given by 

 
   τbi a = Ws tan φ 
 

(ii) Particle on the side: A particle on the side will be subject to a force τsa, acting in the 
direction of flow and the component of its submerged weight Ws sin α which will be 
acting down the slope. The force tending to move the particle will be the resultant of 
these two, while the force opposing motion will be Ws cos α tan φ. For incipient motion 
conditions, replacing τs by τsi, one gets 

      
   (τsi a)2 + (Ws sin α)2 = (Ws cos α tan θ)2 

 

The above expressions give the value of τbi and  τsi for known values of a, Ws, α and θ. 
One also gets from the above 

 
   τsi = k τbi 
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where     k = cos α ( )( )ϕα 22 tan/tan1−  
 

While τbi should be equal to the critical tractive stress τc for the particles under 
consideration, its value is taken to be somewhat (say 10%) lower than τc in order to ensure that 
there is no movement. The design then is carried out such that the values of τbm and τsm as 
obtained from the USBR curves are lower than the corresponding values of τbi and τsi as decided 
on the aforesaid criteria. 

 
The discharge carrying capacity of these channels is estimated using manning’s equation 

with n give as below  
 

  ( )
0.24

6/1dn =  

in which d is average sediment size on the channel boundary in metres  
 
Channels with rigid boundaries and carrying sediment laden water 
 

Since the boundaries are rigid, as would be the case with lined channels or channels cut 
through hard rock, there is no problem of scour. The only consideration in design of such 
channels is to ensure that the sediment entering the channel does not settle down. This can be 
done by ensuring that the velocity of flow in the channel is sufficient to transport the sediment. 
Generally velocities of the order of 1.0 m/s will be adequate unless the sediment load is very 
high. In case the sediment load is very high, the transporting capacity of the channel will have to 
be checked with some of the transport relationships available. 
   
Channels with rigid boundaries and carrying relatively clear water 
 

The design of such channels is based on the Manning’s equation alongwith the equation 
of continuity, which yields 
 
   Q = (A5/3S1/2)/(nP2/3) 

 
Thus for a given area A, slope S and value of n, the channel will carry the maximum 

discharge if the wetted perimeter P is minimum. Such a section is called the most efficient 
section. While a circular section is the most efficient, there are practical problems in construction 
of such a section and therefore generally the sections are made trapezoidal or triangular with 
rounded corners as shown in Fig.2.7. The dimensions of such channels can be determined from 
considerations of least wetted perimeter for a given area as per the procedure shown for a 
rectangular channel: 
 
   Fig.2.7 
 

For a rectangular channel with bed width B and depth D 
    A = B D 
    P = B + 2 D 

or   P= A/D + 2 D 
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For P to be minimum for a given A 
    dP/dD = 0 

or   -A/D2 + 2 = 0 
or   A = 2D2 
this gives  B = 2D 
or   R =A/P = D/2  

 

PREPARATION OF A CANAL IRRIGATION PROJECT 
 

The preparation of a canal irrigation project involves the fixing of the canal alignment, 
discharge, longitudinal slope and the cross section. Each of these is discussed in some detail 
below: 
 
Canal Alignment 
 

While many factors play a role in fixing canal alignment, one important consideration is 
to have an alignment which runs mostly along the watershed (the ridge line dividing the 
catchment of two drainages). This ensures that the channel can provide flow irrigation to its 
command and does not have to cross too many drainages, thereby reducing the number of cross 
drainage works. It may also be mentioned that the river being the lowest elevation in the vicinity, 
the canal takes off from a low elevation and must mount the watershed in as little a distance as 
possible (Fig.2.8). It will thus cross some drainages in this reach and some cross drainage works 
will be required till the canal mounts the watershed. Other considerations in fixing the alignment 
include avoiding too many curves, populated areas and other important structures. 
 
   Fig.2.8 
 
Determination of Discharge 
 

Water is withdrawn for irrigation almost all along the length of a canal. Further, there is a 
loss of water due to evaporation as well as seepage along its length and hence the discharge goes 
on decreasing as one moves from the head to the tail of the canal. Determination of the discharge 
is this carried out starting from the tail end in what is known as a schedule of area statistics by 
dividing the whole length of the canal into different reaches. The discharge required at the tail 
reach is determined by knowing the command area of this reach and the cropping pattern and 
water requirements of the crop. One then proceeds to the reach upstream of this and determines 
the discharge by including the seepage and evaporation losses also in the computations. This is 
continued till one reaches the head. This exercise is generally carried out for every kilometre of 
the canal. 
 
Determination of Longitudinal Slope 
 

The slope of the canal is governed by the ground slope to a large extent. For a stable 
channel, the slope should be close to the regime slope. These two considerations are used in 
deciding the slope. The ground profile is drawn all along the canal length and the regime slope 
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computed. A trial water surface is drawn with a slope nearly equal to the regime slope, keeping 
in mind the following 

 
(i) The slope is generally kept in multiples of 2.5cm/km for ease of layout 
(ii) The water surface is kept slightly (15-30cm) higher than the ground level to 

permit flow irrigation 
(iii) There should be balanced earthwork. i.e. the amount of cutting should be nearly 

equal to the filling for achieving economy. 
(iv) If the water surface goes very much above the ground level, a fall can be provided 

at that location. 
 

Having marked the trial water surface, this is taken to be the bed slope of the channel and 
its dimensions determined every kilometer by one of the design methods discussed earlier. The 
bed level at the tail end is taken as the water surface elevation there minus the depth and the bed 
surface drawn parallel to the trial water surface. The water surface is now redrawn with the 
depths determined during the design and adjustments in the falls made if needed. 
 
Cross sections of Irrigation Channels 
 

An irrigation channel may be fully in cutting, fully in filling or partially in cutting and 
partially in filling. Balanced earthwork requires the canal to be partly in filling and partly in 
cutting, but this may not always be possible all along the length of the canal. Typical cross 
sections of unlined canals for the three conditions mentioned above are shown in Fig.2.9 
 
   Fig.2.9 
 

The following points need mention as far as the canal cross sections are concerned: 
 

(i) The side slope in cutting is usually kept 1H:1V and in filling 1.5H:1V. This may 
however vary depending upon the soil characteristics 

(ii) A horizontal strip of land, known as “berm” is provided between the inner toe of 
the bank and the top edge of cutting 

(iii) The banks are provided such that there is adequate freeboard from the full supply 
level to the top of the bank 

(iv) A service road is provided on the bank of the canal and a “dowla” is provided for 
safety 

DIVERSION SCHEMES FOR HYDROPOWER GENERATION 
 

The concept of generating power from a diversion scheme involves making use of the 
difference in slope required in a canal as compared to the river slope. Thus, with reference to 
Fig.2.10, if a reach of river from the point A to B is considered, the drop in elevation between A 
and B will be LRSR , in which LR is the length of the river from A to B and SR is the average 
slope of the river in the reach. If a diversion headwork is constructed at A from which a canal 
takes off, say upto a point P, the drop in elevation from A to P will be LCSC where LC and SC are 
the canal length and slope respectively. The lengths LR and LC will be nearly equal, while the 
slopes SR and SC will be quite different, because a canal requires much lesser slope. This will be 
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particularly true if the reach AB is in hills or the foothills where the rivers generally have large 
slopes. There will thus be a difference of elevation equal to (LRSR –LCSC) between the points P 
and B and this is the total head available for power generation. If the head (m) is H and the 
discharge (m3/s) available is Q, the power (1µ) generated can be obtained as η γ Q H, where γ is 
the unit weight of water ( N/m3) and η is the overall efficiency of the system. 
 
   Fig.2.10 
 

The channel taking off from such a headwork is meant solely for power generation and as 
is evident, it is advantageous to have a channel at as small a slope as possible to maximize the 
head available. In view of this, power channels are invariably lined as such a channel has a 
smaller resistance compared to unlined channels and hence require smaller slope for a given set 
of conditions. 
 
   Fig.2.11 
 
 A typical layout of such a diversion scheme is shown in Fig.2.11 and the main 
components are briefly described below: 
 
Diversion Works 
 
 The diversion works can comprise of a weir or barrage alongwith a canal head regulator 
and sediment excluder as in the case of irrigation schemes. The details for the same have already 
been discussed. 
  
 Another alternative, specially useful in boulder streams is the use of a trench weir. A 
trench weir is a trench in the bed of the river with the top having closely spaced steel bars 
(Fig.2.12). The water enters the trench from the bottom of the stream and is led to a settling 
chamber on the side. The steel bars prevent the entry of very coarse material into the trench 
which alongwith large boulders can roll over the steel bars and this minimizes the chances of 
damage to the works. The coarse sediment can settle down in the settling chamber from which 
the water enters the power channel. 
 
   Fig.2.12 
 
Power Channel 
 
 The power channel, also called the head race channel, is provided with as small a slope as 
consistent with proper conveyance of the desired discharge. It is invariably lined and free of any 
falls in order to conserve head. 
 
Settling Basin 
 
 The water entering a powerhouse has to be free of sediment above a particular size as 
specified by the turbine manufacturer. In order to do so, a settling basin designed to exclude all 
sediment above the specified size has to be provided at a suitable location as close to the 
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powerhouse as possible. The design of the same is discussed separately under the heading of 
sediment control in canals. 
 
Forebay 
 
 The power channel terminates into a tank called the forebay. The forebay is provided 
with a spilling arrangement to maintain a constant level and also a bye-pass channel to escape the 
discharge if the powerhouse has to be closed. It can also serve as a settling basin in certain cases. 
Water enters the penstocks from the forebay. A fine trash rack is used to cover the intake of the 
penstocks to prevent entry of floating debris. 
 
Penstocks 
 
 These are pipes which carry water under pressure from the forebay tank to the turbine, 
where the potential energy of the water is converted into kinetic energy to rotate the turbine. 
Design of the penstock is very important from the considerations of economy and power 
generation. Thus while a smaller diameter penstock may be cheaper, it will result in greater head 
loss and consequently lesser head available for power generation. An optimal solution has to be 
worked out for the same. The material for penstocks may vary from mild steel to High Density 
Poly Ethylene (HDPE) or Poly Vinyl Chloride (PVC), the choice depending on cost, availability, 
climatic considerations, design pressure, ease of installation etc. 
 
Powerhouse 
 
 This is a building that houses turbines, generator and controller units. 
 
Tailrace 
 
 The tailrace is a channel that carries water back to the stream after it flows through the 
turbine. The bye-pass channel also joins the tailrace at a suitable location. 
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3. SURFACE AND SUBSURFACE FLOW          
CONSIDERATIONS IN DESIGN OF HYDRAULIC 

STRUCTURES 
 

The design of hydraulic structures, specially the ones constructed in rivers or 
canals has to be based on both surface and subsurface flow considerations. 
 

The water flowing over the structures may result in hydrostatic pressures on some 
parts of the structure. Formation of a hydraulic jump is another possibility while talking 
of surface flow. Also the flowing water, specially during floods, can cause scour in the 
river bed upstream or downstream of the structure. All these have to be accounted for in 
the design and come under the surface flow considerations. 
 

Water can seep underneath the structure unless it is founded on solid rock, which 
is very rare in rivers and canals. The seeping water results in an upward pressure on the 
floor of the structure and this uplift pressure needs to be taken care of in the design. 
Piping or undermining is another effect which has to be considered. Piping occurs if the 
seeping water has enough force when it emerges so as to be able to displace particles at 
the exit point. This may continue upstream and form a cavity underneath the structure 
and result in the collapse of the structure. 
 

Some general principles dealing with the above are discussed briefly in this 
section. 

SURFACE FLOW CONSIDERATIONS 
 

As mentioned above, these will include hydrostatic pressure, hydraulic jump and 
scour on the bed. While the first two will apply to both rivers and canals, the third is 
relevant only for rivers. 

Hydrostatic Pressure 
 

Static water exerts a pressure on any surface against which it is standing. Thus if 
one considers a surface as shown in Fig.3.1 against which water stands to a depth h, the 
pressure exerted by the same will have a triangular distribution as shown. The pressure 
intensity at any depth y below the surface is given by rwy, where rw is the unit weight of 
water. The total force due to this on unit width of the surface will be given by (rwh2)/2. 
The surface must be designed to withstand this pressure. 
 
   Fig.3.1 
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Hydraulic Jump 
 

Flow in an open channel can be supercritical, critical or subcritical. This depends 
on the velocity (V) and depth (y) of flow and is characterized by a dimensionless 
parameter called the Froude number (F) defined as  
 

    F = 
gy
V  

 
In which g is the acceleration due to gravity.  

 
The flow is called critical if F is equal to 1, while for Froude numbers greater than 

one it is termed as supercritical and for F less than one as subcritical. 
 

If the flow in a channel is supercritical and the downstream control indicates a 
subcritical flow, then the change from supercritical to subcritical is rather abrupt and a 
hydraulic jump takes place (Fig.3.2).  
 
   Fig.3.2 
 

A hydraulic jump is accompanied by a lot of turbulence and energy loss and 
therefore it is useful as a means of dissipating excess energy downstream of hydraulic 
structures before allowing the flow to pass to unprotected river or canal bed. 
 

The pre-jump supercritical depth y1 and the post-jump subcritical depth y2 for 
jump on a horizontal floor are related by the expression 
 

   y2 / y1 = [ ]11
2
1 2

1 −+ xF  
 

where F1 is the pre-jump Froude number and y2 and y1 are called the conjugate depths. 
The length of the jump is approximately 5(y2  - y1 ) and the head loss in the jump is given 
by 
 

   hL = ( )
211

3
12

yyL
yy −   

   
If the tail water depth available (yt) is less than the conjugate depth y2 for a given 

value of y1, the jump may be repelled downstream. In such situations, the jump can be 
forced to form upstream by use of appurtenances (Fig.3.3) such as baffle blocks, end sill 
etc. This kind of a jump is called a forced hydraulic jump. Extensive studies have been 
carried out on the forced jump and many standardized designs for stilling basins under 
different conditions have been evolved. These basins are invariably adopted for energy 
dissipation downstream of hydraulic structures. 
 
  Fig.3.3 
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Bed Scour 
 
The bed of an alluvial river does not remain at its low flow level during floods. 

Scour takes place on the bed and the bed level goes down. This can lead to a failure of 
structures unless their foundations and/or the vertical cutoffs are carried below the 
scoured level. For the safe design therefore, it is necessary to estimate the scour on the 
bed. This can be done using the Lacey’s theory which gives the value of R in terms of the 
discharge Q and the silt factor f. For a wide river, the value of R can be treated as its 
depth and hence knowing the water surface elevation, the bed level and hence the scour 
can be obtained. In practice however, the scoured bed is taken to be KR below the water 
level, where K is a factor greater than 1 and its value depends upon factors such as the 
curvature of flow and the possibility of severe scour at any point. Computing the value of 
R for the highest flood and using an appropriate value of K, the deepest scour can be 
obtained (Fig.3.4) and the design carried out accordingly. 
 
   Fig.3.4 
 

It may however be worth mentioning that a canal carries fixed discharges and the 
bed is not subject to scour as in the case of a river and as such the above consideration 
does not apply to works constructed on canals. 

SUBSURFACE FLOW CONSIDERATIONS 
 

Most of the works in rivers and canals are built on permeable foundations. The 
water can thus seep under the structure and the safety of the structure against the effects 
of the same must be ensured. As already mentioned, safety against uplift and 
undermining are the two main considerations in this regard. 
 

The flow of water through porous media is governed by the Laplace equation and 
thus the solution of the Laplace equation for the given geometry and boundary conditions 
can provide all the necessary information about the same. While the Laplace equation can 
be solved graphically- resulting in the flownet- or numerically, the present discussion will 
be confined to some of the methods that have been applied to the design of hydraulic 
structures for a long time. 

Uplift Pressure 
 

Water seeping underneath a structure will loose head during the flow. Thus if one 
considers the geometry shown in Fig.3.5, water enters at A and emerges at B and the 
head lost in this is equal to H. At any location between A and B, such as C, there is a 
residual head h, which is less than H and this will result in an upward pressure on the 
floor equal to γ h per unit area of the floor. The value of h is in fact the intercept between 
the bottom of the floor and the hydraulic grade line for the flow. 
 
   Fig.3.5 
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In order that the floor be safe against this uplift, its weight must be at least equal 
to the uplift. If the specific gravity of the material of the floor is G and its thickness t, the 
weight per unit area will be γGt. This then yields for safety against uplift 
 
    γGt > γ h 

or   Gt > h 
or    Gt-t > h-t 
or   t > h׳/(G-1) 

 
where h׳ is the intercept between the top of the floor and the hydraulic grade line, which 
can be obtained easily if the hydraulic grade line is known. 

Undermining 
 

Undermining starts if the seepage water emerging at the exit retains enough force 
to dislodge sediment particles at that location. This then continues upstream and creates a 
cavity below the structure which can result in the collapse of the structure. 
 
   Fig.3.6 
 

If one considers an elementary cylinder of area of cross-section dA and length dl׳, 
aligned along a streamline (Fig.3.6), the force on this along the direction of flow will be –
dpdA. At  the exit, this force will act vertically upwards. In order that undermining does 
not take place, the weight of the sediment acting downwards must be more than this 
force. If the specific gravity of the sediment is s and the porosity η, the submerged weight 
of the elementary cylinder will be given by rw dAdL (s-1) (1-η). Thus one gets 
 
    γ dAdL (s-1) (1-η) > -dpdA 

or   -dh/dL < (s-1) (1-η) 
 
-dh/dL represents the gradient at the exit point and is called the exit gradient. Also for 
most of the sediment particles s= 2.65 and η is of the order of 0.4, thereby yielding a 
value of about 1 for the right hand side. Thus the safe exit gradient for no undermining 
assumes a value of 1. In practice however, the value of the safe exit gradient adopted is 
between 1/4 and 1/6. 
 

From the above, it is clear that in order to ensure safety against uplift and 
undermining, the hydraulic grade line and the exit gradient need to be determined for a 
given geometry of the structure. While both can be determined by solving the Laplace 
equation, two methods that have been used for the same are discussed below. 
 

Bligh’s Creep Theory 
 

Bligh postulated that seeping water follows the boundary of the floor of the 
structure i.e. creeps along the boundary and that the head is lost at a uniform rate along 
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the entire length the water traverses. The total length traversed was called the creep 
length. Thus for the geometry shown in Fig.3.7, the creep length is b+2d and the gradient 
works out to H/(b+2d). Bligh postulated that the structure will be safe if this gradient is 
less than a value C, which he specified depending upon the sediment and is of the order 
of 1/6 to 1/8. 
 
   Fig.3.7 
 

It is evident that Bligh’s theory does not distinguish between horizontal and 
vertical creep and assumes a uniform gradient throughout. While many structures were 
designed using Bligh’s theory, it is no longer used for any major structure as the basic 
assumptions are not borne out by actual analysis. 

Khosla’s Theory 
 

Subsequent to damage to the floors of lower Chenab works in Punjab, Khosla and 
co-workers undertook a study and found that the uplift pressures measured on these 
works did not match with those predicted by Bligh’s creep theory. They also found that 
the outer faces of vertical cutoffs were more effective than the inner ones or the 
horizontal floor- contrary to what Bligh’s theory assumed- and that a reasonably deep 
vertical cutoff was necessary at the downstream end to prevent undermining. 
 

They obtained solutions of the Laplace equation for a few simple shapes and the 
results were presented in the shape of curves. These curves give the value of φ at certain 
key points in the profile- φ being the residual head as a percentage of the total head. The 
profiles analysed by them were a horizontal floor with a cutoff at the upstream end, a 
horizontal floor with a cutoff at the downstream end, a horizontal floor with a cutoff at an 
intermediate position and a depressed floor (Fig.3.8). For each of these profiles, the φ 
values at the key points (E, C, D, E1, C1, D1 etc.) are given as a function of α (=b/d), with 
b1/b being another parameter for the case of cutoff at an intermediate point. The results 
for these profiles can be used for an actual profile (such as the one shown in Fig.3.9) after 
applying corrections specified for thickness of the floor, mutual interference between 
sheet piles and slope of the floor. The variation between key points is assumed to be 
linear and hence the hydraulic grade line can be obtained. This can then be used to find 
the uplift at any point and the floor designed accordingly. 
 
   Fig.3.8 
 

The exit gradient is given by  
   

  
λπ

1
d
HGE =  

 
Where H is the total head, d the depth of the downstream cutoff and λ = 

(1+√(1+α2))/2. It is thus clear that a finite exit gradient requires a non-zero value of d - 
the downstream cutoff. 
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4. RIVER TRAINING WORKS 
 

River training includes all measures taken to guide and regulate the flow of a 
river. Training works could be for various purposes such as flood control, sediment 
control, navigation, guiding the flow or bank protection. The discussion here will be 
confined to the training works related to hydraulic structures such as canal headworks. 
These include  guide banks, afflux bunds and spurs. 

Guide Banks 
 

Guide banks, as the name indicates, are embankments built to guide the flow 
through a hydraulic structure (Fig.4.1). They are built along the flow direction and 
usually parallel to each other, though sometimes they may be slightly converging or 
diverging in the upstream direction. These are built with locally available sand and gravel 
with a top width of about 6m or more and side slopes of 2H:1V or flatter. In plan they are 
straight with curved heads upstream as well as downstream. The upstream length is 
usually kept equal to 1.1 L, while the downstream length is 0.25 L, L being the length of 
the hydraulic structure. The upstream curved head has a radius R1 given by 2.2√Q, and a 
sweep angle between 1200 and 1450, Q being the high flood discharge of the river in m3/s. 
The downstream head has a radius equal to half of the upstream head and a sweep angle 
between 450 and 600. The top of guide banks is kept at an elevation about 1.5-2.5m above 
the high flood level and of a width exceeding 6m. The water face of the straight portion 
and both faces of the curved heads are pitched with stone to protect them from erosion.  
 
   Fig.4.1 
 

The thickness of stone pitching in metres is given by the empirical relationship 
 
   T = 0.06 Q1/3 

 
In order to protect the guide banks from undermining at the toe, a launching apron 

as shown in the figure is also provided. 

Afflux Bunds 
 

The afflux caused by a hydraulic structure is likely to submerge areas hitherto 
higher than the high flood level in the river. In order to avoid this, afflux bunds are 
constructed. These are earthen embankments with their top higher than the high flood 
level including the effect of afflux and tied to high ground upstream of the structure. 
They join the guide banks on the land side (Fig.4.2). The design of these embankments is 
like any earthen embankment as discussed under embankment dams. 
 
  
Fig.4.2 
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Spurs  
 
 Spurs- also known as dykes or groynes – are structures built from the banks of a 
river and perpendicular or nearly perpendicular to the bank for purposes of training the 
river along a desired course or protecting a bank or developing a deep channel in a wide 
river. They can be used singly or in a series depending upon the purpose and site 
conditions. 
 
 Spurs can be classified as permeable and non-permeable depending upon their 
construction. Permeable spurs generally comprise of a box like structure built with stakes 
and filled with brushwood etc. They allow flow at reduced velocities through them and 
hence help in silting up of the portion upstream of the spur. While they are economical 
and easy to construct, impermeable spurs are mostly used in major works. 
 
 Impermeable spurs are constructed as earthen embankments suitably protected 
with stone pitching as well as launching apron (Fig. 4.3.). Since the nose of the spur faces 
direct attack from the river current, heavy protection is provided at the nose. 
 
   Fig.4.3 
 
 The action of the spur is another way of classification. Thus a spur pointing 
somewhat towards the upstream side has a tendency to divert the current away from the 
bank from which it is projecting and hence called a repelling spur. On the other hand, a 
spur pointing downstream is known as an attracting spur as it attracts the flow towards 
the bank. 
 
 The length of a spur is generally restricted to less than one fifth the width of the 
river and their number and spacing depends on the function and site conditions. The 
spacing can vary from about 7.5 times to about 5 times their length. 
Spurs with special type of plan forms are also sometimes built and include the hockey 
spur and Denehy’s T-spur etc.(Fig.4.4). 
 
   Fig.4.4 
 
 The design of spurs i.e. their length, number, spacing etc. are generally finalised 
based on model studies. 
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5. SEDIMENT CONTROL IN CANALS 
 

A canal taking off from a river or any other channel draws a larger proportion of 
sediment compared to the proportion of water it draws. This most of the times 
necessitates the provision for control of excess sediment entering the canal or extracting 
the excess sediment once it has entered the canal. 
 

Before describing the measures for sediment control in canals however, it is 
necessary to have some understanding of the mechanism of sediment movement in open 
channels. 
 

SEDIMENT MOVEMENT 

Initiation of Sediment Motion 
 

Consider an open channel as shown in Fig.5.1 which has a slope of S and is 
carrying a fluid (water) at a depth of D.  
 
  Fig.5.1 
 

The flowing fluid exerts a shear at the bed of the channel whose magnitude is 
given by 
 
  τ = γ R S 
 
in which τ is the bed shear, γ the unit weight of water and R is the hydraulic mean depth 
of the channel given by 
   
  R = A/P 
 

A being the cross sectional area of flow and P is the wetted perimeter. 
 

For a rectangular channel A = B D and P = B+2 D and therefore  
 
  R = B D/(B+2 D) 
 

For a very wide channel, B>>D and hence R can be taken nearly equal to D. 
 

If the channel bed comprises of sediment particles, this shear may move the 
particles if its magnitude is sufficient to cause such movement. The shear which can 
cause incipient motion conditions for a particle will depend on its diameter as well as on 
the specific gravity of the particle and is known as the critical shear stress for a given 
sediment size. 
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The critical shear stress τc for a given particle size can be obtained from the 
Shields’ criterion. The relationship can be written in the functional form as 
 

  







2

2uxcf  

 
in which ∆rs is the difference of the unit weight of sediment and water i.e. (rs - r), d is the 
sediment diameter and υ is the kinematic viscosity of the liquid (water). u* is the shear 
velocity given by  u* = √( τ/ρ), ρ being the density of water. 
 
  Fig.5.2 
 

The relationship between the aforesaid parameters obtained by Shields is 
available in the form of a curve, known as Shields’ curve for incipient motion (Fig.5.2). It 

shows that for large values of  
2

duxc  the parameter 
drs
C

∆
τ  attains a constant value of 0.06. 

Sediment Transportation 
 

Once the bed shear exceeds the critical shear, sediment starts moving in the 
channel. The movement of sediment can take place in the following ways: 

  
• By sliding or rolling along the bed 
• By saltation i.e. movement of particles in small jumps with the jump height being 

of the order of two times the particle diameter 
• In suspension. The bed shear generated eddies throw some of the finer particles in 

suspension. The particles being heavier than water try to settle down with a speed 
equal to their fall velocity. This twin action maintains an equilibrium of particles 
in suspension which are carried forward by the flow. 

 
The total amount of sediment transported by the channel is known as the sediment 

load and can be divided into two categories 
 

Bed Load- comprises of the sediment which moves in more or less continuous 
contact with the bed and thus includes the quantity moving by rolling, sliding and 
saltation. 
 

Suspended Load- This is the quantity of sediment moving in suspension 
 

In addition to the above, there is some very fine sediment, mostly colloidal in 
nature which also moves in suspension but would not settle down. This is termed as wash 
load and is not significant for the present discussion. 
  

There are many relationships proposed for computing the bed load transported by 
a channel. Most of these try to relate the bed load transported to the excess of bed shear 
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over the critical shear. It may also be understood that the coarser material will mostly 
move as bed load and in most rivers the quantity of bed load will far exceed that of the 
suspended load. 
 

The suspended load concentration varies over the depth of the channel, as shown 
in Fig. 5.3. It can be scan that concentration increases as one move towards the bed. The 
shape of the curve depends, besides other factors, on the ratio of the fall velocity w of the 
particles to the shear velocity u*. Typical suspended load concentration curve is shown in 
Fig.5.3 The figure also shows the velocity distribution along the vertical in an open 
channel. As can be seen, the velocity increases from zero at the bed as one move towards 
the free surface with a slight decrease at the top due to air resistance. 
 
   Fig.5.3 
 

An important observation from Fig.5.3 is that while the bottom layers in an open 
channel have a high concentration of sediment (bed load as well as suspended load), they 
are slow moving. The top layers on the other hand are fast moving but have a low 
sediment concentration. This is the genesis of the sediment problem for the offtakes. If a 
channel is taking off from another channel such as a river, a major part of contribution to 
its discharge comes from the bottom layers which are slow moving and hence easily 
diverted, while the fast moving top layers cannot be that easily diverted and hence 
contribute less. This also implies that a major contribution is from the sediment rich 
layers and hence the offtake draws more than its fair share of sediment. This also forms 
the basis of most of the sediment control measures by limiting the contribution from the 
bottom layers. 

SEDIMENT CONTROL MEASURES 
 

The measures for sediment control in canals can be divided into two classes viz. 
preventive measures and curative measures. While there are many control measures 
adopted under different circumstances, only the ones most frequently used in main canals 
have been briefly reviewed here. 

Preventive Measures 
 
These are measures taken to prevent entry of excess sediment into the canal. The 

important ones include: 
 
Location of offtake  

 
Canal headworks are generally located in a straight reach of the river. In case 

however, they have to be located in a curved reach, the canal should take off from the 
outer (convex) bank of the river from considerations of sediment entry. This is because of 
the helicoidal flow at bends as explained below. 
 
   Fig.5.4 
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In a curved reach of the river, there is a rise of the water level at the outer bank known as 
superelevation. This results in a secondary flow being induced at the cross-section such 
that water at the bottom moves towards the inner bank and comes back towards the outer 
bank at the top (Fig.5.4). This secondary flow alongwith the main flow in the river gives 
rise to a helicoidal flow at bends. The secondary flow carries sediment from the outer 
bank towards the inner bank along the bottom, but is unable to carry it back along the top. 
There is thus a movement of sediment away from the outer bank and deposition at the 
inner bank, resulting in a deeper section at the outer bank see Fig. 5.4. A canal taking off 
from the inner bank will therefore get more sediment than that taking off at the outer 
bank. 
 
Orientation of offtake  
 

The orientation of offtake also has a bearing on the sediment load entering the 
offtake. From this consideration, an offtake angle between 900 and 1050 is considered to 
be the best. 
 
Sediment excluders  
 

These are works constructed at the canal headworks, and consist of tunnels which 
prevent water from the bottom layers from entering the canal by discharging it to the 
downstream side through the undersluices (Fig.5.5).  
 
   Fig.5.5 
 

The design of excluders is based mostly on rules of thumb. Thus the discharge 
through the tunnels is kept around 20% of the canal full supply discharge, while the 
velocity through them is kept more than about 1.5m/s so as to be a self cleansing velocity 
for the sediment size encountered in the river. The tunnel bottom is at the undersluice bed 
level, while the top is flush with the canal head regulator crest. This fixes the height of 
the tunnels – which should be sufficient for inspection and repairs- and knowing the 
discharge and the velocity, the area required for the excluder and hence the width is 
obtained. This width is divided into suitable number of tunnels such that a whole number 
of tunnels are accommodated in one undersluice bay. The tunnel closest to the canal head 
regulator has the same length as the head regulator, while the length goes on decreasing 
as one moves away from the head regulator. The design so evolved is finalized based on 
model tests. 
 
Curved vanes 
 
   Fig.5.6 
 

Used mainly in distributary head regulators, these are submerged curved walls 
(Fig.5.6) with a height of about 1/4 to 1/3 the depth of flow in the parent channel. They 
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tend to divert the sediment laden bottom water away from the offtake and thus reduce the 
entry of sediment into the offtake. 
 
Cantilever Platform 
 
   Fig.5.7 
 

This is also used primarily in distributary head regulators and consists of a 
platform projecting from the head regulator crest (Fig.5.7). The flow is thus separated 
into the bottom and top layers with the offtake drawing water from the top. The action is 
somewhat similar to that of a sediment excluder. 
 
 

Curative Measures 
 

These are measures taken to remove excess sediment from the canal, once it has 
entered the same. The important works are discussed below: 
 
Sediment ejectors 
  

These also work on the same lines as the sediment excluders in as much as they 
remove the water from the bottom layers of the canal through tunnels spanning the whole 
width of the canal and discharge it into some nearby drain (Fig.5.8). 
 
   Fig.5.8 
 

The flow through the canal head regulator creates a lot of turbulence in the flow 
and throws a lot of sediment in suspension. This sediment starts settling down after a 
certain distance. The ejector is located as close to the point where the sediment starts 
settling down as possible. Closer to this, it would not be as effective, while farther from 
this the sediment could cause problems by settling on the canal bed and the canal will 
have to be designed to carry a larger discharge upto this point. This is so because the 
ejector is designed to take away about 20% of the canal discharge. The tunnel size is kept 
such that inspection and repairs my be possible, which in turn means a height of about 
1.8m or more. The velocity in the tunnels is kept as self cleansing velocity and the flow 
through the ejector is controlled by gates at the downstream chamber. The tunnels in the 
ejector are further divided into sub-tunnels. The empirical design is finalized on the basis 
of model studies. 
 
Settling basins  
  

Settling basins are useful for removal of sediment sizes which would normally 
move in suspension. This kind of situation arises in power channels, where the maximum 
size of sediment permitted to enter the turbines is quite small and specified by the turbine 
manufacturer. The removal is achieved by enlarging the width of the channel alongwith 
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an increase in depth of flow, resulting in formation of a basin with a reduced velocity of 
flow (Fig.5.9). This allows some of the sediment in suspension to settle down and 
removed by mechanical or other means. 
 
   Fig.5.9 
 

The design of the settling basin involves determination of its width (W), length 
(L) and the depth of flow (D). For a given width and depth of flow, the velocity in the 
basin (V) can be computed. If the finest sediment to be removed has a diameter d and a 
fall velocity of w, the length of the basin could be obtained as below: 
 

Consider a particle of diameter d at the water surface at the beginning of the 
basin. The particle will fall down with a velocity w and will therefore take a time D/w to 
reach the bed. During this time it would have traveled a distance V*(D/w) in the forward 
direction. Thus the length of basin will have to be more than this for all particles of size d 
and coarser to settle to the bottom. 
 

The above however is a very simplistic scheme of things in as much as the fall 
velocity of particles in flowing water is not the same as in still water. Further, the effects 
of turbulence and presence of a cluster of particles is also not accounted for. 
 

A practical and relatively simple method to design a stilling basin is based on the 
curves given by Camp and Dobbins. These curves give the efficiency of removal of a 
certain size of sediment for given values of L, W, D, w and the shear velocity u*. By 
analyzing different combinations of L, W and D, the optimum design can be worked out. 
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