
UNIT-I 

INTRODUCTION 
 

IRRIGATION 

Three basic requirements of agricultural production are soil, seed, and water. In addition, 

fertilisers, insecticides, sunshine, suitable atmospheric temperature, and human labour are 

also needed. Of all these, water appears to be the most important requirement of 

agricultural production. The application of water to soil is essential for plant growth and it 

serves the following functions (1): 

 
(i) It supplies moisture to the soil essential for the germination of seeds, and 

chemical and bacterial processes during plant growth. 

(ii) It cools the soil and the surroundings thus making the environment more 

favourable for plant growth. 

(iii) It washes out or dilutes salts in the soil. 

(iv) It softens clods and thus helps in tillage operations. 

(v) It enables application of fertilisers. 

(vi) It reduces the adverse effects of frost on crops. 

(vii) It ensures crop success against short-duration droughts. 

In several parts of the world, the moisture available in the root-zone soil, either 

from rain or from underground waters, may not be sufficient for the requirements of the 

plant life. This deficiency may be either for the entire crop season or for only part of the 

crop season. For optimum plant growth, therefore, it becomes necessary to make up the 

deficiency by adding water to the root-zone soil. This artificial application of water to 

land for supplementing the naturally available moisture in the root-zone soil for the 

purpose of agricultural production is termed irrigation. 

 

Irrigation water delivered into the soil is always more than the requirement of the 

crop for building plant tissues, evaporation, and transpiration. In some cases the soil may 

be naturally saturated with water or has more water than is required for healthy growth of 

the plant. This excess water is as harmful to the growth of the plant as lack of water 

during critical stages of the plant life. This excess water can be naturally disposed of only 

if the natural drainage facilities exist in or around the irrigated area. In the absence of 

natural drainage, the excess water has to be removed artificially. The artificial removal of 

the excess water is termed drainage which, in general, is complementary to irrigation. 



 

CROPS AND CROP SEASONS 

Major crops and crop seasons of India have been briefly described in this article. 

 
Crop Seasons 

Activities relating to crops go on continuously throughout the year in India. In north  

India, there are two main crop seasons. These are ‘Kharif’ (July to October) and ‘Rabi’ 

(October to March). Crops grown between March and June are known as ‘Zaid’. In other 

parts of the country there are no such distinct seasons but some kind of classification of 

crop seasons exists every where. The Kharif season is characterised by a gradual fall in 

temperature, larger number of rainy days, low light intensity, a gradual shortening of the 

photoperiod, high relative humidity, and cyclonic weather. On the other hand, bright 

sunshine, near absence of cloudy days, and lower relative humidity are the characteristics 

of the Rabi season. The Kharif season starts earlier in the eastern part of the country 

because of the earlier arrival of the monsoon and continues until the withdrawal of the 

monsoon. On the other hand, the Rabi season starts earlier in the western part and 

continues until the sun attains equatorial position. Thus, Kharif is longer in the eastern 

part and Rabi is longer in the western part. 
 

There are several cropping patterns which are followed in India depending upon  

the climatic, edaphic, socio-economic conditions of the region. With a geographic area of 

about 329 Mha, stretching between 8°N and 36°N latitude and between 68°E and 98°E 

longitude, and its altitude varying from the mean sea level to the highest mountain ranges 

of the world, India hosts a variety of flora and fauna in its soil with few parallels in the 

world. The country has an average annual rainfall of 1,143 mm which varies from 11,489 

mm around Cherrapunji in Assam to 217 mm around Jaisalmer in Rajasthan. Just as 

rainfall and temperature vary over a wide range, there is considerable difference in the 

socio-economic conditions of peasants of different parts of the country. Due to the 

variation in soil-climatic conditions there exists considerable variation in crop genotypes. 

Considering the potential of foodgrain production in different parts of India, the country 

has been divided into the following five agricultural regions (13): 

 

(i) The eastern part including larger part of the north-eastern and south-eastern 

India, and another strip along the western coast form the rice region of India. 

(i) The wheat region occupies most of northern, western, and central India. 

(ii) The millet (bajra)–sorghum (jawar) region comprising Rajasthan, Madhya 

Pradesh, and the Deccan plateau. 



 

(iv) The Himalayan region of Jammu and Kashmir, Himachal Pradesh, Uttar 

Pradesh, and some adjoining areas in which potatoes, cereal crops (mainly 

maize and rice), and fruits are grown. 

 

(v) The plantation crops (e.g. tea, coffee, rubber, and spices) are grown in Assam, 

hills of south India and peninsular region of India which form the plantation 

region. 

Ideal Weather for Kharif and Rabi Seasons 

At the end of May or beginning of June, there should be some rainfall so that the fields 

can be ploughed. Towards the end of June, heavy rainfall is required for thorough wetting 

of the land. This must be followed by a period of clear sky for tillage and sowing 

operations. In the months of July and August, there should be periods of bright sunshine 

(not exceeding ten days) between two spells of rain. The weather in the month of 

September should be similar to that in July and August, but with less rainfall. A few 

showers at the end of September are needed to prepare the land for Rabi crops. 

 
Crops of Kharif Season 

Kharif (or south-westerly monsoon) crops include rice, maize, jawar, bajra, groundnut, 

cotton and other crops. 

Rice 

Rice cultivation in India stretches from 8°N latitude to 34°N latitude. Rice is also grown 

in areas below the sea level (as in the Kuttanad region of Kerala) as well as at altitudes of 

about 2000 m (as in parts of Jammu and Kashmir). High rainfall or assured irrigation is 

essential for areas of rice cultivation. Rice crop requires about 30 cm of water per month 

during the growing period stretching from about 3 to 8 months. Rice is grown on about  

40 Mha in the country. This area also includes about 7 Mha which is saline, alkaline or 

flood-prone. Twenty-five per cent of the rice growing area has assured irrigation and 

about 55 per cent of the rice growing area is ill-drained or waterlogged. The rest of the 

rice-growing area is rainfed uplands where the rainfall is marginal to moderate and its 

distribution is erratic. 

Sorghum (Jawar) 

Sorghum (popularly known as jawar) is the main food and fodder crop of dryland 

agriculture. It is grown over an area of about 18 Mha with the average yield of about 600 

kg/ha. Jawar cultivation is concentrated mainly in the peninsular and central India. Andhra 

Pradesh, Gujarat, Karnataka, Madhya Pradesh, Maharashtra, Rajasthan, Tamil Nadu, and 

Uttar Pradesh are the major jawar-growing states. Jawar is mainly grown where rainfall 

distribution ranges from 10–20 cm per month for at least 3 to 4 months of the south-

westerly monsoon. 

Spiked Millet (Bajra) 

Bajra is a drought-resistant crop which is generally preferred in low rainfall areas and 

lighter soils. It is grown in Rajasthan, Maharashtra, Gujarat, and Uttar Pradesh. Over 66 

per cent of this crop is grown in areas receiving 10–20 cm per month of rainfall, 



extending over 1 to 4 months of the south-westerly monsoons. It should be noted that 

jawar and bajra are grown mostly under identical environmental conditions and both have 

a wide range of adaptability to drought, temperature, and soil. 

Groundnut 

Groundnut is grown over an area of about 7 Mha concentrated in the states of Gujarat (24 

percent), Andhra Pradesh (20 per cent), Karnataka (12 per cent), Maharashtra (12 per 

cent), and Tamil Nadu (13 per cent). Madhya Pradesh, Orissa, Punjab, Rajasthan, and 

Uttar Pradesh together have about 20 per cent of the total groundnut producing area in the 

country. Groundnut is generally grown as a rainfed Kharif crop. Groundnut is sown 

during May and June in the subtropics. In the tropics, however, it is sown during either 

January and February or June and July. Under rainfed conditions the average yield is 

1200–1400 kg per hectare. 

Cotton 

Cotton occupies about 7.5 Mha in India. Maharashtra (36 per cent), Gujarat (21 per cent), 

Karnataka (13 per cent), and Madhya Pradesh (9 per cent) are the leading states which 

together grow cotton over an area of about 6 Mha. Other cotton growing states are Punjab 

(5 per cent), Andhra Pradesh (4 per cent), Tami Nadu (4 per cent), Haryana (3 per cent), 

and Rajasthan (3 per cent). Most of the cotton-growing areas in the country are in the  

high to medium rainfall zones. 

Crops of Rabi Season 

Main crops of Rabi (Post-monsoon) season are wheat, barley and gram. 

Wheat 

In terms of production, wheat occupies the first place among the food crops in the world. 

In India, it is the second most important food crop, next only to rice. The Indo-Gangetic 

plains form the most important wheat area. The cool winters and hot summers are 

conducive to a good crop of wheat. Well-drained loams and clayey loams are considered 

good soils for the cultivation of wheat. However, good crops of wheat can be raised in 

sandy loams and black soils also. 

 
The crop is harvested when the grains harden and the straw becomes dry and brittle. The 

harvesting time varies in different regions. In the peninsular region, harvesting starts in 

the latter half of February and is over in the first week of March. In the central zone, the 

peak season for harvesting is in the month of March. In the north-western zone, the peak 

harvesting period is the latter half of April. In the eastern zone, harvesting is over by 

mid–April. However, in the hills, the wheat crop is harvested in the months of May and 

June. 

 

Barley 

Barley (Jau) is an important rabi crop ranking next only to wheat. The total area under 

this crop is about 3.0 Mha, producing nearly 3 million tonnes of grain. Main barley 

growing states are Rajasthan, Uttar Pradesh, and Bihar which together grow barley over 

an area which is about 80 per cent of total barley growing area. 



This crop can be grown successfully on all soils which are suitable for wheat 

cultivation. Barley crop needs less water and is tolerant to salinity. Recent experiments 

indicate that this crop can be grown on coastal saline soils of Sunderbans in West Bengal 

and on saline soils in areas of north Karnataka irrigated by canals. 

Gram 

Gram (Chana ) is the most important pulse which accounts for more than a third of the 

pulse growing area and about 40 per cent of the production of pulses in India. The 

average annual area and production of gram are about 7–8 Mha and about 4–5 million 

tonnes of grain respectively. Haryana, Himachal Pradesh, Rajasthan, and Uttar Pradesh 

together grow gram over an area exceeding 6 Mha. 

The preparation of land for gram is similar to that for wheat. The seeds are sown in 

rows from the middle of October to the beginning of November. The crop matures in 

about 150 days in Punjab and Uttar Pradesh and in 120 days in south India. 

Other Major Crops 

Sugarcane 

Sugarcane is the main source of sugar and is an important cash crop. It occupies about 1.8 

per cent of the total cultivated area in the country. In the past, the area under sugarcane 

has been fluctuating between 2 and 2.7 Mha. Uttar Pradesh alone accounts for about 47 

per cent of annual production in terms of raw sugar. However, the production per hectare 

is the highest in Karnataka followed by Maharashtra and Andhra Pradesh. 

 

Medium heavy soils are best suited for sugarcane. It can also be grown on lighter 

and heavy soils provided that there is sufficient irrigation available in the former and 

drainage is good in the latter type of soils. In north India, it is cultivated largely on the 

loams and clay loams of the Gangetic and other alluviums. In peninsular India, it is 

grown on brown or reddish loams, laterites, and black cotton soils. 

Tea 

Tea is an important beverage and its consumption in the world is more than that of any 

other beverage. India and Sri Lanka are the important tea growing countries. In India, tea 

is grown in Assam, West Bengal, Kerala, Karnataka, and Tamil Nadu. Tea is grown over 

an area of about 358,000 hectares and about 470 million kilograms of the product is 

obtained annually. The tea crop is the most important plantation crop of India. 

The tea plant, in its natural state, grows into a small or medium-sized tree. In 

commercial plantations, it is pruned and trained to form a multi-branched low bush. 

Appropriate schedule of fertiliser applications is very useful to produce vigorous 

vegetative growth of the tea crop. The tea plants are generally raised in nurseries. About 

one to one-and-a-half year old nursery seedlings are used for field plantation. Timely 

irrigation is essential for the production of good quality leaves. 

Potato 

Amongst vegetables, potato is grown over the largest area (for any single vegetable) in 

the world. In the plains of north India, potato is sown from the middle of September to 



the beginning of January. Two successive crops can be raised on the same land. Potato 

needs frequent irrigation depending upon the soil and climatic conditions. Generally, six 

irrigations are sufficient. 

Multiple Cropping 

To meet the food requirements of ever-growing population of India, the available 

cultivable land (about 143 Mha) should be intensively cropped. This can be achieved by 

multiple cropping which increases agricultural production per unit area of cultivated land 

in a year with the available resource in a given environment. 

 

SOIL–WATER RELATIONS AND IRRIGATION METHODS 

 

Depth of Soil 

The importance of having an adequate depth of soil for storing sufficient amount of 

irrigation water and providing space for root penetration cannot be overemphasised. 

Shallow soils require more frequent irrigations and cause excessive deep percolation 

losses when shallow soils overlie coarse-textured and highly permeable sands and 

gravels. On the other hand, deep soils would generally require less frequent irrigations, 

permit the plant roots to penetrate deeper, and provide for large storage of irrigation 

water. As a result, actual water requirement for a given crop (or plant) is more in case of 

shallow soils than in deep soils even though the amount of water actually absorbed by the 

crop (or plant) may be the same in both types of soils. This is due to the unavoidable 

water losses at each irrigation. 



 

 

Water serves the following useful functions in the process of plant growth: 

(i) Germination of seeds, 

(ii) All chemical reactions, 

(iii) All biological processes, 

(iv) Absorption of plant nutrients through their aqueous solution, 

(v) Temperature control, 

(vi) Tillage operations, and 

(vii) Washing out or dilution of salts. 

Crop growth (or yield) is directly affected by the soil moisture content in the root 

zone. The root zone is defined as the volume of soil or fractured rock occupied or 

occupiable by roots of the plants from which plants can extract water (3). Both excessive 

water (which results in waterlogging) and deficient water in the root-zone soil retard crop 

growth and reduce the crop yield. 

 

Soil water can be divided into three categories: 

(i) Gravity (or gravitational or free) water, 

(ii) Capillary water, and 

(iii) Hygroscopic water. 

 
Gravity water is that water which drains away under the influence of gravity. Soon 

after irrigation (or rainfall) this water remains in the soil and saturates the soil, thus 

preventing circulation of air in void spaces. 

The capillary water is held within soil pores due to the surface tension forces 

(against gravity) which act at the liquid-vapour (or water-air) interface. 

Water attached to soil particles through loose chemical bonds is termed 

hygroscopic water. This water can be removed by heat only. But, the plant roots can use  a 

very small fraction of this moisture under drought conditions. 

When an oven-dry (heated to 105°C for zero per cent moisture content) soil sample 

is exposed to atmosphere, it takes up some moisture called hygroscopic moisture. If more 

water is made available, it can be retained as capillary moisture due to surface tension 

(i.e., intermolecular forces). Any water, in excess of maximum capillary moisture, flows 

down freely and is the gravitational (or gravity) water. 

 

METHODS OF IRRIGATION 

Any irrigation system would consist of the following four subsystems (2): 

(i) The water supply subsystem which may include diversion from rivers or surface 

ponds or pumped flow of ground water. 

(ii) The water delivery subsystem which will include canals, branches, and 

hydraulic structures on these. 



(iii) The water use subsystems, which can be one of the four main types, namely, 

(a) surface irrigation, (b) subsurface irrigation, (c) sprinkler irrigation, and (d) 

trickle irrigation. 

(iv) The water removal system i.e., the drainage system. 

In this section, the water use subsystems have been described. 

Water Use Subsystems 

Irrigation water can be applied to croplands using one of the following irrigation methods 

(i) Surface irrigation which includes the following: 

(a) Uncontrolled (or wild or free) flooding method, 

(b) Border strip method, 

(c) Check method, 

(d) Basin method, and 

(e) Furrow method. 

(ii) Subsurface irrigation 

(iii) Sprinkler irrigation 

(iv) Trickle irrigation 
 

Each of the above methods has some advantages and disadvantages, and the choice 

of the method depends on the following factors (2): 

(i) Size, shape, and slope of the field, 

(ii) Soil characteristics, 

(iii) Nature and availability of the water supply subsystem, 

(iv) Types of crops being grown, 

(v) Initial development costs and availability of funds, and 

(vi) Preferences and past experience of the farmer. 

The design of an irrigation system for applying water to croplands is quite complex 

and not amenable to quantitative analysis. Principal criteria for the design of a suitable 

irrigation method are as follows (3): 

(i) Store the required water in the root-zone of the soil, 

(ii) Obtain reasonably uniform application of water, 

(iii) Minimise soil erosion, 

(iv) Minimise run-off of irrigation water from the field, 

(v) Provide for beneficial use of the runoff water, 

(vi) Minimise labour requirement for irrigation, 

(vii) Minimise land use for ditches and other controls to distribute water, 

(viii) Fit irrigation system to field boundaries, 

(ix) Adopt the system to soil and topographic changes, and 

(x) Facilitate use of machinery for land preparation, cultivating, furrowing, 

harvesting, and so on. 



Surface Irrigation 

In all the surface methods of irrigation, water is either ponded on the soil or allowed to 

flow continuously over the soil surface for the duration of irrigation. Although surface 

irrigation is the oldest and most common method of irrigation, it does not result in high 

levels of performance. This is mainly because of uncertain infiltration rates which are 

affected by year-to-year changes in the cropping pattern, cultivation practices, climatic 

factors, and many other factors. As a result, correct estimation of irrigation efficiency of 

surface irrigation is difficult. Application efficiencies for surface methods may range 

from about 40 to 80 per cent. 

(a) Uncontrolled Flooding 

When water is applied to the cropland without any preparation of land and without 

any levees to guide or restrict the flow of water on the field, the method is called 

‘uncontrolled’, wild or ‘free’ flooding. In this method of flooding, water is brought to 

field ditches and then admitted at one end of the field thus letting it flood the entire field 

without any control. 

Uncontrolled flooding generally results in excess irrigation at the inlet region of the 

field and insufficient irrigation at the outlet end. Application efficiency is reduced 

because of either deep percolation (in case of longer duration of flooding) or flowing 

away of water (in case of shorter flooding duration) from the field. The application 

efficiency would also depend on the depth of flooding, the rate of intake of water into the 

soil, the size of the stream, and topography of the field. 

 
Obviously, this method is suitable when water is available in large quantities, the 

land surface is irregular, and the crop being grown is unaffected because of excess water. 

The advantage of this method is the low initial cost of land preparation. This is offset by 

the disadvantage of greater loss of water due to deep percolation and surface runoff. 

(b) Border Strip Method 

Border strip irrigation (or simply ‘border irrigation’) is a controlled  surface 

flooding method of applying irrigation water. In this method, the farm is divided into a 

number of strips which can be 3-20 metres wide and 100-400 metres long. These strips 

are separated by low levees (or borders). The strips are level between levees but slope 

along the length according to natural slope. If possible, the slope should be between 0.2 

and 0.4 per cent. But, slopes as flat as 0.1 per cent and as steep as 8 per cent can also be 

used (1). In case of steep slope, care should be taken to prevent erosion of soil. Clay loam 

and clayey soils require much flatter slopes (around 0.2%) of the border strips because of 

low infiltration rate. Medium soils may have slopes ranging from 0.2 to 0.4%. Sandy  

soils can have slopes ranging from 0.25 to 0.6%. 

 

Water from the supply ditch is diverted to these strips along which it flows slowly 

towards the downstream end and in the process it wets and irrigates the soil. When the 

water supply is stopped, it recedes from the upstream end to the downsteam end. 

The border strip method is suited to soils of moderately low to moderately high 

intake rates and low erodibility. This method is suitable for all types of crops except those 



which require prolonged flooding which, in this case, is difficult to maintain because of 

the slope. This method, however, requires preparation of land involving high initial cost. 

(c) Check Method 

The check method of irrigation is based on rapid application of irrigation water to a 

level or nearly level area completely enclosed by dikes. In this method, the entire field is 

divided into a number of almost levelled plots (compartments or ‘Kiaries’) surrounded by 

levees. Water is admitted from the farmer’s watercourse to these plots turn by turn. This 

method is suitable for a wide range of soils ranging from very permeable to heavy soils. 

The farmer has very good control over the distribution of water in different areas of his 

farm. Loss of water through deep percolation (near the supply ditch) and surface runoff 

can be minimised and adequate irrigation of the entire farm can be achieved. Thus, 

application efficiency is higher for this method. However, this method requires constant 

attendance and work (allowing and closing the supplies to the levelled plots). Besides, 

there is some loss of cultivable area which is occupied by the levees. Sometimes, levees 

are made sufficiently wide so that some ‘row’ crops can be grown over the levee surface. 

 

(d) Basin Method 

This method is frequently used to irrigate orchards. Generally, one basin is made 

for one tree. However, where conditions are favourable, two or more trees can be 

included in one basin. 

 

(e) Furrow Method 

In the surface irrigation methods discussed above, the entire land surface is flooded 

during each irrigation. An alternative to flooding the entire land surface is to construct 

small channels along the primary direction of the movement of water and letting the 

water flow through these channels which are termed ‘furrows’, ‘creases’ or ‘corrugation’. 

Furrows are small channels having a continuous and almost uniform slope in  the 

direction of irrigation. Water infiltrates through the wetted perimeter of the furrows and 

moves vertically and then laterally to saturate the soil. Furrows are used to irrigate crops 

planted in rows. 
 

Subsurface Irrigation 

Subsurface irrigation (or simply subirrigation) is the practice of applying water to soils 

directly under the surface. Moisture reaches the plant roots through capillary action. The 

conditions which favour subirrigation are as follows (1): 

(i) Impervious subsoil at a depth of 2 metres or more, 

(ii) A very permeable subsoil, 

(iii) A permeable loam or sandy loam surface soil, 

(iv) Uniform topographic conditions, and 

(v) Moderate ground slopes. 

In natural subirrigation, water is distributed in a series of ditches about 0.6 to 0.9 

metre deep and 0.3 metre wide having vertical sides. These ditches are spaced 45 to 90 

metres apart. 



Sometimes, when soil conditions are favourable for the production of cash crops 

(i.e., high-priced crops) on small areas, a pipe distribution system is placed in the soil  

well below the surface. This method of applying water is known as artificial subirrigation 

 
Sprinkler Irrigation 

Sprinkling is the method of applying water to the soil surface in the form of a spray which 

is somewhat sililar to rain. In this method, water is sprayed into the air and allowed to fall 

on the soil surface in a uniform pattern at a rate less than the infiltration rate of the soil. 

This method started in the beginning of this century and was initially limited to nurseries 

and orchards. In the beginning, it was used in humid regions as a supplemental method of 

irrigation. This method is popular in the developed countries and is gaining popularity in 

the developing countries too. 

 

Rotating sprinkler-head systems are commonly used for sprinkler irrigation. Each 

rotating sprinkler head applies water to a given area, size of which is governed by the 

nozzle size and the water pressure. Alternatively, perforated pipe can be used to deliver 

water through very small holes which are drilled at close intervals along a segment of the 

circumference of a pipe. The trajectories of these jets provide fairly uniform application 

of water over a strip of cropland along both sides of the pipe. With the availability of 

flexible PVC pipes, the sprinkler systems can be made portable too. 

 
Sprinklers have been used on all types of soils on lands of different topography and 

slopes, and for many crops. The following conditions are favourable for sprinkler 

irrigation (1): 

(i) Very previous soils which do not permit good distribution of water by surface 

methods, 

(ii) Lands which have steep slopes and easily erodible soils, 

(iii) Irrigation channels which are too small to distribute water efficiently by surface 

irrigation, and 

 
(iv) Lands with shallow soils and undulating lands which prevent proper levelling 

re-quired for surface methods of irrigation. 

Besides, the sprinkler system has several features. For example, small amounts of 

water can be applied easily and frequently by the sprinkler system. Light and frequent 

irrigations are very useful during the germination of new plants, for shallow-rooted crops 

and to control soil temperature. Measurement of quantity of water is easier. It causes less 

interference in cultivation and other farming operations. While sprinkler irrigation 

reduces percolation losses, it increases evaporation losses. The frequency and intensity of 

the wind will affect the efficiency of any sprinkler system. Sprinkler application 

efficiencies should always be more than 75 per cent so that the system is economically 

viable. 

 



 
 

QUALITY OF IRRIGATION WATER 

Needs of a healthy human environment place high demands on the quality of irrigation 

water. Irrigation water must not have direct or indirect undesirable effects on the health  

of human beings, animals, and plants. The irrigation water must not damage the soil and 

not endanger the quality of surface and ground waters with which it comes into contact. 

The presence of toxic substances in irrigation water may threaten the vegetation besides 

degrading the suitability of soil for future cultivation. Surface water, ground water, and 

suitably treated waste waters are generally used for irrigation purposes. In examining the 

quality of irrigation water, attention is focussed on the physical, chemical, and biological 

properties of such water. 

 

The effect of undissolved substances in irrigation water on the soil fertility depends 

on their size, quantity, and nutrient content as well as the type of soil. Fine-grained soil 

particles in irrigation water may improve the fertility of light soils, but may adversely 

affect the permeability and aeration characteristics of heavier soils. The undissolved 

substances may settle in the irrigation systems and thus result either in the reduction of 

their capacity or even 

failure of some installations such as pumping plants. The use of water having upleasant 

odour for irrigation may unfavourably affect the farmers. 



UNIT-II 

CANAL IRRIGATION 
 

CANALS 

A conveyance subsystem for irrigation includes open channels through earth or rock 

formation, flumes constructed in partially excavated sections or above ground, pipe lines 

installed either below or above the ground surface, and tunnels drilled through high 

topographic obstructions. Irrigation conduits of a typical gravity project are usually open 

channels through earth or rock formations. These are called canals. 

 

A canal is defined as an artificial channel constructed on the ground to carry water 

from a river or another canal or a reservoir to the fields. Usually, canals have a 

trapezoidal cross-section. Canals can be classified in many ways. 

Based on the nature of source of supply, a canal can be either a permanent or an 

inundation canal. A permanent canal has a continuous source of water supply. Such canals 

are also called perennial canals. An inundation canal draws its supplies from a river only 

during the high stages of the river. Such canals do not have any headworks for diversion 

of river water to the canal, but are provided with a canal head regulator. 

 

COMMAND AREAS 

Gross command area (or GCA) is the total area which can be economically irrigated from 

an irrigation system without considering the limitation on the quantity of available water. 

It includes the area which is, otherwise, uncultivable. For example, ponds and residential 

areas are uncultivable areas of gross command area. An irrigation canal system lies in a 

doab (i.e., the area between two drainages), and can economically irrigate the doab. It is, 

obviously, uneconomical to use the irrigation system to irrigate across the two drainages. 

Thus, the boundaries of the gross command of an irrigation canal system is fixed by the 

drainages on either side of the irrigation canal system. 

 

The area of the cultivable land in the gross command of an irrigation system is 

called culturable command area (CCA) and includes all land of the gross command on 

which cultivation is possible. At any given time, however, all the cultivable land may not 

be actually under cultivation. Therefore, sometimes the CCA is divided into two 

categories: cultivated CCA and cultivable but not cultivated CCA. 

 

PANNING OF AN IRRIGATION CANAL SYSTEM 

Planning of an irrigation canal project includes the determination of: (i) canal alignment, 

and (ii) the water demand. The first step in the planning of an irrigation canal project is to 

carry out a preliminary survey to establish the feasibility or otherwise of a proposal. Once 

the feasibility of the proposal has been established, a detailed survey of the area is carried 

out and, 



 

thereafter, the alignment of the canal is fixed. The water demand of the canal is, then, 

worked out. 

Preliminary Survey 

To determine the feasibility of a proposal of extending canal irrigation to a new area, 

information on all such factors which influence irrigation development is collected during 

the preliminary (or reconnaissance) survey. During this survey all these factors are 

observed or enquired from the local people. Whenever necessary, some quick 

measurements are also made. 

The information on the following features of the area are to be collected: 

(i) Type of soil, 

(ii) Topography of the area, 

(iii) Crops of the area, 

(iv) Rainfall in the area, 

(v) Water table elevations in the area, 

(vi) Existing irrigation facilities, and 

(vii) General outlook of the cultivators with respect to cultivation and irrigation. 

The type of soil is judged by visual observations and by making enquiries from the 

local people. The influence of the soil properties on the fertility and waterholding 

capacity has already been discussed in Chapter 3. 

For a good layout of the canal system, the command area should be free from too 

many undulations. This requirement arises from the fact that a canal system is essentially 

a gravity flow system. However, the land must have sufficient longitudinal and cross 

slopes for the channels to be silt-free. During the preliminary survey, the topography of 

the area is judged by visual inspection only. 

 

Water demand after the completion of an irrigation project would depend upon the 

crops being grown in the area. The cropping pattern would certainly change due to the 

introduction of irrigation, and the possible cropping patterns should be discussed with the 

farmers of the area. 



Detailed Survey 

The preparation of plans for a large canal project is simplified in a developed area because 
of the availability of settlement maps (also called shajra maps having scale of 16 inches to 
a mile i.e., 1/3960 ≅ 1/4000) and revenue records in respect of each of the villages of the 
area. The settlement maps show the boundaries and assigned numbers of all the fields of 
the area, location of residential areas, culturable and barren land, wells, ponds, and other 
features of the area. Usually for every village there is one settlement (or shajra) map 
which is prepared on a piece of cloth. These maps and the revenue records together give 
information on total land area, cultivated area, crop-wise cultivated area and the area 
irrigated by the existing ponds and wells. 

 

With the help of settlement maps of all the villages in a doab, a drawing indicating 

distinguishing features, such as courses of well-defined drainages of the area, is prepared. 

On this drawing are then marked the contours and other topographical details not 

available on the settlement maps but required for the planning of a canal irrigation 

project. Contours are marked after carrying out ‘levelling’ survey of the area. 

The details obtained from the settlement maps should also be updated in respect of 

developments such as new roads, additional cultivated area due to dried-up ponds, and so 

on. In an undeveloped (or unsettled) area, however, the settlement maps may not be 

available and the plans for the canal irrigation project will be prepared by carrying out 

engineering survey of the area. 

 

One of the most important details from the point of view of canal irrigation is the 

watershed which must be marked on the above drawing. Watershed is the dividing line 

between the catchment areas of two drains and is obtained by joining the points of highest 

elevation on successive cross-sections taken between any two streams or drains. Just as 

there would be the main watershed between two major streams of an area, there would be 

subsidiary watersheds between any tributary and the main stream or between any two 

adjacent tributaries. 

 
ALIGNMENT OF IRRIGATION CANALS 

Desirable locations for irrigation canals on any gravity project, their cross-sectional 

designs and construction costs are governed mainly by topographic and geologic 

conditions along different routes of the cultivable lands. Main canals must convey water 

to the higher elevations of the cultivable area. Branch canals and distributaries convey 

water to different parts of the irrigable areas. 



C 

 

On projects where land slopes are relatively flat and uniform, it is advantageous to 

align channels on the watershed of the areas to be irrigated. The natural limits of 

command of such irrigation channels would be the drainages on either side of the 

channel. Aligning a canal (main, branch as well as distributary) on the watershed ensures 

gravity irrigation on both sides of the canal. Besides, the drainage flows away from the 

watershed and, hence, no drainage can cross a canal aligned on the watershed. Thus, a 

canal aligned on the watershed saves the cost of construction of cross-drainage structures. 

However, the main canal has to be taken off from a river which is the lowest point in the 

cross-section, and this canal must mount the watershed in as short a distance as possible. 

Ground slope in the head reaches of a canal is much higher than the required canal bed 

slope and, hence, the canal needs only a short distance to mount the watershed. This can 

be illustrated by Fig. 5.2 in which the main canal takes off from a river at P and mounts 

the watershed at Q. Let the canal bed level at P be 400 m and the elevation of the highest 

point N along the section MNP be 410 m. Assuming that the ground slope is 1 m per km, 

the distance of the point Q (395 m) on the watershed from N would be 15 km. If the 

required canal bed slope is 25 cm per km, the length PQ of the canal would be 20 km. 

Between P and Q, the canal would cross small streams and, hence, construction of cross- 

drainage structures would be necessary for this length. In fact, the alignment PQ is 

influenced considerably by the need of providing suitable locations for the cross-drainage 

structures. The exact location of Q would be determined by trial so that the alignment PQ 

results in an economic as well as efficient system. Further, on the watershed side of the 

canal PQ, the ground is higher than the ground on the valley side (i.e., the river side). 

Therefore, this part of the canal can irrigate only on one side (i.e., the river side) of the 

canal. 
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Once a canal has reached the watershed, it is generally kept on the watershed, 

except in certain situations, such as the looping watershed at R in Fig. 5.2. In an effort to 

keep the canal alignment straight, the canal may have to leave the watershed near R. The 

area between the canal and the watershed in the region R can be irrigated by a distributary 

which takes off at R1 and follows the watershed. Also, in the region R, the canal may 

cross some small streams and, hence, some cross-drainage structures may have to be 

constructed. If watershed is passing through villages or towns, the canal may have to 

leave the watershed for some distance. 

In hilly areas, the conditions are vastly different compared to those of plains. 

Rivers flow in valleys well below the watershed or ridge, and it may not be economically 

feasible to take the channel on the watershed. In such situations, contour channels (Fig. 

5.3) are constructed. Contour channels follow a contour while maintaining the required 

longitudinal slope. It continues like this and as river slopes are much steeper than the 

required canal bed slope the canal encompasses more and more area between itself and 

the river. It should be noted that the more fertile areas in the hills are located at lower 

levels only. 
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In order to finalise the channel network for a canal irrigation project, trial alignments of 

channels are marked on the map prepared during the detailed survey. A large-scale  map 

is required to work out the details of individual channels. However, a small-scale map 

depicting the entire command of the irrigation project is also desirable. The alignments 

marked on the map are transferred on the field and adjusted wherever necessary. These 

adjustments are transferred on the map as well. The alignment on the field is marked by 

small masonry pillars at every 200 metres. The centre line on top of these  pillars 

coincides with the exact alignment. In between the adjacent pillars, a small trench, 

excavated in the ground, marks the alignment. 

 
 

DUTY OF WATER 

For proper planning of a canal system, the designer has to first decide the ‘duty of water’ 

in the locality under consideration. Duty is defined as the area irrigated by a unit 

discharge of water flowing continuously for the duration of the base period of a crop. The 

base period of a crop is the time duration between the first watering at the time of sowing 
and the last watering before harvesting the crop. Obviously, the base period of a crop is 

smaller than the crop period. Duty is measured in hectares/m3/s. The duty of a canal 

depends on the crop, type of soil, irrigation and cultivation methods, climatic factors, and 

the channel conditions. 
 

By comparing the duty of a system with that of another system or by comparing it 

with the corresponding figures of the past on the same system, one can have an idea 

about the performance of the system. Larger areas can be irrigated if the duty of the 

irrigation system is improved. Duty can be improved by the following measures: 

(i) The channel should not be in sandy soil and be as near the area to be irrigated as 

possible so that the seepage losses are minimum. Wherever justified, the channel 

may be lined. 

 

(ii) The channel should run with full supply discharge as per the scheduled program 

so that farmers can draw the required amount of water in shorter duration and 

avoid the tendency of unnecessary over irrigation. 

(iii) Proper maintenance of watercourses and outlet pipes will also help reduce 

losses, and thereby improve the duty. 

(iv) Volumetric assessment of water makes the farmer to use water economically. 

This is, however, more feasible in well irrigation. 

 

 

 

 

 

 



Well irrigation has higher duty than canal irrigation due to the fact that water is 

used economically according to the needs. Open wells do not supply a fixed discharge 

and, hence, the average area irrigated from an open well is termed its duty.Between 

thehead of the main canal and the outlet in the distributary, there are losses due to 

evaporation and percolation. As such, duty is different at different points of the canal 

system. The duty at the head of a canal system is less than that at an outlet or in the tail 

end region of the canal. Duty is usually calculated for the head discharge of the canal. 

Duty calculated on the basis of outlet discharge is called ‘outlet discharge factor’ or 

simply ‘outlet factor’ which excludes all losses in the canal system. 

 
CANAL OUTLETS 

When the canal water has reached near the fields to be irrigated, it has to be transferred to 
the watercourses. At the junction of the watercourse and the distributary, an outlet is 
provided. An outlet is a masonry structure through which water is admitted from the 
distributary into a watercourse. It also acts as a discharge measuring device. The 

discharge though an outlet is usually less than 0.085 m3/s (3). It plays a vital role in the 
warabandi system (see Sec. 5.11) of distributing water. Thus, an outlet is like a head 
regulator for the watercourse. 

The main objective of providing an outlet is to provide sample supply of water to 

the fields, whenever needed. If the total available supply is insufficient, the outlets must 

be such that equitable distribution can be ensured. The efficiency of an irrigation system 

depends on the proper functioning of canal outlets which should satisfy the following 

requirements (3): 

(i) The outlets must be strong and simple with no moving parts which would 

require periodic attention and maintenance. 

(ii) The outlets should be tamper-proof and if there is any interference in the 

function-ing of the outlet, it should be easily detectable. 

(iii) The cost of outlets should be less as a large number of these have to be installed       

in an irrigation network. 

(iv) The outlet should be able to draw sediment in proportion to the amount of water 

withdrawn so that there is no silting or scouring problem in the distributary 

down-stream of the outlet. 

 

(v) The outlets should be able to function efficiently even at low heads. 

The choice of type of an outlet and its design are governed by factors such as water 

distribution policy, water distribution method, method of water assessment, sources of 

supply, and the working of the distributary channel. 

Water may be distributed on the basis of either the actual area irrigated in the 

previous year or the actual culturable command area. The discharge from the outlet 

should be capable of being varied in the first case, but, can remain fixed in the second. 

The method of water distribution may be such that each cultivator successively receives 

water for a duration in proportion to his area. Or, alternatively, all the cultivators share 

the outlet discharge simultaneously. The first system is better as it results in less loss of 

water. The outlet capacity is decided keeping in view the method of water distribution. 



UNIT-III 

CANAL OUTLETS 
 

Types of Outlet 

Canal outlets are of the following three types: 

(i) Non-modular outlets, 

(ii) Semi-modular outlets, and 

(iii) Modular outlets. 

Non-modular outlets are those whose discharge capacity depends on the difference 

of water levels in the distributary and the watercourse. The discharge through non- 

modular outlets fluctuates over a wide range with variations in the water levels of either 

the distributary or the watercourse. Such an outlet is controlled by a shutter at its upstream 

end. The loss of head in a non-modular outlet is less than that in a modular outlet. Hence, 

non-modular outlets are very suitable for low head conditions. However, in these outlets, 

the discharge may vary even when the water level in the distributary remains constant. 

Hence, it is very difficult to ensure equitable distribution of water at all outlets at times of 

keen demand of water. 

The discharge through a semi-modular outlet (or semi-module or flexible outlet) 

depends only on the water level in the distributary and is unaffected by the water level in 

the watercourse provided that a minimum working head required for its working is 

available. A semi-module is more suitable for achieving equitable distribution of water at 

all outlets of a distributary. The only disadvantage of a semi-modular outlet is that it 

involves comparatively greater loss of head. 

 

Modular outlets are those whose discharge is independent of the water levels in the 

distributary and watercourse, within reasonable working limits. These outlets may or may 

not have moving parts. In the latter case, these are called rigid modules. Modular outlets 

with moving parts are not simple to design and construct and are, hence, expensive. 

A modular outlet supplies fixed discharge and, therefore, enables the farmer to plan 

his irrigation accordingly. However, in case of excess or deficient supplies in the 

distributary, the tail-end reach of the distributary may either get flooded or be deprived of 

water. This is due to the reason that the modular outlet would not adjust its discharge 

corresponding to the water level in the distributary. But, if an outlet is to be provided in a 

branch canal which is likely to run with large fluctuations in discharge, a modular outlet 

would be an ideal choice. The outlet would be set at a level low enough to permit it to 



draw its due share when the branch is running with low supplies. When the branch has to 

carry excess supplies to meet the demands of the distributaries, the discharge through the 

modular outlet would not be affected and the excess supplies would reach up to the 

desired distributaries. Similarly, if an outlet is desired to be located upstream of a 

regulator or a raised crest fall, a modular outlet would be a suitable choice. 

. Flexibility 
The ratio of the rate of change of discharge of an outlet ( dQ0/Q0) to the rate of change of 
discharge of the distributary channel (dQ/Q) (on account of change in water level) is 
termed the flexibility which is designated as F. Thus, 

 

F = (dQ0/Q0)/(dQ/Q) (5.3) 

Here, Q and Q0 are the flow rates in the distributary channel and the watercourse, 

respectively. Expressing discharge Q in the distributary channel in terms of depth of flow 

h in the channel as 

Q = C1h
n
 

one can obtain 
dQ 

n 
dh 

Q h 

Similarly, the discharge Q0 through the outlet can be expressed in terms of the head 
H on the outlet as 

Q0  = C2H
m

 
 

which gives  
dQ0 m 

dH 
 

 

Q0 H 
Here, m and n are suitable indices and C1 and C2 are constants. Thus, 

m  h dH 

F = × × (5.4) 

n H dh 

For semi-modular outlets, the change in the head dH at an outlet would be equal to 

the change in the depth of flow dh in the distributary. Therefore, 

 m  h  

F = n × H (5.5) 

. Sensitivity 

The ratio of the rate of change of discharge (dQ0/Q0) of an outlet to the rate of change in 
the water surface level of the distributary channel with respect to the depth of flow in the 
channel is called the ‘sensitivity’ of the outlet. Thus, 

 

 dQ0 /Q0 ) 
 

 

S = (dG/h) 

Here, S is the sensitivity and G is the gauge reading of a gauge which is so set that G = 0 
corresponds to the condition of no discharge through the outlet (i.e. , Q0 = 0). Obviously, 
dG = dh. Thus, sensitivity can also be defined as the ratio of the rate of change of 
discharge of an outlet to the rate of change of depth of flow in the distributary channel. 
Therefore, 



S = (dQ0/Q0)/(dh/h) 
Also, F = (dQ0/Q0)/(dQ/Q)   

F dhI 

  

= (dQ 
/Q )/n 
G 
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∴  S = nF  (5.8) 

Thus, the sensitivity of an outlet for a wide trapezoidal (or rectangular) distributary 

channel (n = 5/3) is equal to (5/3)F. The sensitivity of a modular outlet is, obviously, 

zero. 

The ‘minimum modular head’ is the minimum head required for the proper 

functioning of the outlet as per its design. The modular limits are the extreme values of 

any parameter (or quantity) beyond which an outlet is incapable of functioning according 

to its design. The modular range is the range (between modular limits) of values of a 

quantity within which the outlet works as per its design. The efficiency of any outlet is 

equal to the ratio of the head recovered (or the residual head after the losses in the outlet) 

to the input head of the water flowing through the outlet. 

 
Non-Modular Outlets 

The non-modular outlet is usually in the form of a submerged pipe outlet or a masonry 

sluice which is fixed in the canal bank at right angles to the direction of flow in the 

distributary. The diameter of the pipe varies from 10 to 30 cm. The pipe is laid on a light 

concrete foundation to avoid uneven settlement of the pipe and consequent leakage 

problems. The pipe inlet is generally kept about 25 cm below the water level in the 

distributary. When considerable fluctuation in the distributary water level is anticipated, 

the inlet is so fixed that it is below the minimum water level in the distributary. Figure 

5.4 shows a pipe outlet. If H is the difference in water levels of the distributary and the 

watercourse then the discharge Q through the outlet can be obtained from the equation, 



Kennedy’s Gauge Outlet 

This outlet was developed by RG Kennedy in 1906. It mainly consists of an orifice with 

bellmouth entry, a long expanding delivery pipe, and an intervening vertical air column 

above the throat (Fig. 5.5). The air vent pipe permits free circulation of air around the jet. 

This arrangement makes the discharge through the outlet independent of the water level 

in the watercourse. The water jet enters the cast iron expanding pipe which is about 3 m 

long and at the end of which a cement concrete pipe extension is generally provided. 

Water is then discharged into the watercourse. This outlet can be easily tampered with by 

the cultivator who blocks the air vent pipe to increase the discharge through the outlet. 

Because of this drawback and its high cost, Kennedy’s gauge outlet is generally not used. 

 
Open Flume Outlet 

An open flume outlet is a weir with a sufficiently constricted throat to ensure supercritical 

flow and long enough to ensure that the controlling section remains within the throat  at 

all discharges up to the maximum. A gradual expansion is provided downstream of the 

throat. The entire structure is built in brick masonry but the controlling section is 

generally provided with cast iron or steel bed and check plates. This arrangement ensures 

the formation of hydraulic jump and, hence, the outlet discharge remains independent of 

the water level in the watercourse. Figure 5.6 shows the type of open flume outlet 

commonly used in Punjab. The discharge through the outlet is proportional to H3/2. The 

efficiency of the outlet varies between 80 and 90 per cent. 

The throat width of the outlet should not be less than 60 mm as a narrower throat 

may easily get blocked by the floating material. For the range of outlet discharges 

normally used, the outlet is either deep and narrow, or shallow and wide. While a narrow 

outlet gets easily blocked, a shallow outlet is not able to draw its fair share of sediment. 

Orifice Semi-Modules 

An orifice semi-module consists of an orifice followed by a gradually expanding flume 

on the downstream side (Fig. 5.7). Supercritical flow through the orifice causes the 

formation of hydraulic jump in the expanding flume and, hence, the outlet discharge 

remains independent of the water level in the watercourse. The roof block is suitably 

shaped to ensure converging streamlines so that the discharge coefficient does not vary 

much. The roof block is fixed in its place by means of two bolts embedded in a masonry 

key. For adjustment, this masonry can be dismantled and the roof block is suitably 

adjusted. After this, the masonry key is rebuilt. Thus, the adjustment can be made at a 

small cost. Tampering with the outlet by the cultivators would be easily noticed through 

the damage to the masonry key. This is the chief merit of this outlet. 
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CANAL REGULATION 

The amount of water which can be directed from a river into the main canal depends on: 

(i) the water available in the river, (ii) the canal capacity, and (iii) the share of other 

canals taking off from the river. The flow in the main canal is diverted to various 

branches and distributaries. 

 
The distribution of flow, obviously, depends on the water demand of various channels. 

The method of distribution of available supplies is termed canal regulation. 

When there exists a significant demand for water anywhere in the command area of 

a canal, the canal has to be kept flowing. The canal can, however, be closed if the water 

demand falls below a specified quantity. It is reopened when the water demand exceeds 

the specified minimum quantity. Normally, there always exists a demand in some part of 

the command area of any major canal. Such major canals can, therefore, be closed only 

for a very small period (say, three to four weeks in a year). These canals run almost 

continuously and carry discharges much less than their full capacity, either when there is 

less demand or when the available supplies are insufficient. 

 

If the demand is less, only the distributaries which need water are kept running and 

the others (including those which have very little demand) are closed. In case of keen 

demand, but insufficient supplies, either all smaller channels run simultaneously and 

continuously with reduced supplies, or some channels are closed turn by turn and the 

remaining ones run with their full or near-full capacities. The first alternative causes 

channel silting, weed growth, increased seepage, waterlogging, and low heads on outlets. 

The second alternative does not have these disadvantages and allows sufficient time for 

inspection and repair of the channels. 

 
Causes of Waterlogging 

Ground water reservoirs receive their supplies through percolation of water from the 

ground surface. This water may be from rainfall, from lakes or water applied to the fields 

for irrigation. This water percolates down to the water table and, thus, raises its position. 

Depending upon the elevation and the gradient of the water table, the flow may either be 

from surface to the ground (i.e., inflow) or ground to the surface (i.e., outflow). Outflow 

from a ground water reservoir includes water withdrawn through wells and water used as 

consumptive use. An overall balance between the inflow and outflow of a ground water 

reservoir will keep the water table at almost fixed level. This balance is greatly disturbed 

by the introduction of a canal system or a well system for irrigation. While the former 

tends to raise the water table, the latter tends to lower it. 

 
 

Waterlogging in any particular area is the result of several contributing factors. The 

main causes of waterlogging can be grouped into two categories: (i) natural, and (ii) 

artificial. 



Natural Causes of Waterlogging 

Topography, geological features, and rainfall characteristics of an area can be the natural 

causes of waterlogging. 

In steep terrain, the water is drained out quickly and, hence, chances of 

waterlogging are relatively low. But in flat topography, the disposal of excess water is 

delayed and this water stands on the ground for a longer duration. This increases the 

percolation of water into the ground and the chances of waterlogging. The geological 

features of subsoil have considerable influence on waterlogging. If the top layer of the 

soil is underlain by an impervious stratum, the tendency of the area getting waterlogged 

increases. 

 
Rainfall is the major contributing factor to the natural causes of waterlogging. Low- 

lying basins receiving excessive rainfall have a tendency to retain water for a longer 

period of time and, thus get, waterlogged. Submergence of lands during floods 

encourages the growth of weeds and marshy grasses which obstruct the drainage of  

water. This, again, increases the amount of percolation of water into the ground and the 

chances of waterlogging. 

Artificial Causes of Waterlogging 

There exists a natural balance between the inflow and outflow of a ground water 

reservoir. This balance is greatly disturbed due to the introduction of artificial irrigation 

facilities. The surface reservoir water and the canal water seeping into the ground 

increase the inflow to the ground water reservoir. This raises the water table and the area 

may become waterlogged. Besides, defective method of cultivation, defective irrigation 

practices, and blocking of natural drainage further add to the problem of waterlogging. 

Effects of Waterlogging 

The crop yield is considerably reduced in a waterlogged area due to the following 

adverse effects of waterlogging: 

(i) Absence of soil aeration, 

(ii) Difficulty in cultivation operations, 

(iii) Weed growth, and 

(iv) Accumulation of salts. 

In addition, the increased dampness of the waterlogged area adversely affects the 

health of the persons living in that area. 

Absence of Soil Aeration 

In waterlogged lands, the soil pores within the root zone of crops are saturated and air 

circulation is cut off. Waterlogging, therefore, prevents free circulation of air in the root 

zone. Thus, waterlogging adversely affects the chemical processes and the bacterial 

activities which are essential for the proper growth of a plant. As a result, the yield of the 

crop is reduced considerably. 



Difficulty in Cultivation 

For optimum results in crop production, the land has to be prepared. The preparation of 

land (i.e., carrying out operations such as tillage, etc.) in wet condition is difficult and 

expensive. As a result, cultivation may be delayed and the crop yield adversely affected. 

The delayed arrival of the crop in the market brings less returns to the farmer. 

Weed Growth 

There are certain types of plants and grasses which grow rapidly in marshy lands. In 

waterlogged lands, these plants compete with the desired useful crop.  Thus, the yield of 

the desired useful crop is adversely affected. 

Accumulation of Salts 

As a result of the high water table in waterlogged areas, there is an upward capillary flow 

of water to the land surface where water gets evaporated. The water moving upward 

brings with it soluble salts from salty soil layers well below the surface. These soluble 

salts carried by the upward moving water are left behind in the root zone when this water 

evaporates. The accumulation of these salts in the root zone of the soil may affect the 

crop yield considerably. 

Remedial Measures for Waterlogging 

The main cause of waterlogging in an area is the introduction of canal irrigation there. It 

is, therefore, better to plan the irrigation scheme in such a way that the land is prevented 

from getting waterlogged. Measures, such as controlling the intensity of irrigation, 

provision of intercepting drains, keeping the full supply level of channels as low as 

possible, encouraging economical use of water, removing obstructions in natural 

drainage, rotation of crops, running of canals by rotation, etc., 

 
Lining of Irrigation Channels 

Most of the irrigation channels in India are earthen channels. The major advantage of an 

earth channel is its low initial cost. The disadvantages of an earth channel are: (i) the low 

velocity of flow maintained to prevent erosion necessitates larger cross-section of 

channels, (ii) excessive seepage loss which may result in waterlogging and related 

problems such as salinity of soils, expensive road maintenance, drainage activities, safety 

of foundation structures, etc., (iii) favourable conditions for weed growth which further 

retards the velocity, and (iv) the breaching of banks due to erosion and burrowing of 

animals. These problems of earth channels can be got rid of by lining the channel. 

 
A lined channel decreases the seepage loss and, thus, reduces the chances of 

waterlogging. It also saves water which can be utilised for additional irrigation. A lined 

channel provides safety against breaches and prevents weed growth thereby reducing the 

annual maintenance cost of the channel. Because of relatively smooth surface of lining, a 

lined channel requires a flatter slope. This results in an increase in the command area.  

The increase in the useful head is advantageous in case of power channels also. The  

lining of watercourses in areas irrigated by tubewells assume special significance as the 

pumped water supply is more costly. 

As far as practicable, lining should, however, be avoided on expansive clays (14). 



But, if the canal has to traverse a reach of expansive clay, the layer of expansive clay 

should be removed and replaced with a suitable non-expansive soil and compacted 

suitably. If the layer of expansive clay is too thick to be completely excavated, then the 

expansive clay bed is removed to a depth of about 60 cm and filled to the grade of the 

underside of lining with good draining material. The excavated surface of expansive clay 

is given a coat of asphalt to prevent the entry of water into the clay. 
 

Economics of Canal Lining 

The economic viability of lining of a canal is decided on the basis of the ratio of 

additional benefits derived from the lining to additional cost incurred on account of 

lining. The ratio is worked out as follows (15): 

 

Let C = cost of lining in Rs/sq. metre including the additional cost of dressing the 

banks for lining and accounting for the saving, if any, resulting from the 

smaller cross-sections and, hence, smaller area of land, quantity of earth 

work, and structures required for the lined sections. This saving will be 

available on new canals excavated to have lined cross-section right from 

the beginning, but not on lining of the existing unlined canals. 

 

s and S = seepage losses in unlined and lined canals, respectively, in cubic metres 

per square metre of wetted surface per day of 24 hrs. 

p and P = wetted perimeter in metres of unlined and lined sections, 

respectively, T = total perimeter of lining in metres, 

d = number of running days of the canal per year, 

W = value of water saved in rupees per cubic 

metre, L = length of the canal in metres, y = life 

of the canal in years, 

 

M = annual saving in rupees in operation and maintenance due to lining, 

taking into account the maintenance expenses on lining itself, 

and B = annual estimated value in rupees of other benefits for the length of canal 

under consideration. These will include prevention of waterlogging, 

reduced cost of drainage for adjoining lands, reduced risk of breach, and  

so on. 

= TLC rupees 



Types of Lining 

Types of lining are generally classified according to the materials used for their 

construction. Concrete, rock masonry, brick masonry, bentonite-earth mixtures, natural 

clays of low permeability, and different mixtures of rubble, plastic, and asphaltic 

materials are the commonly used materials for canal lining. The suitability of the lining 

material is decided by: (i ) economy, (ii) structural stability, (iii) durability, (iv) 

reparability, (v) impermeability, (vi) hydraulic efficiency, and (vii) resistance to erosion 

(15). The principal types of lining are as follows: 

(i) Concrete lining, 

(ii) Shotcrete lining, 

(iii) Precast concrete lining, 

(iv) Lime concrete lining, 

(v) Stone masonry lining, 

(vi) Brick lining, 

(vii) Boulder lining, 

(viii) Asphaltic lining, and 

(ix) Earth lining. 

Concrete Lining 

Concrete lining is probably the best type of lining. It fulfils practically all  the 

requirements of lining. It is durable, impervious, and requires least maintenance. The 

smooth surface of the concrete lining increases the conveyance of the channel. Properly 

constructed concrete lining can easily last about 40 years. Concrete linings  are suitable  

for all sizes of channels and for both high and low velocities. The lining cost is, however, 

high and can be reduced by using mechanised methods. 

 

The thickness of concrete depends on canal size, bank stability, amount of 

reinforcement, and climatic conditions. Small channels in warm climates require 

relatively thin linings. 

 

. Shotcrete Lining 

Shotcrete lining is constructed by applying cement mortar pneumatically to the canal 

surface. Cement mortar does not contain coarse aggregates and, therefore, the proportion 

of cement is higher in shotcrete mix than in concrete lining. The shotcrete mix is forced 

under pressure through a nozzle of small diameter and, hence, the size of sand particles in 

the mix should not exceed 0.5 cm. Equipment needed for laying shotcrete lining is light, 

portable, and of smaller size compared to the equipment for concrete lining.  The 

thickness of the shotcrete lining may vary from 2.5 to 7.5 cm. The preferred thickness is 

from 4 to 5 cm. 

 

. 



Shotcrete linings are subject to cracking and may be reinforced or unreinforced. 

Earlier, shotcrete linings were usually reinforced. A larger thickness of shotcrete lining 

was preferred for the convenient placement of reinforcement. The reinforcement was in 

the form of wire mesh. In order to reduce costs, shotcrete linings are not reinforced these 

days, particularly on relatively small jobs. 

 
Precast Concrete Lining 

Precast concrete slabs, laid properly on carefully prepared subgrades and with the joints 

effectively sealed, constitute a serviceable type of lining. The precast slabs are about 5 to 

8 cm thick with suitable width and length to suit channel dimensions and to result in 

weights which can be conveniently handled. Such slabs may or may not be reinforced. 

This type of lining is best suited for repair work as it can be placed rapidly without long 

interruptions in canal operation. The side slopes of the Tungabhadra project canals have 

been lined with precast concrete slabs. 

 
. Lime Concrete Lining 

The use of this type of lining is limited to small and medium size irrigation channels with 

capacities of up to 200 m3/s and in which the velocity of water does not exceed 2 m/s 

(16). The materials required for this type of lining are lime, sand, coarse aggregate, and 
water. The lime concrete mix should be such that it has a minimum compressive strength 

of about 5.00 kN/m2 after 28 days of moist curing. Usually lime concrete is prepared with 

1 : 1.5 : 3 of kankar lime : kankar grit or sand : kankar (or stone or brick ballast) 
aggregate. The thickness of the lining may vary from 10 to 15 cm for discharge ranges of 

up to 200 m3/s. Lime concrete lining has been used in the Bikaner canal taking off from 

the left bank of the Sutlej. 

Stone Masonry Lining 

Stone masonry linings are laid on the canal surface with cement mortar or lime mortar. 

The thickness of the stone masonry is about 30 cm. The surface of the stone masonry  

may be smooth plastered to increase the hydraulic efficiency of the canal. Stone masonry 

linings are stable, durable, erosion-resistant, and very effective in reducing seepage 

losses. Such lining is very suitable where only unskilled labour is available and suitable 

quarried rock is available at low price. This lining has been used in the Tungabhadra 

project. 

 
. Brick Lining 

Bricks are laid in layers of two with about 1.25 cm of 1 : 3 cement mortar sandwiched in 

between. Good quality bricks should be used and these should be soaked well in water 

before being laid on the moistened canal surface. 



 

Brick lining is suitable when concrete is expensive and skilled labour is not 

available. Brick lining is favoured where conditions of low wages, absence of 

mechanisations, shortage of cement and inadequate means of transportation exist. Brick 

linings have been extensively used in north India. The Sarda power channel has been 

lined with bricks. The thickness of the brick lining remains fixed even if the subgrade is 

uneven. Brick lining can be easily laid in rounded sections without form work. Rigid 

control in brick masonry is not necessary. Sometimes reinforced brick linings are also 

used. 

 
Asphaltic Lining 

The material used for asphaltic lining is asphalt-based combination of cement and sand 

mixed in hot condition. The most commonly used asphaltic linings are: (a) asphaltic 

concrete, and (b) buried asphaltic membrane. Asphaltic linings are relatively cheaper, 

flexible, and can be rapidly laid in any time of year. Because of their flexibility, minor 

movements of the subgrade are not of serious concern. However, asphaltic linings have 

short life and are unable to permit high velocity of flow. They have low resistance to  

weed growth and, hence, it is advisable to sterilise the subgrade to prevent weed growth. 

Buried asphaltic membrane can be of two types: 

(a) Hot-sprayed asphaltic membrane, and 

(b) Pre-fabricated asphaltic membrane. 

A hot-sprayed asphaltic membrane is constructed by spraying hot asphalt on the 

subgrade to result in a layer about 6 mm thick. This layer, after cooling, is covered with a 

layer of earth material about 30 cm thick. The asphalt temperature is around 200°C and 

the spraying pressure about 3 × 105 N/m 2. For this type of lining, the channel has to be 
over-excavated. The lining is flexible and easily adopts to the subgrade surface. Skilled 

workmen are required for the construction of this type of lining. 

Earth Linings 

Different types of earth linings have been used in irrigation canals. They are inexpensive 

but require high maintenance expenditure. The main types of earth linings are: (a) 

stabilised earth linings, (b) loose earth blankets, (c) compacted earth linings, (d) buried 

bentonite membranes, and (e) soil-cement linings. 

 

Stabilised earth linings: Stabilised earth linings are constructed by stabilizing the 

subgrade. This can be done either physically or chemically. Physically stabilised linings 

are constructed by adding corrective materials (such as clay for granular subgrade) to the 

subgrade, mixing, and then compacting. If corrective materials are not required, the 

subgrade can be stabilised by scarifying, adding moisture, and then compacting. 

Chemically stabilised linings use chemicals which may tighten the soil. Such use of 

chemicals, however, has not developed much. 



Soil-cement Linings: These linings are constructed using cement (15 to 20 per cent by 

volume) and sandy soil (not containing more than about 35 per cent of silt and clay 

particles). Cement and sandy soil can be mixed in place and compacted at the optimum 

moisture content. This method of construction is termed the dry-mixed soil-cement 

method. Alternatively, soil-cement lining can be constructed by machine mixing the 

cement and soil with water and placing it on the subgrade in a suitable manner. This 

method is called the plastic soil-cement method and is preferable. In both these methods, 

the lining should be kept moist for about seven days to permit adequate curing. 

 
Irrigation Methods 

Most of the surface irrigation methods (Sec. 3.10) yield reasonably high field application 

efficiency provided the land has been prepared properly and due care has been taken 

during irrigation. However, the sprinkler method of irrigation and the drip irrigation 

method seem to be more promising than others in most of the conditions. The methods, 

however, require much higher initial investment, energy for generating pressure, and silt- 

free water. If the cost of land preparation and the percolation losses are high, sprinkler 

irrigation may result in considerable saving of money as well as water. The average cost 

of a sprinkler irrigation system may be approximately Rs. 15,000 per hectare and can 

possibly be recovered in about 2 years’ time (22). The drip irrigation method is highly 

efficient and better suited for fruit crops, vegetables, and cash crops like sugarcane, 

cotton, groundnut, etc. 

 
. Use of Waste Water 

By AD 2000, the requirement of domestic water needs and thermal power plant needs  

will be around 3 Mha.m most of which will be used for non-agricultural purposes (8). It 

would, obviously, be very beneficial even if half of this used water is suitably treated and 

used for irrigation. Such measures can provide additional irrigation potential for about 1.5 

to 2 Mha of cropped land (8). 

 
. Conservation of Water on the Field 

Rice fields have to be kept flooded for a sufficiently long time, and this results in large 

percolation losses from 50 to 80 per cent depending upon the type of soil (22). Therefore, 

rice cultivation should normally be restricted to soils of relatively low permeability. The 

percolation losses can also be reduced by puddling the soil using improved puddlers and 

the saving of water can be between 16 and 26 per cent depending upon the type of soil 

and puddlers used (22). 

Waterlogging 

Waterlogging (Sec. 5.14) results in lowered yields, loss of lands for useful activities, and 

health hazards. To eliminate or control waterlogging one or more of the following, 

remedial measures have usually been used (1, 8): 

(i) Reducing inflow to the ground through lining of canals, 

(ii) Removing ground water through pumping, 



(iii) Removing surface and ground waters through drainage, 

(iv) Educating farmers in water management, and 

(v) conjunctive use. 

Of all these methods, the conjunctive use of surface and ground water is the most 

cost-effective means of fighting waterlogging in canal-irrigated lands. This has already 

been effectively tried in parts of western UP, Haryana, and Punjab (8). Waterlogging can 

also be reduced by supplying less water during nights (as was done on the head reach of 

the Morna system in Maharashtra), cutting off water supplies during rains, rotating 

supplies in distributaries and minors instead of continuous supply, shortening irrigation 

periods, and zoning for crop type (1). 

 
. Soil Reclamation 

Saline soils are found in the states of Madhya Pradesh, Rajasthan, Maharashtra, 

Karnataka, Andhra Pradesh, West Bengal, Tamil Nadu, and Gujarat. Alkaline soils are 

found in the Indo-Gangetic plains of Punjab, Haryana, UP, and parts of Bihar and 

Rajasthan. Because of their adverse effects on agricultural production as well as 

magnitude, saline and alkaline soils need to be reclaimed on a high priority basis and in a 

planned manner by the joint efforts of agricultural chemists, agronomists, agricultural 

experts, and irrigation engineers. The role of an irrigation engineer is important in 

lowering the water table if it is high and also providing irrigation water of good quality 

for leaching out the salts. 

 
 

(i) Characteristics of the soil and the salts present in it, 

(ii) Availability and quality of irrigation water, 

(iii) Level of ground water table, and 

(iv) Crops which can be grown under given conditions. 

 

 
Canal Falls 

When the desired bed slope is flatter than the ground slope, as is usually the case, a canal 

fall has to be provided well before the channel bed comes into filling and the FSL 

becomes too much above the ground level. The location of a fall depends on a number of 

factors. It may be combined with a regulator or a bridge for economic benefits. 

The alignment of another smaller offtaking channel may require that the fall be 

provided downstream of the head of the offtaking canal. This will ensure that the FSL of 

the offtaking channel is sufficiently high to irrigate its command area by flow irrigation. 

One may provide either a larger number of smaller falls or a smaller number of larger 

falls. Relative economy of these two possible alternatives should be worked out and the 

location of falls will be, accordingly, decided. The distributaries and watercourses 

offtaking from the upstream of a fall may easily irrigate some areas downstream of the 



fall. As such the FSL in the channel may be allowed to remain below ground level for 

about 200-400 m downstream of a fall. 

Balanced Earthwork 

The longitudinal section of a channel should be such that it results in balanced earthwork 

which means that the amount of excavated soil is fully utilised in fillings. This will 

minimise the necessity of borrowpits (from where the extra earth needed for filling will 

be taken) and spoil banks (where the extra earth from excavation will be deposited). The 

earthwork is paid for on the basis of either the excavation or the filling in embankments, 

whichever is more. A channel in balanced earthwork will, therefore, reduce the cost of  

the project. For the small length of a channel in the vicinity of a fall there is always an 

unbalanced earthwork which should be kept minimum for obvious economic reasons. 

 
Evaporation and Seepage Losses in Canals 

When water flows in an alluvial channel, some water is lost due to evaporation from the 

water surface and seepage through the bed and banks of the channel. These losses are 

termed transit losses or canal losses. The transit losses are calculated at the rate of about 3 

m3/s per million square metre of the exposed water surface area. These losses may be of 

the order 10 to 40 per cent of the discharge at the head of a channel in case of large 

channels. 

Cross-Section of Irrigation Channels 

An irrigation channel may be in cutting or in filling or in partly cutting and partly filling. 

When the ground level is higher than the full supply level of the channel, the channel is 

said to be in cutting [Fig. 8.8 (a)]. If the channel bed is at or higher than the surrounding 

ground level, the channel is in filling, [Fig. 8.8(b)]. When the ground level is in between 

the supply level and the bed level of the channel, the channel is partly in cutting and 

partly in filling [Fig. 8.8 (c)]. A channel section partly in cutting and partly in filling 

results in balanced earthwork and is preferred. Various components of cross-section of an 

irrigation channel have been discussed in the following paragraphs. 
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(b) Channel in filling 
 

(c) Channel partly in cutting and partly in filling 

CANAL REGULATION STRUCTURES 

GENERAL 

Canal regulation structures are hydraulic structures which are constructed to regulate the 

discharge, flow velocity, or supply level in an irrigation channel. These structures are 

necessary for efficient working as well as for the safety of an irrigation channel. Canal 

regulation structures can be classified as follows: 

 

(i) Canal fall: The canal fall (or, simply, the ‘fall’ or ‘drop’) regulates the supply 

level in a canal by negotiating the change in its bed elevation necessitated by the 

difference in ground slope and canal slope. 

(ii) Distributary head regulator: This controls the supply to an offtaking channel 

from the parent channel. 

(iii) Cross regulator: This structure controls the water level of a channel and the dis- 

charge downstream of another hydraulic structure. 

(iv) Canal escape: Canal escape disposes of extra supplies when the safety of a 

canal is endangered due to heavy rains or closure of outlets by farmers. 

CANAL FALL 

A canal fall is a hydraulic structure constructed across a canal to lower its water level. 

This is achieved by negotiating the change in bed elevation of the canal necessitated by 

the difference in ground slope and canal slope. The necessity of a fall arises because the 

available ground slope usually exceeds the designed bed slope of a canal. Thus, an 

irrigation channel which is in cutting in its head reach soon meets a condition when it has 

to be entirely in filling. An irrigation channel in embankment has the disadvantages of: (i) 

higher construction and maintenance cost, (ii) higher seepage and percolation losses, (iii) 

adjacent area being flooded due to any possible breach in the embankment, and (iv) 

difficulties in irrigation operations. Hence, an irrigation channel should not be located on 

high embankments. Falls are, therefore, introduced at appropriate places to lower the 

supply level of an irrigation channel. The canal water immediately downstream of the fall 

structure possesses excessive kinetic energy which, if not dissipated, may scour the bed 

and banks of the canal downstream of the fall. This would also endanger the safety of the 

fall structure. Therefore, a canal fall is always provided with measures to  dissipate 

surplus energy which, obviously, is the consequence of constructing the fall. 

 
The location of a fall is primarily influenced by the topography of the area and the 

desirability of combining a fall with other masonry structures such as bridges, regulators, 

and so on. In case of main canals, economy in the cost of excavation is to be considered. 



 
 

reduced construction cost and increased power production) is also worked out. In case of 

channels which irrigate the command area directly, a fall should be provided before the 

bed of the channel comes into filling. The full supply level of a channel can be kept 

below the ground level for a distance of up to about 500 metres downstream of the fall as 

the command area in this reach can be irrigated by the channels offtaking from upstream 

of the fall. 

HISTORICAL DEVELOPMENT OF FALLS 

There was no theory or established practice for the design and construction of falls in the 

nineteenth century. Falls were usually avoided by providing sinuous curves in the canal 

alignment. This alternative increased the length of the canal. Obviously, this approach 

was uneconomical and resulted in an inefficient irrigation system. 

The ogee fall (Fig. 10.1) was first constructed by Cautley on the Upper Ganga  

canal with a view to providing a smooth transition between the upstream and the 

downstream bed levels so that flow disturbances could be reduced as far as practicable. 

The smooth transition of the ogee fall preserved the kinetic energy and also resulted in 

large drawdown which caused heavy erosion of bed and banks on the downstream as well 

as upstream of the fall. Later, this type of fall was converted into a vertical impact type so 

as to cause more energy dissipation downstream of the fall. 
 
 

 
Ogee fall 

The falls on the Western Yamuna canal were in the form of ‘rapids’ (Fig. 10.2) 

which were gently sloping floors constructed at a slope of about 1 in 10 to 1 in 20.These 

rapids worked satisfactorily and permitted the movement of timber logs also. But, these 

structures were very expensive due to their longer length. 
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The realisation of the importance of a raised crest wall at the location of fall in 

reducing the drawdown resulted in the design of trapezoidal notch fall (Fig. 10.3). The  

fall structure had a number of trapezoidal notches in a high breast wall constructed across 

the channel having smooth entrance and a flat lip projecting downstream to spread out the 

falling jet. Such falls were very popular till simpler and economical falls were developed. 
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Fig. Trapezoidal notch fall 

After World War I, the Sarda and glacis falls were developed in UP and Punjab, 

respectively. Of these two, the former proved to be more successful. The glacis fall gave 

trouble because of the resulting increase in discharge per unit width on account  of 

fluming and, hence, the increased amount of kinetic energy to be dissipated downstream 

of the fall. 

TYPES OF CANAL FALL 

Canal falls are generally one of the following types: 

(i) Canal falls which nearly maintain the normal depth-discharge relationship: Notch 

falls—trapezoidal or rectangular in shape—are of this type. The rectangular 

notch or low weir is not able to maintain accurately the normal depth-discharge 

relation-ship, but is economical and more suitable for discharge measurement. 

In a trapezoidal notch fall, a number of trapezoidal notches are made in a high 

breast wall across the channel. This arrangement provides an opening for flow 

right up to the bed level and thus eliminates silting in the 
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channel upstream of the fall. The shape of the trapezoidal notch is decided on 

the basis of full supply and half supply conditions (1). 

(i) Canal falls which nearly maintain a fixed water surface level in the upstream 

chan-nel: When either a subsidiary channel takes off upstream of a fall, or the 

fall is combined with a hydro-electric plant, it is desirable that the water surface 

in the parent channel be maintained at a fixed level as far as possible. Siphon 

falls and high-crested weir falls fulfil this requirement. However, siphon falls, 

although very efficient, are too expensive and, hence, used only as siphon 

spillways in dams and not used as canal falls. High-crested weir falls are usually 

not flumed so as to keep the discharge per metre length of fall, q, small. The 

smaller the discharge intensity, the smaller is the head required and, hence, the 

water level upstream of the fall can be maintained at a relatively fixed level to a 

considerable extent. A smaller value of q also makes energy dissipation easier. 

Such falls are, therefore, relatively cheaper. 

 

Generally, the length of a fall is limited to the width of the channel but, can be 

increased by providing an expansion followed by contraction in the channel. 

How-ever, this type of provision would increase the construction cost of the fall. 

Depend-ing upon the type of the weir crest, whether broad or narrow, and the 

flow condition, whether free or submerged, one can use these falls as metering 

devices after suitable calibration. 

 
 

(ii)  Canal falls which permit variation of water level upstream of the fall: The 

necessity of such falls arise when the subsidiary channel upstream of the fall has 

to be fed with minimum supply level in the parent channel. Such falls consist of 

either trapezoidal or rectangular notches. But, trapezoidal notches are relatively 

expensive and render the operation of regulators, such as stop logs and vertical 

strips, more difficult. In general, falls of this category, therefore, consist of 

rectangular notches combined with one of the following three types of 

regulators: 

 

(a) Sluice gate—Raising or lowering the gate helps in controlling the upstream 

level. 

(b) Horizontal stop logs inserted into grooves—Their removal or insertion 

causes the required change in the upstream level. 

(c) Vertical strips (or needles)—These change the effective width (i.e., the width 

of opening) of the channel and do not cause silting. 

(iv) In addition to the above main types of falls, there may be falls designed to meet 

specific requirement. Cylindrical falls (also known as well falls), pipe falls, 

chutes, etc. are falls designed for specific requirements. For example, a 

cylindrical fall (Fig. 10.4) is suitable for low discharge and high drop whereas 
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chutes or rapids may have to be constructed if the canal is to carry timber logs 

as well. 
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Fig. Cylindrical fall 

Canal falls can, alternatively, be divided on the basis of their capability to measure 

discharge. Accordingly, they may be either meter falls or non-meter falls. 

CISTERN ELEMENT 

 
As a result of the flow passing over a fall, the potential energy of the flow gets converted 

into kinetic energy. This excess kinetic energy, if not dissipated properly, will result in 

undesirable scour of the bed and sides of the downstream channel. Hence, provision of 

means to dissipate the surplus kinetic energy is essential in all types of canal falls and is 

provided in a portion of the canal fall known as cistern element. 

The cistern element or, simply, cistern, Fig. 10.5, located at the downstream of the 

crest of a fall structure, forms an important part of any canal fall. The cistern element is 

defined as that portion of the fall structure in which the surplus energy of the water 

leaving the crest is dissipated and the subsequent turmoil stilled, before the water passes 

into the lower level channel (1). The cistern element includes glacis, if any, devices for 

ensuring the formation of hydraulic jump and deflecting the residual high velocity jets, 

roughening devices, and the pool of water in which hydraulic impact takes place. In other 

words, the cistern element includes the complete structure from the downstream end of 

the crest to the upstream end of the lower channel. 
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TRAPEZOIDAL NOTCH FALL 

A trapezoidal notch fall can be designed [i.e., determine α and L, Fig. 10.3 (b)] to 

maintain the normal depth in the upstream channel for extreme values [say 1 and 2, Fig. 

10.3 (c)] of a specified range of discharge, Q, using the following discharge equation for 

free flow condition: 
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Q = C 2LgH G + H  tan αJ (10.8) 
3  H  5  K  

Here, H is the depth of water above the notch cill up to the normal water surface 

and is measured upstream of the fall where the streamlines are relatively straight. The 

value of the coefficient of discharge C may be taken as 0.78 for canal notches, and 0.70 

for distributary notches (2). For two values of discharge, Q1 and Q2, and corresponding 

values of H1 and H2, one can obtain the following two equations for the determination of 

two unknowns L and α: 
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On solving Eqs. (10.9) 

obtains 
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and L = 

Q1 4 
H1 tan α (10.12) 

 
Trapezoidal notch falls are designed for the full supply discharge and half of the 

full supply discharge (1). 

Similarly, using the following equation for the submerged flow condition, the 

unknowns L and α can be determined for two sets of known values of Q, H and hd (i.e., 
the submergence head) for the two stages of the channel (2): 

Q = (H − hd )
3 /2 {(L + 2hd tan α ) + 0.8 tan α (H − hd )} 

and (10.10), one 
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The number of notches is so adjusted that the top width of the flow in the notch lies 

between 3/4th to full water depth above the cill of the notch. The minimum thickness of 

notch piers is half the depth and can be more if the piers have to support a heavy 

superstructure. 

 
SARDA FALL 

It is a raised-crest fall with a vertical-impact cistern. For discharges of less than 14 m3/s, a 

rectangular crest with both faces vertical is adopted. If the canal discharge exceeds 14 

m3/s, a trapezoidal crest with sloping downstream and upstream faces is selected. The 

slopes of the downstream and upstream faces are 1 in 8 and 1 in 3, respectively. Both 

types of crests (Fig. 10.11) have a narrow and flat top with rounded corners. In Sarda fall, 

the length of the crest L is generally kept the same as the channel width. However, for 

future and other specific requirements, the crest length may exceed the bed width of the 

channel by an amount equal to the depth of flow in the channel. 
 

For a rectangular-crest type Sarda fall, the discharge 

expressed as (2) 

Q under free flow condition 

is 

 

(10.14 

) 

Here, H is the head over the crest, and B is the width of crest which is related to the 

height of the crest above the downstream bed d as follows: 

B = 0.55 d 

Obviously, H + d = h1 + D 

and, therefore, d = h1 + D – H 
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DISTRIBUTARY HEAD REGULATOR 

The distributary head regulator is constructed at the upstream end (i.e., the head) of a 

channel where it takes off from the main canal or a branch canal or a major distributary. 

The distributary head regulator should be distinguished from the canal head regulator 

which is provided at the canal headworks where a canal takes its supplies from a river 

source. The distributary head regulator serves to (i) divert and regulate the supplies into 

the distributary from the parent channel, (ii) control silt entering the distributary from the 

parent channel, and (iii) measure the discharge entering the distributary. 

 

For the purpose of regulating the supplies entering the offtaking channel from the 

parent channel, abutments on either side of the regulator crest are provided. Piers are 

placed along the regulator crest at regular intervals. These abutments and piers have 

grooves (at the crest section) for the purpose of placing planks or gates. The supplies into 

the offtaking channel are controlled by means of these planks or gates. The planks are 

used for small channels in which case manual handling is possible. The span of hand- 

operated gates is also limited to 6 to 8 m. Mechanically-operated gates can, however, be  

as wide as 20 m. 

 

An offtaking channel tends to draw excessive quantity of sediment due to the 

combined effects of the following: 

(i) Because of their smaller velocities, lower layers of water are more easily 

diverted into the offtaking channels in comparison to the upper layers of water. 

(ii) Sediment concentration is generally much higher near the bed. 

(iii)  Sediment concentration near the banks is usually higher because of the 

tendency of the bottom water to move towards the banks due to difference in 

central and near-bank velocities of flow. 

 

As such, if suitable steps are not taken to check the entry of excessive sediment 

into the offtaking channel, the offtaking channel will soon be silted up and would require 

repeated sediment removal. 

parent channel upstream of the offtaking point. The smooth channel bed reduces 

turbulence which keeps sediment particles in suspension. In addition, steps which 

accelerate the flow velocity near the banks would also be useful. It should also be noted 

that the alignment of the offtaking channel also affects the sediment withdrawal by the 

offtaking channel. Hence, the alignment of the offtaking distributary channel with respect 

to the parent channel needs careful consideration. The angle of offtake may be kept 

between 60° and 80° to prevent excessive sediment withdrawal by the offtaking channel. 

For all important works, the alignment of offtaking channels should be fixed on the basis 

of model studies. 

 

 

 
 



For the purpose of regulating the discharge in the distributary, it is essential to 

measure the discharge for which one can use gauge-discharge relationship of the 

distributary. However, this relationship is likely to change with the change in the channel 

regime. Hence, it is advantageous to use head regulator as a metering structure too. 

 
CROSS REGULATOR 

A cross regulator is a structure constructed across a canal to regulate the water level in the 

canal upstream of itself and the discharge passing downstream of it for one or more of the 

following purposes (4): 

 

(i) To feed offtaking canals located upstream of the cross regulator. 

(ii) To help water escape from canals in conjunction with escapes. 

(iii) To control water surface slopes in conjunction with falls for bringing the canal 

to regime slope and section. 

(iv) To control discharge at an outfall of a canal into another canal or lake. 

A cross regulator is generally provided downstream of an offtaking channel so that 

the water level upstream of the regulator can be raised, whenever necessary, to enable the 

offtaking channel draw its required supply even if the main channel is carrying low 

supply. The need of a cross regulator is essential for all irrigation systems which supply 

water to distributaries and field channels by rotation and, therefore, require to provide full 

supplies to the distributaries even if the parent channel is carrying low supplies. 

 
Cross regulators may be combined with bridges and falls for economic and other 

special considerations. 

 

 

 

 

 

 

 



UNIT-IV 

DIVERSION HED WORKS 
 

RIVERS AND RIVER TRAINING METHODS 

 
GENERAL 

Rivers have always played an important role in human development and in shaping 

civilisations. Primary function of a river is the conveyance of water and sediment. 

Besides serving as a source of water supply for domestic, irrigation, and industrial 

consumption, rivers have been useful in providing facilities for navigation, recreation, 

hydropower generation, and waste disposal. Rivers, except when flowing through well- 

defined narrow sections confined by high and stiff banks, have also generally caused 

problems of flooding, change of course, banks erosion etc. 

The structure and form of rivers including plan-forms, channel geometry (i.e., 

cross-sectional shape of river), bed form, and profile characteristics together form what is 

termed river morphology. The morphology of river changes considerably on account of 

natural causes. Besides, changes made by man in an attempt to harness a river strongly 

influences behaviour of the river. 

 

CLASSIFICATION OF RIVERS 

Rivers can be classified as follows: 

(i) Based on variation of discharge in river, as 

(a) Perennial rivers, 

(b) Non-perennial rivers, 

(c) Flashy rivers, and 

(d) Virgin rivers. 

(ii) Based on stability of river, as 

(a) Stable rivers, 

(b) Aggrading rivers, and 

(c) Degrading rivers. 

(iii) Based on the location of reach of river, as 

(a) Mountainous rivers, 

(b) Rivers in flood plains, 

(c) Delta rivers, and 

(d) Tidal rivers. 



(iv) Based on the plan-form of river, as 

(a) Straight rivers, 

(b) Meandering rivers, and 

(c) Braided rivers. 

Perennial Rivers 

Perennial rivers obtain their water from melting snow for the larger part of any year 

besides getting rain water during the rainy season. Being snow-fed, perennial rivers carry 

significant flow all through the year. 

 
Non-perennial Rivers 

Non-perennial rivers are not snow-fed rivers and, hence, get completely dried up or carry 

insignificant flow during the summer season. They get their supplies only during the 

monsoon as a result of rains in their catchment areas. 

Flashy Rivers 

In case of flashy rivers, the river stage rises and falls in a very short period of a day or 

two due to the steep flood hydrograph. A small flow may, however, continue for 

sometime. 

 
Virgin Rivers 

In arid regions, waters of some rivers may get completely lost due to evaporation and 

percolation. Such rivers become completely dry much before they join another river or 

sea, and are called virgin rivers. 

 
Stable Rivers 

When the alignment of a river channel, river slope, and river regime are relatively stable 

and show little variation from year to year except that the river may migrate within its 

permanent banks (i.e., khadirs) (Fig. 12.1), the river is said to be stable. However, changes 

in bed and plan-forms of a stable river do take place, but these are small. 
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Fig. 12.1 Typical cross-section of river in flood plains 



When the sediment load entering a river reach is greater than the sediment load leaving a 

river reach, the river in that reach becomes an aggrading river due to deposition of excess 

sediment. This situation may arise due to obstructions (e.g., barrage or dam) across a 

river, extension of delta at the river mouth, or sudden intrusion of sediment from a 

tributary. 

 

Aggrading rivers usually have straight and wide reaches with shoals in the middle which 

shift with floods. The flow in the river channel gets divided into a number of braided 

channels. 

Degrading Rivers 

When the sediment load entering a river reach is less than that leaving the river reach, the 

river in that reach becomes a degrading river due to erosion of the bed and bank material. 

Mountainous Rivers 

Rivers in mountainous reaches are further divided into incised rivers and boulder rivers. 

Incised rivers have a steep bed slope and high velocity of flow. The bed and the banks of 

these rivers are made up of rocks and very large boulders which are, usually, highly 

resistant to erosion. The sediment transported by an incised river is often different from 

that of the river bed and comes from the catchment due to soil erosion. 

 

The bed and sides of a boulder river consist of a mixture of boulder, gravel, 

shingle, and sand. The bed slope and the velocity of flow are smaller than those of incised 

rivers. The river cross-section is usually well-defined. There is, however, considerable 

subsoil flow due to high permeability of the bed material. 

 
Rivers in Flood Plains 

After the boulder stage, a river enters the alluvial plains. The bed and banks are now 

made up of sand and silt. The bed slope and the velocity of flow in the river are much 

smaller than those of boulder rivers. The cross-section of the river is decided by the 

sediment load and the erodibility of the bed and banks of the river. A typical cross- 

section of a river with a flood plain is shown in Fig. 12.1. The sediment transported by 

such rivers is predominantly of the same type as the material forming the channel bed. 

During high floods, these rivers inundate very large areas and cause considerable damage 

to life, property, and crops. Such rivers are also called alluvial rivers. 

 
Tidal Rivers 

All rivers ultimately meet the sea. In the reach of a river just upstream of the sea, there 

would occur periodic changes in water levels due to tides. This reach of the river is called 

tidal river and receives sea water during flood tides and raises its level. During ebb tides, 

the river water level is lowered. The length of the river reach affected by tidal effects 

depends on the river slope, the tidal range, discharge, river configuration etc. 



Delta Rivers 

A river, before becoming a tidal river, may split into number of branches due to very flat 

bed slopes resulting in shoal formation and braiding of the channel. This part of the river 

reach is called delta river. The delta river indicates a stage, rather than a type of river. 

 

 
Straight Rivers 

In the straight reaches of a river, its section has the shape of a trough and maximum 

velocity of flow occurs in the middle of the section. It is very difficult to find the straight 

reach of an alluvial river over large lengths. Alluvial rivers seldom run straight through a 

distance greater than ten times the river width (1). Even in the apparent straight reaches, 

the line of maximum depth - commonly known as talweg – moves back and forth from 

one khadir (permanent bank) to another khadir. 

 
 

Meandering Rivers 

On account of the slight asymmetry of flow in alluvial rivers, there is a tendency for such 

rivers to vary their plan-forms into bends which eventually result in a meandering pattern 

(Fig. 12.2). The term meandering has been derived from the Great Menderes river in 

Turkey which follows a winding or intricate course (Fig. 12.2). Rivers having such 

meandering patterns are known as meandering rivers which, in plan, comprise a series of 

bends of alternate curvature. The successive curves are connected through straight 

reaches of the river called ‘crossing’. Meandering increases the length of river and 

decreases its slope. 
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Braided River 

When a river flows in two or more channels around alluvial islands, it is called a braided 

river (Fig. 12.3). The braided patterns in a river develop after local deposition of coarser 

material which cannot be transported under prevailing conditions of flow and which 

subsequently grows into an island consisting of coarse as well as fine material. 
 

Fig. Typical braided reach of a river 

 

BEHAVIOUR OF RIVERS 

The behavior of a river is mainly affected by the characteristics of the sediment-laden 

water flowing in the river. The available energy of the flow is utilized in transporting the 

sediment load as well as in overcoming the resistance due to the viscous action and the 

roughness of bed and sides. On account of the interdependence of the factors affecting the 

flows, there is an inherent tendency of these rivers to attain equilibrium. As such, 

whenever the equilibrium of a river is disturbed by man-made structures or natural 

causes, the river tends to attain a new equilibrium condition by scouring the bed or by 

depositing the sediment on the bed or by changing its own plan-form. These changes can 

be either local or extended over a long reach. The behavior of a river can, therefore, result 

in the variation of the shape of the river cross-section and/or its plan-form. Aggradation, 

degradation, scour and deposition of sediment around bends, and meandering are a few 

examples of such changes. 

Bends 

With slight asymmetry in flow, an alluvial river tends to develop bends which are 

characterised by scour and erosion of sediment on the concave (i.e., outer) bank and 

deposition of sediment on the convex (i.e., inner) bank. Because of curved flow lines 



around the bend, the flow is subjected to centrifugal forces and, hence, there is a 

transverse slope of the water surface due to the superelevation of the water surface at the 

concave bank. As a result, the bottom water (moving with relatively smaller velocity) 

moves from the concave bank to the convex bank and also carries with it the bed material 

and deposits it near the convex bank. To replace this bottom water, water dives in from 

the top at the concave bank and flows along the bottom carrying sand and silt to the 

convex bank where it is deposited. This secondary motion is primarily responsible for the 

erosion of the sediment on the concave bank and the deposition of the sediment on the 

convex bank. The depth of flow in a river at the bend thus becomes deeper at the concave 

bank (Fig. 12.4). 

There have been several attempts to explain the mechanism of meander 

development. According to Inglis (2), “Meandering is nature’s way of damping out 

excess energy during a wide range of varying flow conditions, the pattern depending on 

the grade of material, the relation between discharge and charge (sediment load), and the 

rates of change of discharge and charge”. Thus, a channel having excess energy attempts 

to increase its length by meandering thereby decreasing its slope. 
 

 

 
Concave bank Convex bank 

 

 

 

 

 
Fig. Movement of water at 

a bend 

 

Concave bank 

 

 
 

Convex bank 

 
 

Bottom current 

Surface/mid-depth current 

Joglekar (3) and other Indian engineers do not agree with the theory of excess 

energy. According to them (3), the primary cause of meandering is excess of total 

sediment load during floods. A river tends to build a steeper slope by depositing the 

sediment on the bed when the sediment load is in excess of that required for equilibrium. 

This increase in slope reduces the depth and increases the width of the river channel if the 

banks do not resist erosion. Only a slight deviation from uniform axial flow is then 

required to cause more flow towards one bank than the other. Additional flow is 

immediately attracted towards the former bank, leading to shoaling along the latter, 

accentuating the curvature of flow and finally producing meanders in its wake. 

 
Meanders can be classified (4) as regular and irregular or, alternatively, as simple 

and compound. Regular meanders are a series of bends of approximately the same 

curvature and frequency. Irregular meanders are deformed in shape and may vary in 

amplitude and frequency. Simple meanders have bends with a single radius of curvature. 



In compound meanders each bend is made up of segments of different radii and varying 

angles. 

 

 
 

RIVER TRAINING 

River training includes all such measures as are taken for controlling and regulating river 

flow and river configuration. River training works are constructed either across a river, or 

along it. River training structures include levees or embankments built along the river to 

contain floods, and spurs and guide banks are constructed for altering the local flow 

conditions and guiding the flow. Besides, a river can be dredged to train it for navigation 

purposes. A river can also be trained by diverting its flow into a secondary channel or by 

executing artificial cutoffs on the main river so as to cause reduction in flood levels. Bank 

protection measures are also included in river training methods. 

 
Objectives of River Training 

River training measures aim at achieving one or more of the following objectives: 

(i) Flood Protection 

River floods of very small frequency inundate the fertile and thickly-populated plains 

adjacent to the river, and, thus, cause considerable loss to human life, property, 

agriculture, and public and private utilities. Statistics collected by the Central Water and 

Power Commission for flood damage in India during 1953-63 have been given in Table 

10.3 to show the extent of loss due to floods. 

 
Table 12.3 Average annual flood losses in India during 1953-63 (11) 

 

Population affected 11.68 million 

 

Total area affected 
64. 
4 

 

million hectares 

 

Cropped area affected 
20. 
2 

 

million hectares 

Human lives lost 518  

Total damage to crops and utilities Rs. 684.0 million 

During the years of large floods, damage is likely to be several times more. Flood 

control measures for thickly-populated flood plains, therefore, become essential, even if 

these measures do not assure complete protection under all conditions. River training for 

flood protection, also known as ‘high water training’ or ‘training for discharge,’ is 

achieved by one or more of the following four methods : 

 

(a) Construction of levees or embankments to confine water in a narrower channel, 

(b) Increasing the discharge capacity of natural channels by some means such as 

straight-ening, widening or deepening, 



(c) Provision of escapes or diversion from the main channel into an auxiliary 

channel for water in excess of the carrying capacity of the main channel, and 

(d) Construction of reservoirs. 

(ii) Navigation 

For a river to be navigable, sufficient depth and width required for navigation should be 

available even at low water level in the river. River training for navigation is also known 

as ‘low water training’ or ‘training for depth’. Measures to achieve adequate depth in a 

river for navigation include dredging the shallow reaches of the river and using spurs to 

contract the river channel, thus, increasing its depth. Sometimes, low flow is 

supplemented from another source to achieve the desired depth and width. Canalisation 

makes a non-navigable river navigable, and, is accomplished by building a series of small 

dams or weirs and locks. Sharp curves along the river need to be eliminated so that ships 

can move easily. 

 
(iii) Sediment Control 

River training for sediment control is also called ‘mean water training’ or ‘training for 

sediment’. This type of training aims at rectification of river bed configuration and 

efficient movement of sediment load for keeping the channel in a state of equilibrium (3). 

River training methods for this purpose involve construction of such structures which 

would induce the desired local curvature to the flow. Spurs and pitched islands are 

normally used for training the river for sediment. 

 

(iv) Guiding the Flow 

Hydraulic structures, such as canal headworks, and communication structures such as 

bridges, have to be protected against outflanking and the direct attack of flow. This 

requires training of the river over its considerable reach by building a system of guide 

banks, known as Bell’s guide banks, on one or both sides of the stream at the bridge site. 

The purpose of these guide banks is to make sure that water flows between the abutments 

of the bridge. The spacing between these guide banks conforms to the width required for 

the river to pass the design flood discharge. Similarly, guide banks are provided to guide 

the flow at the weir site. Marginal bund and lateral spurs guide the flow through the guide 

banks. 

 
Sometimes the flow in a river needs to be deflected away from a bank in order to 

protect some portions of the river bank or for contracting the river. This is done by 

constructing one or more spurs projecting into the river from its banks. 

(v) Stabilisation of River Channel 

Weak river banks, which are likely to cave in or get eroded, need to be protected by 

training methods, such as stone pitching, lining, and so on. In some cases, the stability of 

the bed may also be endangered in some reaches due to increase in the bed shear on 

account of local flow conditions. 



RIVER TRAINING METHODS 

The planning and design of river training structures is accomplished by using empirical 

methods and reliance has to be placed on the intuition and judgement of experienced 

engineers. Model investigations are also resorted to for finalising the plans and design of 

river training structures. Commonly used methods of river training have been briefly 

described in the following sections. 

CANAL HEADWORKS 

GENERAL 

An irrigation channel takes its supplies from its source which can be either a river (in 

case of main canal) or a channel (in case of branch canals and distributaries). The 

structures constructed across a river source at the head of an offtaking main canal are 

termed “canal headworks” or “headworks”. The headworks can be either diversion 

headworks or storage headworks. 

Diversion headworks divert the required supply from the source channel to the 

offtaking channel. The water level in the source channel is raised to the required level so 

as to divert the required supplies into the offtaking channel. The diversion headworks 

should be capable of regulating the supplies into the offtaking channel. If required, it 

should be possible to divert all the supplies (at times of keen demand and low supplies) 

into the offtaking channel. The headworks must have an arrangement for controlling the 

sediment entry into the channel offtaking from a river. By raising the water level, the  

need of excavation in the head reaches of the offtaking channel is reduced and the 

command area can be served easily by flow irrigation. 

Storage headworks, besides fulfilling all the requirements of diversion headworks, 

store excess water when available and release it during periods when demand exceeds 

supplies. 

Most headworks in India are diversion headworks which can be either temporary or 

permanent. For temporary diversion headworks, bunds are constructed every year across 

the source river after floods. Sometimes, temporary diversion headworks are constructed 

in the beginning and when the demand for irrigation has developed sufficiently, they are 

replaced by permanent headworks. The Upper Ganga canal was run with temporary 

headworks for about sixty years before the permanent headworks were constructed. In 

order to further increase the irrigation capacity of the Upper Ganga canal system, these 

permanent headworks have now been replaced by new structures. For all important 

headworks, only permanent headworks should be constructed. 

 
LOCATION OF HEADWORKS ON RIVERS 

Larger rivers, generally, have four stages, viz., the rocky, boulder, trough (or alluvial) 

and delta stages. Of these, the rocky and delta stages are generally unsuitable for siting 

headworks. Usually, the command area is away from the hilly stage, and it would, 



therefore, involve avoidable expenditure to construct a channel from headworks located 

in the hilly stage to its command area. In the delta stage, the irrigation requirements are 

generally less and also the nature of the river at this stage poses other problems. 

 

The boulder and alluvial stages of a river are relatively more suitable sites for 

locating headworks. The choice between the boulder stage and the alluvial stage  is 

mainly governed by the command area. If both stages are equally suitable for siting the 

headworks from command area considerations, the selection of the site should be made 

such that it results in the most economical alternative. The following features of the two 

stages should be considered while selecting the site for headworks. 

(i) The initial cost of headworks in the boulder stage is generally smaller than that 

in the alluvial stage because of: (a) local availability of stones, (b) smaller width 

of river (requiring smaller length of weir), (c) smaller scour depths  which 

reduce the require-ments of cutoffs and other protection works, and (d) close 

proximity of higher banks which requires less extensive training works. 

(ii) An irrigation canal offtaking from a river in the boulder region will have a 

number of falls which may be utilised for generation of electricity. There is 

almost no scope for the generation of electricity in this manner in the alluvial 

reach of a river. 

(iii)  If the existing irrigation demand is less but is likely to develop with the 

provision of irrigation facilities, it is desirable to divert the river water into an 

irrigation channel by constructing a temporary boulder bund across the river. 

This bund will be washed away every year during the floods and will be 

reconstructed every year. This will, no doubt, delay the Rabi crop irrigation, but 

it is worthwhile to use temporary bunds for a certain period; when the irrigation 

demand grows, permanent headworks may be constructed. In this manner, it 

would be possible to get returns proportional to ex-penditures incurred on the 

headworks. Construction of temporary bunds is gener-ally not possible in the 

alluvial stage of the river. 

 
(iv) An irrigation channel offtaking in the boulder stage of a river will normally 

require a large number of cross-drainage structures. 

(v) Because of the nature of the boulder region, there is always a strong subsoil  

flow in the river bed. This causes considerable loss of water and is of concern 

during the periods of short supply. Similarly, there will be considerable loss of 

water from the head reach of the offtaking channel. In alluvial reach of the river 

this loss of water is much less. 

 

(vi) The regions close to the hills usually have a wet climate and grow good crops. 

The irrigation demand in the head reach of the channel offtaking in the boulder 

stage is, therefore, generally small. However, this demand would increase with 



the provision of irrigation facilities. In alluvial regions, the demand for 

irrigation is high right from the beginning. 

 
Besides, the site must be accessible and suitable for making the river diversion and 

other related arrangements at a reasonable cost. 

WEIR (OR BARRAGE) 

A weir is an ungated barrier across a river to raise the water level in the river. It raises the 

water level in the river and diverts the water into the offtaking canal situated on one or 

both of the river banks just upstream of the weir. Weirs are usually aligned at right angles 

to the direction of flow in the river. Such weirs will have minimum length and normal 

uniform flow through all the weir bays thereby minimising the chances of shoal 

formation and oblique flow (1). 

 

To increase the water level, the weir crest is raised above the river bed. Part of the 

raising of the water level is obtained by shutters provided at the top of the weir crest. 

These shutters are dropped down during floods so that the afflux is minimum. The afflux 

is defined 

(2) as the difference in water level between the upstream and downstream of a structure 

under free flow conditions as a result of construction of the structure across a river. 

Controlling pond levels by means of shutters becomes difficult when the difference 

between the pond level and the crest level is higher than 2.0 m. barrage, is preferred. 

Barrage is a gate-controlled weir with its crest at a lower level. A barrage and weir are 

similar structures and differ only in a qualitative sense. The crest of a barrage  is usually 

at a lower level and the ponding up of the river for diversion into the offtaking canal is 

achieved by means of gates (instead of shutters). Barrages are considered better than 

weirs due to the following reasons: 

 

(i) Barrages offer better control on the river outflow as well as discharge in the 

offtaking canal. 

 

(i) With proper regulation and with the help of undersluices and sediment 

excluders, the upstream region in the vicinity of the headworks can be kept free 

of sediment deposition so that sediment-free water enters the offtaking canal. 

(ii) Because of the lower crest level of a barrage, the afflux during floods is small. 

(iv) It is possible to provide a roadway across the river at a relatively small 

additional cost. 

 
Because of these advantages, barrages are usually constructed at the site of 

headworks on all important rivers. At some barrages, the raised crest may not be provided 

at all and the complete ponding is obtained only by means of gates. Figure 13.2 shows the 

longitudinal section of Sarda barrage which does not have a raised crest. 
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Fig. Longitudinal section of Sarda barrage 

The procedure of design of a barrage is similar to that of a weir. Weirs are of the 

following three types: 

(i) Masonry weirs with vertical downstream face, 

(ii) Rockfill weirs with sloping apron, and 

(iii) Concrete weirs with glacis. 

Masonry Weirs with Vertical Downstream Face 

Figure 13.3 shows the typical sketch of a masonry weir which consists of a horizontal 

masonry floor and a masonry crest with vertical (or nearly vertical) downstream face. 

Shutters provided at the top of the crest raise the water level further. During floods, these 

shutters are dropped down to pass the floods effectively and reduce the afflux upstream. 

The stability of the crest should be examined for the following conditions: 

 

(i) The water level on the upstream side is up to the top of the shutters with no flow 

on the downstream side and all the water is diverted into the offtaking canal. 

The overturning moment caused by the water pressure on the upstream side 

must be resisted by the weight of the crest without any tension at its upstream 

end. The stability of the crest against sliding due to water pressure should also 

be examined. 
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Fig. 13.3 The Bhimgoda weir (old) on the Ganga river at Hardwar 

(ii) When the shutters are dropped down, water flows over the crest and the 

overturning moment is reduced due to the lowered water level on the upstream 

and presence of water on both sides of the crest. However, there will be some 

loss of weight (and, hence, the resisting moment) of the crest due to floatation 

because of the crest not being completely impervious. It is impossible to 

determine the amount of this loss of weight accurately. The reduced resisting 

moment is calculated on the basis of full weight of the masonry above the 

downstream level and submerged weight below the downstream level. The 

safety of the crest is examined for different stages of dis-charge up to the 

maximum flood discharge. At all such stages, the resisting moment must be  

more than the overturning moment and there should be no tension at the 

upstream end of the crest. 

 
Rockfill Weirs with Sloping Aprons 

Figure 13.4 shows the longitudinal section of a typical rockfill weir whose main body 

consists of dry boulders packed in the form of glacis with few intervening walls. This 

type of weir is the simplest one, but requires a large quantity of stones for construction as 

well as maintenance. As such, this type of weir is suitable in areas where a large quantity 

of stones is available in the vicinity of the site and where labour is cheap. 
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Fig. 13.4 The Okhla weir (old) on the Yamuna river near Delhi 

Concrete Weirs with Glacis 

Figure 13.5 shows the longitudinal section of a typical concrete weir in which the excess 

energy of overflowing water is dissipated by means of a hydraulic jump which forms near 

the downstream end of the glacis. Barrages are also constructed like concrete weirs. 

Design of such weirs is mainly based on the method proposed by Khosla et al. discussed 

in Chapter 9. On pervious foundations, only concrete weirs are constructed these days. 

Their detailed design requires the knowledge of: (i) the maximum flood discharge and 

corresponding level of the river at and near the selected site for weir, (ii) the stage- 
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discharge curve of the river at the weir site, and (iii) the cross-section of the river at the 

weir site. 

 

 

Weir crest 

 

 

 

 

 

 

 
CANAL HEAD REGULATOR 

A canal head regulator is required to serve the following functions: 

(i) To regulate the discharge into the offtaking canal, and 

(ii) To control the entry of sediment into the canal. 

The head regulator is usually aligned at an angle of 90° to 110° (Fig. 13.9) to the 

barrage axis (5). This orientation minimises entry of sediment into the offtaking canal and 

prevents backflow and stagnation zones in the undersluice pocket upstream of the 

regulator. The discharge through the regulator is controlled by gates. Steel gates of 6 to 8 

m spans are generally used. However, larger spans can also be used in which case the 

gates are operated by electric winches. 

PLANNING OF RESERVOIRS 

One major consideration in the development of any surface water resource project is the 

structural stability of the reservoir which should be capable of containing safely the 

projected volumes of water for use throughout its life time. The main factors to be 

considered for this are as follows (1): 

 

(i) Rim stability, 

(ii) Water-holding capability, 

(iii) Loss of reservoir water, 

(iv) Bank storage, 

(v) Seismicity, and 

(vi) Sedimentation. 

Rim stability and water-holding capability are interrelated. Rim failure can be 

caused due to either the sliding or the erosion of a segment of the reservoir rim. Seepage 

of water is mainly responsible for such failures. Major slides into a reservoir would, 

obviously, reduce reservoir capacity considerably. Similarly, snow avalanches and 

masses of ice falling from hanging glaciers can cause serious problems. Besides reducing 

the capacity of the reservoir, a rapidly moving slide may also generate waves. A dam 



may be overtopped due to the resulting wave action or rise of the water surface on 

account of a major slide into the reservoir. If the Reservoir water loss either to the 

atmosphere or to the ground can be a controlling factor in the selection of a site for a 

conservation reservoir. For a flood control reservoir, water loss is of concern only if it 

relates to the safety of the project. The lining of the surface through which seepage is 

expected is one of the preventive measures to reduce the reservoir water loss to the 

ground. At times, a blanket of impervious material extending from the heel of the dam is 

required. This too serves to control the seepage from the reservoir. 

Loss of reservoir water to the atmosphere occurs due to direct evaporation from the 

reservoir surface. The evaporation losses are affected by the climate of the region, shape 

of the reservoir, wind conditions, humidity, and temperature. From considerations of 

evaporation, a reservoir site having a small surface area to volume ratio will be better  

than a saucer-shaped reservoir of equal capacity. Evaporation-retardant chemicals 

increase the surface tension of water by forming a monomolecular film and thus reduce 

evaporation. 

Bank storage is the water which spreads out from a body of water, filling 

interstices of the surrounding earth and rock mass. This water is assumed to remain in the 

surrounding mass and does not continue to move to ultimately join the ground water or 

surface water as seepage water does. The bank storage is not mitigable. It must, however, 

be estimated for feasibility investigations and measured during reservoir operation for 

providing guidelines for reservoir regulation. 

EMBANKMENT DAMS 

GENERAL 

Embankment dams are water impounding structures composed of natural fragmental 

materials (such as soil and rock) and consist of discrete particles which maintain their 

individual identities and have spaces between them. These materials derive strength from 

their position, internal friction, and mutual attraction of their particles. Unlike cemented 

materials, these fragmental materials form a relatively flexible structure which can 

deform slightly to conform to the foundation deflection without causing failure. 

 

Embankment dams have been in existence for many centuries. The earliest forms of 

these dams were made naturally by landslides and rock falls which cut off streams and 

formed natural dams. A 300-m natural dam of this type was created by a landslide which 

occurred in 1840 on the upper reaches of the Indus river (1). This dam, however, burst 

just after six months of its formation resulting in great loss of life and property in the 

valley. 

 

 



 

UNIT-V 

GRAVITY DAMS 
 

 

General 
 

The objective of this chapter of the Guidelines is to provide Staff engineers, 

licensees, and their consultants with recommended procedures and stability criteria for 

use in the stability analysis of concrete gravity structures. Engineering judgement must 

be exercised by staff when evaluating procedures or situations not specifically covered 

herein. Unique problems or unusual solutions may require deviations from the criteria 

and/or procedures outlined in this chapter. In these cases, such deviations must be 

evaluated on an individual basis in accordance with Chapter 1, paragraph 1-4 of these 

Engineering Guidelines 
 

Forces: 

Many of the forces which must be considered in the design of the gravity dam 

structure are of such a nature that an exact determination cannot be made. The intensity, 

direction and location of these forces must be estimated by the engineer after 

consideration of all available facts and, to a certain extent, must be based on judgment 

and experience. 

 

Dead Loads 
 

Unless testing indicates otherwise, the unit weight of concrete can be assumed to 

be 150 lb/ft3. In the determination of the dead load, relatively small voids, such as 

galleries, normally are not deducted unless the engineer judges that the voids constitute a 

significant portion of the dam's volume. The dead loads considered should include 

weights of concrete and superimposed backfill, and appurtenances such as gates and 

bridges. 
 
 

Hydro Static Loads 
 

Although the weight of water varies slightly with temperature, the weight of fresh 

water should be taken at 62.4 lb/ft3. A linear distribution of the static water pressure 
acting normal to the surface of the dam should be applied. 

 

Nappe Forces 
 

The forces acting on an overflow dam or spillway section are complicated by 



 

steady state hydrodynamic effects. Hydrodynamic forces result from water changing 

speed and direction as it flows over a spillway. At small discharges, nappe forces may be 

neglected in stability analysis; however, when the discharge over an overflow spillway 

approaches the design discharge, nappe forces can become significant and should be 

taken into account in the analysis of dam stability. 
 
 

Internal Hydrostatic Loads (Uplift) 
 

 

Any stability analysis of the dam should seek to apply forces that are compatible 

with the failure mechanism being assumed. For this reason, it is less important to 

determine what the uplift pressures on a dam are at present than it is to determine what 

they would be during failure. The uplift distributions recommended herein are consistent 

with the failure modes being assumed. Uplift should be assumed to exist between the 

dam and its foundation, and within the foundation below the contact plane and it should 

also be applied within any cracks within the dam. Uplift is an active force which must be 

included in the analysis of stability. Uplift shall be assumed to act over 100 percent of 

the area of any failure plane whether that plane is within the dam, at the contact with the 

foundation or at any plane within the foundation. 

 

Uplift reduction can be achieved through a drainage system, a grout curtain, or 

sometimes simply by the accumulation of low permeability silt against the upstream face 

of the dam. If uplift reduction is assumed in analysis, it must be verified by 

instrumentation. There must also be a reasonable assurance that the uplift reduction 

effect that is measured under normal conditions will persist under unprecedented load 

conditions such as extreme floods or earthquakes. 



 

 

 

Uplift reduction due to drainage assumes that the drainage system vents the high 

pressure area under the dam to tailwater pressure. This intended purpose can be thwarted 

however if the drainage system exits into a region of high hydrodynamic pressure as shown in 

figure 1.  

 
Horizontal Planes within the Dam: 

 
 
 

Figure 1 



 

 

Uplift along failure planes within the body of the dam shall be assumed to vary 

from 100% of normal headwater at the upstream face to 100% of tail water or zero, as 

the case may be, at the downstream face. 
 

Rock Foundations 
 

In the case of gravity Dams on rock foundations, a failure plane shall be assumed 

between the dam and the foundation. In addition, the potential for failure planes in the 

rock below the dam must be considered. 

The following guidance shall be applied to staff review of the design assumptions. 

The uplift criteria cited herein may be relaxed only when sufficient field measurements of 

actual uplift pressures justify any proposed deviations. 

 

Uplift Assumptions 
 

Uplift at the foundation-concrete interface for structures having no foundation 

drains or an unverified drainage system should be assumed to vary as a straight line from 

100% of the headwater pressure at the upstream face (heel) to 100% of the tailwater 

pressure at the downstream face (toe) applied over 100% of the base area. Local 

reductions in tail water elevations produced by hydrodynamic effects described in 

section  shall not be included in uplift computation. 
 

 
 

When analysis indicates that a theoretical crack 

propagates beyond the drains for an unprecedented 

load condition such as the PMF, the amount of drain 

efficiency that can exist is limited by certain physical 

constraints. Even if the pressure at a given drain is 

zero, the effect of this pressure reduction is very local 

as can be seen in figure 4 
 

For cases in which the theoretical base crack 

extends beyond the drains, the resulting uplift force 

should not be assumed to be less than that calculated 

by the idealization shown below , where 
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Figure 4 
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and the boundary conditions are those depicted in figure 5. 
 

 

 

Figure 5 
 

 

 

Grouting 
 

Grouting alone should not be considered sufficient justification to assume an uplift 

reduction. A grout curtain may retard foundation flows initially, but the degree of uplift 

relief may be lessened as the age of the dam increases due to deterioration of the curtain. 

A drainage system should be utilized downstream of grout curtains and, a monitoring 

system should be employed to determine actual uplift pressures and to detect any 

reduction in drain efficiency due to clogging of the drains. 

 

Aprons 
 

Upstream and downstream aprons have the effect of increasing the seepage path 

under the dam. For an upstream apron properly sealed to prevent leakage, the effect is to 

reduce the uplift under the dam. 

The effectiveness of upstream 

aprons in reducing uplift is 

compromised if cracks and joints 

in the apron permit leakage. 

Conversely, downstream aprons 

such as stilling basins have the 

effect of increasing uplift under 

the dam. (See figure 6) Uplift 



 

reduction should be justified by instrumentation. 

 

In the case of downstream aprons, it may be assumed that uplift is limited to that which 

would float the apron. 

 

Reservoir Silt 
 

Reservoir silt can reduce uplift under a dam in a manner similar to an upstream 

apron. 14/ Uplift reduction should be justified by instrumentation. 
 

Because of potential liquefaction of the silt during a seismic event, uplift 

reduction due to silt may be lost in seismic situations. If liquefaction occurs, pore 

pressure in the silt will increase. This condition of elevated pore pressure may persist for 

some time after the seismic event. For this reason, uplift reduction due to silt may not be 

relied upon when considering post-earthquake stability. 

 

Earthquake 
 

Uplift pressures should be assumed to be those existing under normal conditions 

during earthquake loading. However, when performing post-earthquake stability 

analysis, the effects of silt liquefaction, apron cracking, or potential offsets must be 

considered. 

 

Flood Loading 
 

Uplift reductions should not be based on the assumption that the IDF flood event 

will be of such short duration and the permeability of the foundation so low that the 

elevated headwater and tailwater pressures are not transmitted under the base of the dam. 

This less than conservative assumption is invalid because extreme design floods and the 

resulting elevated water levels often last many hours, if not days, and because in a 

saturated rigid system such as a rock foundation with joints, extremely small volume 

changes can transmit large pressure changes. In the absence of corroborative evidence 

(e.g., measurements of piezometer levels during prior floods) the uplift should be 

assumed to vary directly with changes in headwater and tailwater levels. For more 

discussion of flood loading, refer to Chapter 2 of these guidelines. 

 

Soil Foundations 
 

Uplift pressures acting upon the base of a gravity structure constructed on a 

pervious soil foundation are related to seepage through permeable materials. Water 



 

 

percolating through pore spaces in the materials is retarded by frictional resistance, 

somewhat the same as water flowing through a pipe. The intensity of the uplift can be 

controlled by construction of properly placed aprons, cutoffs and other devices. 19/ 
 

Base cracking may not affect the uplift distribution under a soil founded dam as 

much as under a dam founded on rock. If the soil is relatively pervious, a small crack 

between the dam and foundation may cause no effect. For this reason, the standard 

cracked base uplift distributions in section 3-2.4.3.1 of this chapter may not be 

applicable. One of the following methods should be used to estimate the magnitude of the 

uplift pressure: 

 

Creep Theory 
 

The word "Creep" in this usage refers to a simplified method which can be used 

to estimate uplift pressure under a structure. Under creep theory, the uplift pressure is 

assumed to be the sum of two components; the seepage potential and the position 

potential. 

 

The seepage potential is calculated by first determining the creep distance which a 

molecule of water would follow as it flows beneath the structure. The creep distance 

starts at a point on the ground line directly over the heel, and ends at another point on the 

ground line directly above the toe, following the boundary of the sides and bottom of 

concrete.

The effective uplift pressure at a 

point is then calculated by multiplying 

the sum of the seepage and position 

potentials of the points by the unit 

weight of water. 

 

In most cases, the vertical and 

horizontal permeability of soil are not equal. 

 

 

 

 

 

 

Figure 7 



 

h 

 

Typically, the horizontal permeability (kh) is 3 times as great as the vertical permeability 

(kv) A "weighted creep" recognizes the differences in vertical and horizontal 
permeability of most soil foundations by multiplying the horizontal distances along the 

creep path by the ratio (kv)/(kh). 
 

The weighted creep distance Lw , should be calculated as shown below: 

 Kv 

Lw    K   
*  Lh  Lv 

 

Where: Kh= horizontal permeability 
Kv= vertical permeability 

Lh= horizontal length of creep path 

Lv= vertical length of creep path 

Lw= weighted creep distance 

 
Flow Net Method 

 

This method is a graphical procedure which involves the construction of flow lines 

and lines of equal potential (lines drawn through points of equal total head) in subsurface 

flow. Flow lines and equipotential lines are superimposed upon a cross section of the soil 

through which the flow is taking place. Reference for the procedure is made to any 

standard text book on soil mechanics, or reference 19/. 
 

Finite Element Method 
 

Two and 3 dimensional finite element ground water modeling can also be used in 

a manner similar to the flow net method. Material anisotropy can be factored into these 

analyses. 

 

Earth and Silt Pressures 
 

Earth Pressures 
 

Earth pressures exerted on dams or other gravity structures by soil backfills should 

be calculated as outlined in reference 19. In most cases, at rest earth pressures should be 

assumed. The rigidity of the foundation and the character of the backfill, along with the 

construction sequence, may affect this assumption. The unit weight of the backfill and 



 

 

material strength parameters used in the analysis should be supported by site 

investigations. If the backfill is submerged, the unit weight of the soil should be reduced 

by the unit weight of water to determine the buoyant weight. 

 

Earth backfill on the downstream side of a gravity dam has a beneficial effect on 

stability, however, if flood conditions can overtop the dam and lead to erosion of the 

backfill, it can not be relied upon for its stabilizing effects. 
 

Silt Pressures 
 

The silt elevation should be determined by hydro graphic surveys. Vertical 

pressure exerted by saturated silt is determined as if silt were a saturated soil, the 

magnitude of pressure varying directly with depth. Horizontal pressure exerted by the silt 

load is calculated in the same manner as submerged earth backfill. Silt shall be assumed 

to liquefy under seismic loading. Thus, for post earthquake analysis, silt internal shear 

strength shall be assumed to be zero unless site investigations demonstrate that 

liquefaction is not possible. 

 

Earthquake Forces 
 

Earthquake loadings should be selected after consideration of the accelerations 

which may be expected at each project site as determined by the geology of the site, 

proximity to major faults, and earthquake history of the region as indicated by available 

seismic records. Seismic risk maps can be used to establish the probability zone for 

projects which do not have detailed seismicity studies. A set of seismic risk maps are 

available from the United States Geological Survey, (USGS) at: 

 

Other widely accepted seismic risk maps can also be used as a starting point for the 

determination of seismic loading. 

 

While a variety of sources can be cited, the determination of the Maximum Credible 

Earthquake for a site remains the responsibility of the licensee. General seismic hazard 

maps such as that cited above may not sufficiently account for local seismicity. 

Site specific seismic studies may be required. See the seismicity chapter of these 

guidelines for more information. 



 

 

  

Ice Loading 
 

Ice Pressures 
 

Ice pressure is created by thermal expansion of the ice and by wind drag.Pressures 

caused by thermal expansion are dependent on the temperature rise of the ice, the 

thickness of the ice sheet, the coefficient of expansion, the elastic modulus and the 

strength of the ice. Wind drag is dependent on the size and shape of the exposed area, 

the roughness of the surface, and the direction and velocity of the wind. Ice loads are 

usually transitory. Not all dams will be subject to ice pressure and the engineer should 

decide whether an ice load is appropriate after consideration of the above factors. An 

example of the conditions conducive to the development of potentially high ice pressure 

would be a reservoir with hard rock reservoir walls which totally restrain the ice sheet. 

In addition, the site meteorological conditions would have to be such that an extremely 

rigid ice sheet develops.  
 

Ice /Debris Impact 
 

Some rivers are subject to ice and debris flow. Current bourne ice sheets weighing 

several tons, and/or debris can impact dams and cause local damage to piers, gates or 

machinery. Several dams have experienced very large reservoir surcharges under 

moderate flood events due to plugging of spillway bays by debris or floating ice. When 

the ability of a spillway to pass floods is evaluated, the effect of ice and debris should be 

considered. 
 

Temperature & Aggregate Reactivity 

 

Volumetric changes caused by thermal expansion and contraction, or by 

alkali/aggregate reactivity affect the cross valley stresses in the dam. These stresses are 

important when 3 dimensional behavior is being considered. Expansion will cause a dam 

to wedge itself into the valley walls more tightly, increasing its stability. Contraction has 

the opposite effect. While these effects are acknowledged, the beneficial effect of 

expansion is difficult to quantify even with very elaborate finite element models because 

it is contingent on the modulus of deformation of the abutments which is highly variable. 

For this reason, the beneficial effects of expansion should not be relied upon in three 

dimensional stability analysis. If it appears that contraction will cause monolith joints to 

open, and thus compromise force transfer from monolith to monolith, this effect should 

be considered. 
 

Loading Combinations 
 

General 
 

The following loading conditions and requirements are suitable in general for 



 

gravity dams of moderate height. Loads which are not indicated, such as wave action, or 

any unusual loadings should be considered where applicable. 
 

Case I Usual Loading Combination - Normal Operating Condition 
 

The reservoir elevation is at the normal power pool, as governed by the crest 

elevation of an overflow structure, or the top of the closed spillway gates whichever is 

greater. Normal tailwater is used. Horizontal silt pressure should also be considered, if 

applicable. 

 

Case II Unusual Loading Combination - Flood Discharge Loading 
 

For high and significant hazard potential projects, the flood condition that results 

in reservoir and tail water elevations which produce the lowest factor of safety should 

be used. Flood events up to and including the Inflow Design Flood, if appropriate, 

should be considered. For further discussion on the Inflow Design Flood, refer to 

chapter 2 of these guidelines. 

 

For dams having a low hazard potential, the project should be stable for floods up 

to and including the 100 year flood. 

 

 

Case II A Unusual Loading Combination - Ice 
 
 

Case I loading plus ice loading, if applicable. 

 

Case III Extreme Loading Combination - Case 1+Earthquake 
 

In a departure from the way the FERC has previously considered seismic 

loading, there is no longer any acceptance criteria for stability under earthquake loading. 

Factors of safety under earthquake loading will no longer be evaluated. Acceptance 

criteria is based on the dam's stability under post earthquake static loading considering 

damage likely to result form the earthquake. The purpose of considering dynamic 

loading is to determine the damage that will be caused so that this damage can be 

accounted for in the subsequent post earthquake static analysis. 
 

Factors to consider are as follows: 

 

-Loss of cohesive bond in regions of seismically induced tensile stress. 

 

-Degradation of friction angle due to earthquake induced movements or 

rocking. 

 

-Increase in silt pressure and uplift due to liquefaction of reservoir silt. (See 

section 3.2.5.2) 

 



 

Recommended procedures for seismic analysis are presented in section 3-

Methods of Analysis 

General 
 

Selection of the method of analysis should be governed by the type and 

configuration of the structure being considered. The gravity method will generally be 

sufficient for the analysis of most structures, however, more sophisticated methods may 

be required for structures that are curved in plan, or structures with unusual 

configurations. 

 

Gravity Method 
 

The gravity method assumes that the dam is a 2 dimensional rigid block. The 

foundation pressure distribution is assumed to be linear. It is usually prudent to perform 

gravity analysis before doing more rigorous studies. In most cases, if gravity analysis 

indicates that the dam is stable, no further analyses need be done. An example gravity 

analysis is presented in Appendix C of this chapter. Stability criteria and required factors 

of safety for sliding are presented in Section 3-5. 

 

Finite Element Methods 3-

General 

In most cases, the gravity analysis 

method discussed above will be sufficient for 

the determination of stability. However, dams 

with irregular geometries or spillway sections 

with long aprons may require more rigorous 

analysis. The Finite Element Method (FEM) 

permits the engineer to closely model the 

actual geometry of the structure and account 

for its interaction with the foundation. For 

example, consider the dam in figure 8. Note 

that the thinning spillway that forms the toe 

of the dam is not stiff enough to produce the Figure 8 

foundation stress distribution assumed in the gravity method. In this case, gravity 

analysis alone would have under-predicted base cracking. 
 



 

3-15 

Finite element analysis allows not only modeling of the dam, but also the 

foundation rock below the dam. One of the most important parameters in 

dam/foundation interaction is the ratio of the modulus of deformation of the rock to the 

modulus of elasticity of the dam concrete. Figure 9 illustrates the effect that this ratio has 

on predicted crack length. As the modular ratio varies, the amount of predicted base 

cracking varies also. As can be seen in figure 9, assuming a low deformation modulus 

(Er), is not necessarily conservative. 

Figure 9 



   

 

 

In gravity analysis, the distribution of foundation shear stress is not specifically 

addressed. However, it is implicitly assumed that shear stress is distributed uniformly 

across the base. This assumption is arbitrary and not very accurate. Finite element 

modeling can give some insight into the distribution of base contact stress. As can be 

seen in figure 10, shear stress is at a maximum at the tip of the propagating base crack. 

In this area, normal stress is zero, thus all shear resistance must come from cohesion. 

Also, the peak shear stress is    

about twice the average shear 

stress. An un-zipping failure 

mode can be seen here, as local 

shear strength is exceeded near 

the crack tip, the crack 

propagates causing shear stress 

to increase in the area still in 

contact. This is one reason why 

this chapter favors allowing 

lower factors of safety for no 

cohesion analysis. 

Foundation Shear Stress 

 
 
 

Crack Tip 

 

 
Foundation Normal Stress 

 

Figure 10 

Two-Dimensional Finite Element Analysis 
 

Two-dimensional finite element analysis is adaptable to gravity dam analysis 

when the assumption of plane strain is used. Sections including auxiliary works can be 

analyzed to determine their stress distribution. As seen above, 2-dimensional finite 

element analysis allows the foundation, with its possible wide variation in material 

properties, to be included with the dam in the analysis. 

 

Uplift Loads for Finite Element Studies 
 

Uplift pressures must be included in finite element studies. Pressures are 

calculated using the same procedures as conventional gravity dam analyses as outlined in 

Section 3-2.4.  Figure 11 shows a very effective means of uplift application.  The use of 

a thin interface layer of elements (standard Q4 elements) allows the uplift pressure to be 

applied to the bottom of the dam and the top of the foundation. The resulting stress 

output for these interface elements then includes the effects of uplift. The procedure also 



   

 

has the benefit of allowing interface elements to be systematically deleted so that a 

cracked base analysis may be performed in an iterative manner. As in conventional 

gravity analysis, whenever base cracking is indicated by the presence of tensile stress 

normal to the foundation in the interface elements, the uplift distribution should be 

modified accordingly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11 

 

There are many non-linear finite element codes available which allow base cracking and 

sliding to be modeled automatically. 

 

Three-Dimensional Finite Element Analysis 
 

Three-dimensional (3-D) FEM should be used when the structure or loading is 

such that plane strain conditions may not be assumed, such as when the geometry is such 

that the stability of the dam depends upon stress 

distribution parallel to its axis, as is the case of a 

gravity-arch dam which is curved-in plan, or 

when a dam is in a narrow valley. Three 

dimensional analysis allows the rigorous 

determination of what forces will be applied to 

the foundation, and where. If 3 dimensional 



 

 

behavior is to be considered, features that enable horizontal force transfer such as shear 

keys or curvature in plane must be present 
 

Analysis of Results of Finite Element Method Studies 
 

It is important to realize that the question before the reviewer is whether or not the 

dam will fail under a given loading condition. In the review of finite element analyses, it 

is easy to lose sight of the original question in view of the voluminous stress output that 

typically results. The reviewer should never forget that stress at a point in the dam may 

or may not be informative with respect to whether or not the dam will fail. Unlike the 

conventional gravity technique which pre-supposes failure mechanisms, namely sliding 

and overturning, the standard linear elastic finite element method does not address failure 

mechanisms. It is up to the reviewer to determine the value of the analysis based on how 

it addresses the possibility of failure mechanisms. 

 

Whatever distribution of stress that results from an finite element analysis, it 

should be verified that global force and moment equilibrium are satisfied.  In addition, 

the stress states in individual elements must be within the limits of the material strength. 

For example, if the analysis indicates tension at the dam/foundation interface, the analysis 

should be re-run with tensile elements eliminated from the stiffness matrix. 

 

Excessive shear stress at the interface can also be a problem. For example, figure 

10 (3-4.3.1) shows that the peak shear stress on the dam/foundation interface is in 

elements with zero normal stress. This means that there is no frictional resistance 

available at this location, and that all shear stress must be transferred through cohesive 

bond alone. If the reviewer questions the availability of cohesive strength at the 

interface, the analysis should be re-run with the shear stiffness of these elements 

effectively reduced so that shear stress can be re-distributed. This can be handled 

automatically with many finite element programs using gap-friction elements. 

 

Dynamic Methods 
 

Dynamic analysis refers to analysis of loads whose duration is short with respect 

to the first period of vibration of the structure. Such loads include seismic, blast, and 

impact. Dynamic methods described in this chapter are appropriate to seismic loading. 
 

 

Pseudo Dynamic Method 
 

This procedure was developed by Professor Anil Chopra as a hand calculated 



 

alternative to the more general analytical procedures which require computer programs. 

It is a simplified response spectrum analysis which determines the structural response, in 

the fundamental mode of vibration, to only the horizontal component of ground motion. 

This method can be used to evaluate the compressive and tensile stresses at locations 

above the base of the dam. Using this information, degree of damage can be estimated 

and factored into a post earthquake stability analysis. References 8 and 13 provide an 

explanation of this method, and sample calculations. 

 

Modal Dynamic Methods 
 

Dynamic response analysis is typically performed using finite element modal 

analysis. The major modes of vibration are calculated, and the response of the structure 

to the earthquake is expressed as a combination of individual modal responses. There are 

2 acceptable techniques for modal analysis, Response Spectrum Analysis and Time 

History Analysis. 

Response Spectrum Method In the response 

spectrum method, the 

modes of vibration determined from finite 

element modeling are amplitude weighted by a 

response spectrum curve which relates the 

maximum acceleration induced in a single 

degree of freedom mechanical oscillator to the 

oscillator's natural period. A typical response 

spectrum curve is shown in figure 12. Because 

the timing of the peaks of individual modal 

responses is not taken into account, and because 

peaks of all modes will not occur 

simultaneously, modal responses are not 



 

 

combined algebraically. Modal responses are combined using the SRSS (square root of 

sum of squares) or the CQC (complete quadratic combination) methods.  

 

Time History Method 
 

The time history method is a more rigorous solution technique. The response of 

each mode of vibration to a specific acceleration record is calculated at each point in time 

using the Duhamel integral. All modal responses are then added together algebraically 

for each time step throughout the earthquake event. While this method is more precise 

than the response spectrum method for a given acceleration record, its results are 

contingent upon the particulars of the acceleration record used. For this reason, time 

history analysis should consider several accelerograms.  

 
 

Foundation Stability 
 

Rock Foundations 
 

The foundation or portions of it must be analyzed for stability whenever the 

structural configuration of the rock is such that direct shear failure is possible, or 

whenever sliding failure is possible along faults, shears and/or joints. Associated with 

stability are problems of local over stressing in the dam due to foundation deficiencies. 

The presence of such weak zones can cause problems under either of two conditions: (1) 

when differential displacement of rock blocks occurs on either side of weak zones, and 

(2) when the width of a weak zone represents an excessive span for the dam to bridge 

over. 

Sliding failure may result when the rock foundation contains discontinuities and/or 

horizontal seams close to the surface. Such discontinuities are particularly dangerous 

when they contain clay, bentonite, or other similar substances, and when they are 

adversely oriented.26/ Appropriate uplift pressures must be applied to failure planes in 

foundations. 

 

Soil Foundations 
 

Gravity dams constructed on soil foundations are usually relatively small 

structures which exert low bearing pressures upon the foundation. Large structures on 

soil foundations are usually supported by bearing or friction piles. Piles supported 

structures are addressed in Chapter 10 of these guidelines. When the foundation consists 

of pervious sands and gravels, such as alluvial deposits, two possible problems exist; one 

pertains to the amount of underseepage, and the other is concerned with the forces 



 

exerted by the seepage. Loss of water through underseepage may be of economic 

concern for a storage or hydro electric dam but may not adversely affect the safety of the 

dam. However, adequate measures must be taken to ensure the safety of the dam against 

failure due to piping, regardless of the economic value of the seepage. 

 

The forces exerted by the water as it flows through the foundation can cause an 

effective reduction in the weight of the soil at the toe of a dam and result in a lifting of 

the soil. If uncontrolled, these seepage forces can cause a progressive erosion of the 

foundation, often referred to as "piping" and allow a sudden collapse of the structure. 

The design of the erosion, seepage and uplift control measures requires extensive 

knowledge of type, stratification, permeability, homogeneity, and other properties of the 

foundation materials. 
 
 

 

Minimum Weighted Creep Ratios, Cw for Various Soils 
 

 

 

 

 

 

 

 

and gravel. 
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Very fine sand or silt 

 
8.5 

Fine sand 7.0 

Medium sand 6.0 

Coarse sand 5.0 

Fine gravel 4.0 
Medium gravel 3.5 
Coarse gravel including cobbles 3.0 
Boulders with some cobbles 2.5 

 



 



Some of the control measures which may be required may include some, all or 

various combinations of the following devices: 
 

a. Upstream apron, usually with cut offs at the upstream end. 

 

b. Downstream apron, with scour cut offs at the downstream end, and with or 

without filters and drains under the apron. 
 

c. Cutoffs at the upstream or downstream end or at both ends of the overflow 

section, with or without filters or drains under the section. 

 

A detailed discussion of these measures and their usages is given in reference 7. For 

guidance on the evaluation of concrete dams on earth soil foundations, refer to chapter 10 

of these guidelines or reference 17. 

 

Construction Materials 
 

General 
 

The compressive stresses in a concrete in a gravity dam are usually much lower 

than the compressive strength of the concrete. Therefore, compressive strength is rarely 

an issue. Tensile strength is typically the limiting criteria.  
 

Site Investigations 
 

During staff review of foundation investigation reports, staff geologists and soils 

engineers should be consulted concerning the adequacy of the data submitted with respect 

to defining the structural and geological capability of the foundation. Foundation borings 

and testing can be helpful in identification of weak zones in the foundation beneath the 

dam. In addition, construction photographs of the foundation during construction can 

provide valuable information on the characteristics of the dam/foundation interface and 

on the orientation of jointing. Specific details concerning geological investigations are 

contained in Chapter 5 of these guidelines. 

 

Concrete Properties 
 

General 
 

Many factors affect the strength and durability of mass concrete. The concrete 

must be of sufficient strength to safely resist the design loads throughout the life of the 

structure. Durability of the concrete is required to withstand the effects of weathering 

(freeze-thaw), chemical action and erosion. 

 

In recent years, the use of Roller Compacted Concrete (RCC) has become 

increasingly popular as a construction material for new gravity dams, to repair existing 



 

concrete structures and to armor existing embankment dams against overtopping events. 

While RCC used to construct gravity dams should have the same general properties as 

conventional mass concrete, there are some differences which must be considered. For 

example, the construction of roller compacted concrete results in horizontal lifts joints at 

about 1 foot spacing.  

 

Structural Properties 
 

Stresses in a gravity dam are usually low; therefore, concrete of moderate strength 

is generally sufficient to withstand design loads. Laboratory tests are often unnecessary 

if conservative assumptions on concrete strength result in adequate factors of safety. 

Tests can be performed if concrete parameters are in question. 
 
 

For existing structures, non-destructive acoustic testing techniques have proven 

valuable for the qualitative evaluation of concrete strength and continuity. Drilling and 

testing can also be performed. Drilling and testing should be used to correlate concrete 

strength with acoustic wave velocities. 

 

Staff review of these tests should compare the laboratory results to the original 

design assumptions, and should examine the testing procedures to determine if the tests 

were conducted in conformance with recommended ASTM and ACI procedures as listed 

below: 

 

a. Compressive tests: ASTM-C39 

 

b. Tensile tests: ASTM C78 

 

c. Shear tests: RTH 203-80 23/ 
 

d. Modulus of elasticity, Static: ASTM C469, Dynamic: ASTM C215 

 

e. Poisson's ratio: ASTM C469 

 

f. Collection of test samples: ASTM C31, C172, and C192 

 

g. Evaluation of test results: ACI 214 

Durability 
 

The durability of concrete or RCC is influenced by the physical nature of the 

component parts, and although performance is largely influenced by mix proportions and 

degree of compaction, the aggregates constitute nearly 85 percent of the constituents in a 

mass concrete and good aggregates are essential for durable concrete. The environment 

in which the structure will exist must be considered in the mix design and in the 

evaluation of the suitability of aggregate sources proposed for use in the mix. Generally, 

the environmental considerations which must be examined are: weathering due to 

freezing and thawing cycles; chemical attack from reactions between the elements in the 



 

concrete, exposure to acid waters, exposure to sulfates in water and leaching by mineral- 

free water; and erosion due to cavitation or the movement of abrasive material in flowing 

water. 
 

Dynamic Properties 
 

The compressive and tensile strengths of concrete vary with the speed of testing. 

As the rate of loading increases compressive and tensile strengths and modulus of 

elasticity also increase, therefore, these properties of concrete under dynamic loadings 

such as during an earthquake are greater than under static conditions. 

 

References 16 and 18 provide a detailed discussion of the rates and types of testing 

which should be conducted to determine the dynamic properties of concrete for use in 

linear finite element analyses. The rates of testing should be coordinated with the 

expected stress cycles of the design seismic event. 

 

 Foundation Properties 
 

In many instances, a gravity dam is keyed into the foundation so that the 

foundation will normally be adequate if it has enough bearing capacity to resist the loads 

from the dam. If, however, weak planes or zones of inferior rock are present within the 

foundation, the stability of the dam will be governed by the sliding resistance of the 

foundation. The foundation investigations should follow the recommendations of 

Chapter 5 of these guidelines, and should establish the following strength parameters for 

use in stability and stress analyses: 

 

a. Shear strengths along any discontinuities and the intact rock. 

 

b. Bearing capacity (compressive strength). 

 

c. Deformation Modulus of the rock mass. 

 

d. Hydrostatic pressure in rock joints. 

 

These parameters are usually established by laboratory tests on samples obtained 

at the site. In some instances, in situ testing may be justified. In either instance, it is 

important that samples and testing methods be representative of the site conditions. The 

results of these tests will, generally, yield ultimate strength or peak values and must, 

therefore, be divided by the appropriate factors of safety in order to obtain the allowable 

working stresses.  

 

Foundation permeability tests may be helpful in conjunction with the drilling 

program, or as a separate study, in order to establish uplift parameters and to design an 

appropriate drainage system. Permeability testing programs should be designed to 

establish the permeability of the rock mass and not an isolated sample of the rock 

material. The mass permeability will usually be higher, due to jointing and faulting, than 



 

an individual sample. 

 

Prior to the selection of representative foundation properties, all available geologic 

and foundation information should be reviewed for descriptions of the type of material 

and structural formation on which the dam was constructed. A general description of the 

foundation material can be used as a basis for choosing a range of allowable strengths 

from published data, if testing data is not available. Staff geologists should be consulted 

if the available information refers to material parameters or structural features which are 

suspected to be indications of poor foundation conditions. Situations which should alert 

the engineer to possible problem areas are listed below: 

 

a. Low RQD ratio (RQD = Rock Quality Designation). 

 

b. Solution features such as caves, sinkholes and fissures. 

 

c. Columnar jointing. 

 

d. Closely spaced or weak horizontal seams or bedding planes. 

 

e. Highly weathered and/or fractured material. 

 

f. Shear zones or faults and adversely oriented joints. 

 

g. Joints or bedding planes described as slickensided, or filled with gouge 

materials such as bentonite or other swelling clays. 

 

h. Foliation surfaces. 

 

i. Drill fluid loss. 

 

j. Large water takes during pumping tests. 

 

k. Large grout takes. 

 

l. Rapid penetration rate during drilling. 

 

Compressive - In general, the compressive strength of a rock foundation will be 

greater than the compressive strength of the concrete within the dam. Therefore, 

crushing (or compressive failure) of the concrete will usually occur prior to compression 

failure of the foundation material. When testing information is not available this can be 

assumed, and the allowable compressive strength of the rock may be taken as equal to 

that of the concrete. However, if testing data is available, the safety factors from Table 2 

should be applied to the ultimate compressive strength to determine the allowable stress. 

Where the foundation rock is nonhomogeneous, tests should be performed on each type 

of rock in the foundation. 

 



 

Tensile - A determination of tensile strength of the rock is seldom required 

because unhealed joints, shears, etc., cannot transmit tensile stress within the foundation. 

Therefore, the allowable tensile strength for the foundation should be assumed to be zero. 

 

Shear - Resistance to shear within the foundation and between the dam and its 

foundation depends upon the zero normal stress shear strength (cohesion) and internal 

friction inherent in the foundation materials, and in the bond between concrete and rock 

at the contact surface. Ideally, these properties are determined in the laboratory by 

triaxial and direct shear tests on samples taken during construction, during a post- 

construction drilling program, or in the field through insitu testing. The possible sliding 

surface may consist of several different materials, some intact and some fractured. Intact 

rock reaches its maximum break bond resistance with less deformation than is necessary 

for fractured materials to develop their maximum frictional resistances. Therefore, the 

shear resistance developed by each fractured material depends upon the displacement of 

the intact rock part of the surface. This raises several issues, including strain 

compatibility, point crushing strength, creep, and progressive failure which must be 

considered in the selection of reasonable shear strength parameters. The shear resistance 

versus normal load relationship for each material along the potential sliding plane should 

be determined by testing wherever possible. Staff geotechnical engineers should be 

consulted concerning the adequacy of any foundation evaluation program and the 

interpretation of test results. 



 

 

 

UNITVI 

Spillways and Energy Dissipaters 

 
Instructional objectives 

On completion of this lesson, the student shall learn: 

1. The functions of a spillways and energy dissipators in projects involving diversion and 

storage projects 

2. Different types of spillways 

3. How to determine the shape of an ogee-crested spillway and compute its 

discharge 

4. The spillway profile in the presence of a breast wall 

5. Criteria for selecting a particular type of spillway 

6. Different types of energy dissipators 

7. Design procedure for hydraulic jump and bucket-type energy dissipators 

8. Protection measures against science downstream of energy dissipators 

 

Free Overfill Spillway 

In this type of spillway, the water freely drops down from the crest, as for an arch dam (Figure 

1). It can also be provided for a decked over flow dam with a vertical or adverse inclined 

downstream face (Figure 2). Flows may be free discharging, as will be the case with a sharp-

crested weir or they may be supported along a narrow section of the crest. Occasionally, the crest 

is extended in the form of an overhanging lip (Figure 3) to direct small discharges away from the 

face of the overfall section. In free falling water is ventilated sufficiently to prevent a pulsating, 

fluctuating jet. 



 

 



 

 
 

 



Where artificial protection is provided at the loose, as in Figure 3, the bottom may not scour but 

scour may occur for unprotected streambeds which will form deep plunge pool (Figure 4). The 

volume and the depth of the scour hole are related to the range of discharges, the height of the 

drop, and the depth of tail water. Where erosion cannot be tolerated an artificial pool can be 

created by constructing an auxiliary dam downstream of the main structure, or by excavating a 

basin which is then provided with a concrete apron or bucket. 

 

 

Overflow Spillway 

The overflow type spillway has a crest shaped in the form of an ogee or S-shape  (Figure 5). The 

upper curve of the ogee is made to conform closely to the profile of the lower nappe of a 

ventilated sheet of water falling from a sharp crested weir (Figure 6). Flow over the crest of an 

overflow spillway is made to adhere to the face of the profile by preventing access of air to the 

underside of the sheet of flowing water. Naturally, the shape of the overflow spillway is designed 

according to the shape of the lower nappe of a free flowing weir conveying the discharge flood. 

Hence, any discharge higher than the design flood passing through the overflow spillway would 

try to shoot forward and get detached from the spillway surface, which reduces the efficiency of 

the spillway due to the presence of negative pressure between the sheet of water and spillway 

surface. For discharges at designed head, the spillway attains near-maximum efficiency. The 

profile of the spillway surface is continued in a tangent along a slope to support the sheet of 



flow on the face of the overflow. A reverse curve at the bottom of the slope turns the flow in to 

the apron of a sliding basis or in to the spillway discharge channel. 

An ogee crest apron may comprise an entire spillway such as the overflow of a concrete gravity 

dam (Figure 7), or the ogee crest may only be the control structure for some other type of 

spillway (Figure 8). Details of computing crest shape and discharges of ogee shaped crest is 

provided in Section 4.8.9. 
 

 
 



 
 

 
 

 

 

 



 

 
 

 

 

 

 

 
 

Chute Spillway 

A chute spillway, variously called as open channel or trough spillway, is one whose discharge is 

conveyed from the reservoir to the downstream river level through an open channel, placed 

either along a dam abutment or through a saddle (Figure 9). The control structure for the chute 

spillway need not necessarily be an overflow crest, and may be of the side-channel type 

(discussed in Section 4.9.4), as has been shown in Figure 10. However, the name is most often 

applied when the spillway control is placed normal or nearly normal to the axis of the open 

channel, and where the streamlines of flow both above and below the control crest follow in the 

direction of the axis. 

Generally, the chute spillway has been mostly used in conjunction with embankment dams, like 

the Tehri dam, for example. Chute spillways are simple to design and construct and have been 

constructed successfully on all types of foundation materials, ranging from solid rock to soft 

clay. 



 



 

 

 

Side channel Spillway 

A side channel spillway is one in which the control weir is placed approximately parallel to the 

upper portion of the discharge channel, as may be seen from Figure 10. When seen in plan with 

reference to the dam, the reservoir and the discharge channel, the side channel spillway would 

look typically as in Figure 11 and its sectional view in Figure 12. The flow over the crest falls 

into a narrow trough opposite to the weir, turns an approximate right angle, and then continues 

into the main discharge channel. The side channel design is concerned only with the hydraulic 

action in the upstream reach of the discharge channel and is more or less independent of the 

details selected for the other spillway components. Flow from the side channel can be directed 

into an open discharge channel, as in Figure 10 or 11 showing a chute channel, or in to a closed 

conduit which may run under pressure or inclined tunnel. Flow into the side channel might 

enter on only one side of the trough in the case of a steep hill side location or on both sides and 

over the end of the trough if it is located on a knoll or gently sloping abutment. 

Discharge characteristics of a side channel spillway are similar to those of an ordinary overflow 

spillway and are dependent on the selected profile of the weir crest. Although the side channel is 

not hydraulically efficient, nor inexpensive, it has advantages which make it adoptable to 

spillways where a long overflow crest is required in order to limit the afflux (surcharge held to 

cause flow) and the abutments are steep andprecipitous. 
 
 



 

 

 
 

 

Shaft Spillway 

A Shaft Spillway is one where water enters over a horizontally positioned lip, drops through a 

vertical or sloping shaft, and then flows to the downstream river channel through a horizontal or 

nearly horizontal conduit or tunnel (Figure 13). The  structure may be considered as being made 

up of three elements, namely, an overflow control weir, a vertical transition, and a closed 

discharge channel. When the inlet is funnel shaped, the structure is called a Morning Glory 

Spillway. The name is derived from the flower by the same name, which it closely resembles 

especially when fitted with anti- vortex piers (Figure 14). These piers or guide vanes are often 

necessary to minimize vortex action in the reservoir, if air is admitted to the shaft or bend it may 

cause troubles of explosive violence in the discharge tunnel-unless it is amply designed for free 

flow. 
 

 
 

 
 
 

 

 

 



 
 

 

 

 

 

 

Tunnel Spillway 

Where a closed channel is used to convey the discharge around a dam through the adjoining hill 

sides, the spillway is often called a tunnel or conduit spillway. The closed channel may take the 

form of a vertical or inclined shaft, a horizontal tunnel through earth or rock, or a conduit 

constructed in open cut and backfilled with earth materials. Most forms of control structures, 

including overflow crests, vertical or inclined orifice entrances, drop inlet entrances, and side 

channel crests, can be used with tunnel spillways. Two such examples have been shown in Figs. 

15 and 16. When the closed channel is carried under a dam, as in Figure 13, it is known as a 

conduit spillway. 

 



 
 

 
 

 

 

Siphon Spillway 

A siphon spillway is a closed conduit system formed in the shape of an inverted U, positioned so 

that the inside of the bend of the upper passageway is at normal reservoir storage level (Figure 

17). This type of siphon is also called a Saddle siphon spillway. The initial discharges of the 

spillway, as the reservoir level rises above normal, are similar to flow over a weir. Siphonic 

action takes place after the air in the bend over the crest has been exhausted. Continuous flow is 

maintained by the suction effect due to the gravity pull of the water in the lower leg of the 

siphon. 

 

 
 

 

 

 

 



 

 

 

Special types of spillways 

 
Apart from the commonly used spillways, a few other types of spillways are used sometimes for 

a project, which are explained below. 

 

Saddle Spillway 

In some basins formed by a dam, there may be one or more natural depressions for providing 

spillway. They are sometimes preferred for locating main spillway or emergency or auxiliary 

spillways. A site which has a saddle is very desirable and economical, if the saddle is suitable for 

locating the spillway. An example for such a spillway may be seen in Figure 9. 

 

Fuse plug 

It may be a simple earth bank, flash board or other device designed to fail when overtopped. 

Such plugs may be used where the sudden release of a considerable volume of water is both safe 

and not over destructive to the environment. “For example, the saddle spillway of Figure 9 may 

be constructed as an earthen embankment dam, with its crest at a slightly higher elevation than 

the High Flood Level (HFL) of the reservoir. In the occurrence of a flood greater than the design 

flood which may cause rise in the reservoir water would overtop the earthen embankment dam 

and cause its collapse and allow the flood water to safely pass through the saddle spillway. 

 

Sluice Spillway 

The use of large bottom openings as spillways is a relatively modern innovation following the 

greater reliance on the safety and operation of modern control gates under high pressure. A 

distinct advantage of this type of spillway is that provision can usually be made for its use for the 

passage of floods during construction. One disadvantage is that, once built, its capacity is definite 

whereas the forecasting of floods is still indefinite. A second disadvantage is that a single outlet 

may be blocked by flood debris, especially where in flow timber does not float. Figure 20 shows 

an example of a sluice spillway. 



 
 

 

Duck-bill Spillway 

This is a spillway with a rectangular layout projections into the reservoir comprising three 

straight overflow lengths intersecting at right angles. The layout could be trapezoidal in which 

case the corner angles will be other than 90 degree. The flow from the three reaches of the 

spillway interacts in the trough portion and is further conveyed through a discharge carrier on to 

a terminal structure to provide for energy dissipation. An example of this type of spillway is 

shown in Figure 21. 



 

 
 

 

 

 

 

Shape and Hydraulics of Ogee-Crest 

Crest shape 

The ogee shaped crest is commonly used as a control weir for many types of spillways- 

Overflow (Figure 5), Chute (Figure 8), Side Channel (Figure 12) etc. The ogee shape which 

approximates the profile of the lower nappe of a sheet of water flowing over a sharp-crested weir 

provides the ideal form for obtaining optimum discharges. The shape of such a profile depends 

upon the head, the inclination of the upstream face of the flow section, and the height of the 

overflow section above the floor of the entrance channel (which influences the velocity of 

approach to the crest). The ogee profile to be acceptable should provide maximum possible 

hydraulic efficiency, structural stability 



and economy and also avoid the formation of sub atmospheric pressures at the surface (which 

may induce cavitations). 

Ogee crested control structures are also sensitive to the upstream shape and hence, three types of 

ogee crests are commonly used and shown in Figure 21. These are as follows: 

1. Ogee crests having vertical upstream face 

2. Ogee crests having inclined upstream face 

3. Ogee crests having over hang on up stream face 
 

 

 
 

 

 
 

However, the same general equations for the up stream and down stream quadrants are 

applicable to all the three cases, as recommended by the Bureau of Indian Standards code IS: 

6934-1998 “Hydraulic design of high ogee over flow spillways- recommendations” and are 

outlined in the following paragraphs. 
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1. Ogee crests with vertical upstream face 

 

 

 
The upstream quadrant of the crest (Figure 22) may confirm to the equation of an ellipse as 

given below: 
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Where the values of A1 and B1 may be determined from the graphs given in (Figure 

23). 

The downstream profile of the ogee crest may confirm to the following 

equation: 

 

 
 
Figure 23. 
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Where the magnitude of K2 may be read from the relevant graph shown in 
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Ogee crests with sloping up stream face 

In this case, the desired inclination of the upstream face is made tangential to the same elliptical 

profile as provided for a crest with a vertical face. The down stream face equation remains 

unchanged. 

 

2. Ogee crests with overhang 
 
 

Whenever structural requirements permit, the upstream vertical face of an ogee crested 

spillway (Figure 22) may be offset inside, (Figure 24). It is recommended that the ratio of 

the rises M to the design head Hd, should be at least 0.6 or greater for flow conditions to 

be stable. The crest shapes on the up stream and downstream may be provided the same 

as for an ogee crest with vertical up stream wall if the condition M/ Hd >0.6 is satisfied. 

 
 

Discharge characteristics of ogee crests-uncontrolled flow 

 

For an ogee crested control weir for a spillway without any control with a gate, the free flow 

discharge equation is given  

 



 

Where Q is the discharge (in m3/s), Cd is the coefficient of discharge, Le is the effective length of 
crest (in m), including velocity of approach head. The discharge coefficient, Cd, is influenced by 
a number of factors, such as: 

1. Depth of approach 

2. Relation of the actual crest shape to the ideal nappe shape 

3. Upstream face slope 

4. Downstream apron interference, and 

5. Downstream submergence 

The effect of the above mentioned factors on the variation of discharge and calculation for 
effective length are mentioned in the following paragraphs. 

 

1. Effect of depth of approach 

For a high sharp-crested ogee shaped weir, as that of a Overfall spillway of a large dam, 

the velocity of approach is small and the lower nappe flowing over the weir attains 

maximum vertical contraction. As the approach depth is decreased, the velocity of 

approach increases and the vertical contraction diminishes. For sharp-crested weirs whose 

heights are not less than about one-fifth of the head producing the flow, the coefficient of 

discharge remains fairly constant with a value of about 1.82 although the contraction 

diminishes. For weir heights less than about one-fifth the head, the contraction of the 

flow becomes increasingly suppressed and the crest coefficient decreases. This is the case 

of an ogee crested chute spillway control section. When the weir height becomes zero, the 

contraction is entirely suppressed and the weir turns into a broad crested one, for which 

the theoretical coefficient of discharge is 1.70. The relationship of the ogee crest 

coefficient of discharge Cd for various values of P/Hd where P is the height of the weir 

above base and Hd is the design head, is given in Figure 25. The coefficients are valid 

only when ogee is formed to the ideal nappe shape. 
 

 

2. Effect of the crest shape differing from the ideal nappe shape 

When the ogee crest is formed to a shape differing from the ideal nappe shape or when 

the crest has been shaped for a head larger or smaller than the one under consideration, 

the coefficient of discharge will differ from that given in the previous section. A wider 

crest shape will reduce the coefficient of discharge while a narrower Crest Shape will 

reduce the coefficient. The application of this concept is required to deduce the discharge 

flowing over a spillway when the  flow is less or more than the design discharge. The 

variation of the coefficient of discharge in relation to H/Hd, where H is the actual head 

and Hd is the design head, is shown in Figure 26. 



 

3. Effect of upstream face slope 

For small ratio of P/Hd where P is the height of the weir and Hd the design head, as for the 

approach to a chute spillway, increase of the slope of upstream face tends to increase the 

coefficient of discharge, as shown in Figure 27. This figure shows the ratio of the 

coefficient for ogee crest with a sloping face to that with vertical face. For large ratios of 

P/Hd, the effect is a decrease of the coefficient. The coefficient of discharge is reduced for 

large ratios P/Hd only for relatively flat upstream slopes. 
 

4. Effect of downstream apron interference and downstream submergence 

This condition is possible for dams of relatively small heights compared to the natural 

depth of the river, when the water level downstream of the weir crest is high enough to 

affect the discharge, the condition being termed as submerged. The conditions that after 

the coefficient of discharge in this case are the vertical distance from the crest of the over 

flow to the downstream apron and the depth of flow in the downstream channel, 

measured above the apron. 
 

Selection of spillways 

The Bureau of Indian Standards code IS: 10137-1982 “Guidelines for selection of spillways and 

energy dissipators” provide guidelines in choosing the appropriate type of spillway for the 

specific purpose of the project. The general considerations that provide the basic guidelines are 

as follows: 

 

Safety Considerations Consistent with Economy 

Spillway structures add substantially to the cost of a dam. In selecting a type of spillway for a 

dam, economy in cost should not be the only criterion. The cost of spillway must be weighed in 

the light of safety required below the dam. 

 

Hydrological and Site Conditions 

The type of spillway to be chosen shall depend on: 

a) Inflow flood; 

b) Availability of tail channel, its capacity and flow hydraulics; 

c) Power house, tail race and other structures downstream; and 

d) Topography 

 

Type of Dam 

This is one of the main factors in deciding the type of spillway. For earth and rockfill dams, 

chute and ogee spillways are commonly provided, whereas for an arch dam a free fall or morning 

glory or chute or tunnel spillway is more appropriate. Gravity dams are mostly provided with 

ogee spillways. 

 
Purpose of Dam and Operating Conditions 

The purpose of the dam mainly determines whether the dam is to be provided with a gated 

spillway or a non-gated one. A diversion dam can have a fixed level crest, that is, non-gated 

crest. 

 



Conditions Downstream of a Dam 

The rise in the downstream level in heavy floods and its consequences need careful 

consideration. Certain spillways alter greatly the shape of the hydrograph downstream of a 

dam. The discharges from a siphon spillway may have surges and break-ups as priming and 

depriming occurs. This gives rise to the wave travelling downstream in the river, which may be 

detrimental to navigation and fishing and may also cause damage to population and developed 

areas downstream. 

 

Nature and Amount of Solid Materials Brought by the River 

Trees, floating debris, sediment in suspension, etc, affect the type of spillway to be provided. A 

siphon spillway cannot be successful if the inflow brings too much of floating materials. Where 

big trees come as floating materials, the chute or ogee spillway remains the common choice. 

Apart from the above, each spillway can be shown as having certain specific advantages under 

particular site conditions. These are listed below which might be helpful to decide which 

spillway to choose for a particular project. 

 

Ogee Spillway 

It is most commonly used with gravity dams. However, it is also used with earth and rockfill 

dams with a separate gravity structure; the ogee crest can be used as control in almost all types of 

spillways; and it has got the advantage over other spillways for its high discharging efficiency. 

 

Chute Spillway 

a) It can be provided on any type of foundation, 

b) It is commonly used with the earth and rockfill dams, and 

c) It becomes economical if earth received from spillway excavation is used in dam 

construction. 

The following factors limit its adaption: 

a) It should normally be avoided on embankments; 

b) Availability of space is essential for keeping the spillway basins away from the dam 

paving; and 

c) If it is necessary to provide too many bends in the chute because of the topography, its 

hydraulic performance can be adversely affected. 
 

Side Channel Spillways 

This type of spillway is preferred where a long overflow crest is desired in order to limit the 

intensity of discharge, It is useful where the abutments are steep, and it is useful where the 

control is desired by the narrow side channel. 

The factor limiting its adoption is that this type of spillway is hydraulically less efficient. 

 

Shaft Spillways (Morning Glory Spillway) 

a) This can be adopted very advantageously in dam sites in narrow canyons, and 
b) Minimum discharging capacity is attained at relatively low heads. This characteristic makes 

the spillway ideal where the maximum spillway outflow is to be limited. This characteristic 

becomes undesirable where a discharge more than the design capacity is 



to be passed. So, it can be used as a service spillway in conjunction with an emergency spillway. 

The factor limiting its adoption is the difficulty of air-entrainment in a shaft, which may escape 

in bursts causing an undesirable surging. 

 

Siphon Spillway 

Siphon spillways can be used to discharge full capacity discharges, at relatively low heads, and 

great advantage of this type of spillway is its positive and automatic operation without 

mechanical devices and moving parts. 

The following factors limit the adoption of a siphon spillway: 

It is difficult to handle flows materially greater than designed capacity, even if the reservoir head 

exceeds the design level; Siphon spillways cannot pass debris, ice, etc; There is possibility of 

clogging of the siphon passage way and breaking of siphon vents with logs and debris; In cold 

climates, there can be freezing inside the inlet and air vents of the siphon; When sudden surges 

occur and outflow stops; The structure is subject to heavy vibrations during its operation needing 

strong foundations; and Siphons cannot be normally used for vacuum heads higher than 

8 m and there is danger of cavitation damage. 

 

Overfall or Free Fall Spillway 

This is suitable for arch dams or dams with downstream vertical faces; and this is suitable for 
small drops and for passing any occasional flood. 

 

Tunnel or Conduit Spillway 

This type is generally suitable for dams in narrow valleys, where overflow spillways cannot be 

located without risk and good sites are not available for a saddle spillway. In such cases, 

diversion tunnels used for construction can be modified to work as tunnel spillways. In case of 

embankment dams, diversion tunnels used during construction may usefully be adopted. Where 

there is danger to open channels from snow or rock slides, tunnel spillways are useful. 

Energy dissipators 

Different types of energy dissipators may be used along with a spillway, alone or in combination 

of more than one, depending upon the energy to be dissipated and erosion control required 

downstream of a dam. Broadly, the energy dissipators are classified under two categories – 

Stilling basins or Bucket Type. Each of these are further sub- categorized as given below. 

 

Stilling basin type energy dissipators 

They may fundamentally be divided into two types. 



a) Hydraulic jump type stilling basins 

1. Horizontal apron type (Figure 38) 
 

 
 



2. Sloping apron type (Figure 39) 
 

 



 

Bucket type energy dissipators 

This type of energy dissipators includes the following: 

1. Solid roller bucket 

2. Slotted roller bucket 

3. Ski jump (Flip/Trajectory) bucket 

 

The shapes of the different types of bucket-type stilling basins have been given in section 4.8.14. 

Usually the hydraulic jump type stilling basins and the three types of bucket-type energy 

dissipators are commonly used in conjunction with spillways of major projects. The detailed 

designs of these are dealt in subsequent sections. 

 

Since energy dissipators are an integral part of a dam’s spillway section, they have to be viewed 

in conjuction with the latter. Two typical examples have been shown in Figures 45 and 46, 

though it must be remembered that any type of energy dissipator may go with any type of 

spillway, depending on the specific site condition 

s. 



 



 

 

 

 

 
Drawal of Bed Materials - A major problem with the solid roller bucket would be the damage 

due to churning action, caused to the bucket because of the downstream bed material brought 

into the bucket by the pronounced ground roller. Even in a slotted roller bucket downstream 

material might get drawn due to unequal operation of gates. The channel bed immediately 

downstream of the bucket shall be set at 1 to 1.5 m below the lip level to minimize the possibility 

of this condition. Where the invert of the bucket is required to be set below the channel general 

bed level the channel should be dressed down in one level to about 1 to 1.5 m below the lip level 

in about 15 m length downstream and then a recovery slope of about 3 ( horizontal ) to 1 ( 

vertical ) should be given to meet the general bed level as shown in Figure 62. Careful model 

studies should be done to check this tendency. If possible, even provision of solid apron or 

cement concrete blocks may be considered to avoid trapping of river bed material in the bucket 

as it may cause heavy erosion on the spillway face, bucket and side training wall. 
 

 

In the case of slotted roller bucket a part of the flow passes through the slots, spreads laterally 

and is lifted away from the channel bottom by a short apron at the downstream end of the bucket. 

Thus the flow is dispersed and distributed over a greater area resulting in a less violent ground 

roller. The height of boil is also reduced in case of slotted roller bucket. The slotted bucket -

provides a self-cleaning action to reduce abrasion in the bucket. 

In general the slotted roller bucket is a improvement over the solid roller bucket for the range of 

tailwater depths under which it can operate without sweepout or diving. However, it is necessary 

that specific model experiments should be conducted to verify pressure on the teeth so as to 

avoid cavitation conditions. In case of hydraulic  structures in boulder stages slotted roller 

buckets need not be provided. Heavy boulders rolling down the spillway face can cause heavy 

damage to the dents thereby making them ineffective and on the contrary, increasing the chances 

of damage by impact, cavitation and erosion. 

 

Hydraulic Design of Slotted Roller Bucket 

 

An upturned bucket with teeth in it used when the tailwater depth is much in excess of sequent 

depth and in which the dissipation of energy occurs by lateral spreading of jet passing through 

bucket slots in addition to the formation of two complementary rollers as in the solid bucket. 

In the slotted roller bucket, a part of the flow passes through the slots, spreads laterally and is 

lifted away from the channel bottom by a short apron at the downstream end of the bucket. Thus 

the flow is dispersed and distributed over a greater area providing less violent flow 

concentrations compared to those in a solid roller bucket. The velocity distribution just 

downstream of the bucket is more akin to that in a natural stream, that is, higher velocities at the 

surface and lower velocities at the bottom. While designing a slotted roller bucket, for high head 

spillway exceeding the total head of 50 m or so, specific care should be taken especially for 

design of the teeth, to ensure that the teeth will perform cavitation free. Specific model tests 

should therefore be conducted to verify pressures on the teeth and the bucket invert should 

accordingly be fixed at such an elevation as to restrict the subatmospheric pressures to the 

permissible magnitude. 

 

 



 
 

Protection of downstream of spillways from scour 

It may be noted that inspite of the provision of the best suited energy dissipator for a specific 

spillway under the prevailing site conditions, there may be still some energy is expected to be 

maximum for the trajectory type spillway, followed by the solid and slotted roller buckets and 

inally the hydraulic jump type stilling basins. 13195-1991 “Preliminary design, operation and 

maintenance of protection works downstream of spillways-guidelines”. 

 

1. Training Walls at the Flanks of the Spillways- Training walls extended beyond the end-sill of 

the stilling basins or buckets generally serve to guide the flow into the river channel, protect the 

wrap-rounds of the adjacent earth dams, 

river banks or power house bays and tail race channels. To this extent, the training walls are -

considered to be downstream protection works. 
 

2 Protective Aprons Downstream of Bucket Lips or End-sills of Stilling Basins- Protective 

aprons of concrete laid on fresh rock or acceptable strata immediately downstream of bucket lips 

or end-sill of stilling basin, protect the energy dissipator against undermining due to excessive 

scour during or after construction of the spillways. A suitable concrete key is normally provided, 

at the downstream end of the apron. Where the normal river bed level is higher than the end-sill 

and a recovery slope is , provided, it sometimes becomes necessary to lay a concrete apron on 

such a recovery slope also for protection. 

 

3. Concrete Blocks or Concrete Filling on River Bed Downstream of Energy Dissipator - 

Concrete blocks or concrete fillings are sometimes provided on the river bed downstream of 

energy dissipators to safeguard against excessive scour and prevent further scour. 

 

4. Protective Pitchings on Natural or Artificial Banks Downstream of Spillways- Protective 

pitchings of stone rip rap, masonry or concrete blocks are provided on natural river banks or 

artificially constructed embankments of diversion channels, power house tail race channels or 

guide banks, for protecting them against high velocity flows or waves. 

 

Figure 65 shows the various types of protection works that may typically be used downstream of 

a spillway. 



 

 
 
 

The importance of providing protection below a spillway, especially of the trajectory type may 

be noted from the incidence of deep scour on the downstream of the Srisailam  dam spillway. 

 

Case Study 

Srisailam dam spillway (Figure 64) across river Krishna was constructed during 1977- 
83. It is a 137 m high concrete dam, with 12 spans of 18’3 m x 16’8 m. The river bed is 

composed of quartzites and shales. In the immediate downstream vicinity of the spillway, there 

were horizontal shear zones 0’2 m to 0’9 m thick, where the quartzites are crushed and sheared. 

During the monsoons of 1977 to 1980, the construction stage flood passed over the partially 

constructed spillway bays, spilling over 7 bays which 



were at different levels having a maximum difference of level of 23 m. The difference in level 

between the lip of the ski-jump bucket and downstream rock was about 44 m. 

Shorter throw of the water spilling over the bucket lip, as a cascading flow caused deep scour in 

the immediate vicinity of the bucket lip. During subsequent floods, the scour holes were 

concreted and leveled as protective aprons in some part of the spillway. Such aprons were 

however, subjected to repeated damage and undermining. By April 1985, depth of scour below 

blocks 11 to 13 reached from 9 m to 22 m below the protective apron. Cavities of undermining 

below the apron were also present at a depth of 6 to 9 m. 

The protection work consisted of providing an underwater massive concrete block touching the 

apron and filling the eroded cavities below the apron. The water level at downstream toe varied 

from the top of existing apron to about 1.5 m below it. 

The scheme involved forming 4 cells with steel cylinder walls and filling concrete in each cell 

followed by concrete capping. Heavy concrete blocks (approximate 1 metre cube) were placed 

downstream of the cylinder watls to further protect the rock from the water jump damage. 

Since the construction of the above protection works, the spillway was completed to final levels 

and crest gates have also been installed. Hydraulic model studies were conducted to evolve an 

operation of the spillway in such a way that the throw of the trajectory fall further away from the 

toe of the dam. This together with the protective measures already implemented is expected to 

prevent further erosion at the toe of the dam. 
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