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Introduction & Definition of Irrigation |

Irrigation is defined as the science of artificial application of water to the
land or soil in accordance with the crop requirements throughout the crop
period for full-fledged nourishment of the crops. It is essentially an
engineering intervention used to assist in the growing of agricultural
crops, maintenance of landscapes, and revegetation of disturbed soils in
dry areas and during periods of inadequate rainfall.
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Necessity of lrrigation |

The necessity of irrigation arises from several factors primarily related to
the spatial and temporal variation of rainfall. In regions where rainfall is
erratic, unpredictable, and concentrated in a few monsoon months,
irrigation becomes crucial. It is necessary when rainfall is insufficient,
unevenly distributed, or when cultivating multiple crops in a single year.
Irrigation acts as a reliable insurance against drought conditions.
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Purpose of Irrigation |

The fundamental purpose of irrigation is to supply the essential moisture
required for plant growth when natural precipitation is deficient.
Additionally, irrigation helps in cooling the soil and atmosphere, thereby
creating a favorable microclimate for crop growth. It also facilitates the
leaching of harmful salts from the root zone, preventing soil salinization,

and softens the tillage pan, making ploughing and agricultural operations
easier.
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Scope of Irrigation Engineering |

The scope of irrigation engineering encompasses various phases from
hydrology to construction and maintenance. This flowchart illustrates the
broad divisions: Engineering aspects (storage, diversion, and distribution

of water) and Agricultural aspects (efficient water application and crop
management).
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Scope of Irrigation Engineering |l
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Advantages of Irrigation: Economic & Agricultural |

Irrigation provides immense agricultural and economic benefits. It leads to
a significant increase in food production by enabling the cultivation of
high-yield crop varieties and multiple cropping systems. lrrigation ensures
stable and reliable crop yields, protecting farmers from the vagaries of
monsoons. It also increases the revenue of the government through water
taxes and agricultural taxes, while elevating the standard of living for

farmers.
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Advantages of Irrigation: Secondary Benefits |

Beyond direct agriculture, irrigation projects offer significant secondary
benefits. Large storage reservoirs constructed for irrigation often serve
multipurpose functions such as hydroelectric power generation, flood
control, and providing domestic or industrial water supply. Canals can be
used for inland navigation and communication. Furthermore, the
availability of water bodies promotes fisheries, recreational areas, and
groundwater recharge in surrounding regions.
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Disadvantages and lll-effects of Irrigation |

While highly beneficial, unscientific and excessive irrigation can lead to
severe environmental and agricultural problems. The most critical issue is
waterlogging, which occurs when the water table rises into the root zone,
suffocating plants. Over-irrigation also leads to soil salinity and alkalinity
as salts are brought to the surface. Furthermore, stagnant water in canals
and fields can create breeding grounds for mosquitoes.
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Comparison of Irrigation Methods |

Aspect Surface Irrigation Micro Irrigation
Efficiency Low to Moderate (40-60%) | High (80-95%)
Water Loss | High (Evaporation & Seep- | Very Low

age)
Initial Cost | Lower Higher (Pipes, Pumps)
Suitability Flat lands, clayey soils Undulating terrain

Labor Need | High for water management | Low, easily automated

Table: Comparison between Surface and Micro Irrigation
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Preventive Measures for lll-effects |

To mitigate the negative impacts of irrigation, several engineering and
agricultural measures are adopted. Lining of canals is essential to
minimize seepage losses and prevent waterlogging. Providing adequate
surface and subsurface drainage systems helps remove excess water and
leach out harmful salts. Implementing scientific water management
practices and adopting efficient irrigation methods significantly reduce the
risks of soil degradation.
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Irrigation is a vital engineering intervention necessary for sustainable
agriculture, especially in regions with erratic rainfall. While its scope is
vast, covering complex engineering structures and soil-water mechanics,
its primary purpose is to ensure food security. Although irrigation brings
immense advantages like increased yield and power generation, engineers
must prevent ill-effects like waterlogging through scientific water
management.
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Definition of Irrigation (Continued) |

Irrigation is formally defined as the science of artificial application of

water to the land or soil, in accordance with the crop requirements

throughout the crop period, for the full-fledged nourishment of the crops.

It is a vital civil engineering discipline involving the conception, planning,

design, construction, operation, and management of hydraulic structures.
@ Artificial application of water to agricultural land

@ Applied according to specific crop water requirements

@ Sustained throughout the entire crop base period
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Scope of Irrigation Engineering |

The scope of irrigation engineering is vast and multifaceted, encompassing
two primary domains: Engineering aspects and Agricultural aspects. The
engineering scope includes the storage, diversion, conveyance, and
equitable distribution of water through dams, weirs, and canal networks.
The agricultural scope involves the study of soil-water-plant relationships
and the efficient application of water to maximize agricultural output.

@ Engineering: Storage, diversion, and conveyance of water
@ Engineering: Design of dams, weirs, barrages, and canals

@ Agricultural: Soil-water-plant relationships and field application
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Flow of Irrigation Water |

This flow diagram illustrates the typical path of water in a surface canal
irrigation system, starting from the primary headworks or reservoir down
to the agricultural field where it is ultimately utilized by crops.
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Flow of Irrigation Water ||
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Necessity of Irrigation: Climatic Factors |

Irrigation becomes fundamentally necessary primarily due to the spatial
and temporal variation in rainfall. In many regions, natural precipitation is
either insufficient to support crop growth or highly erratic throughout the
year. For instance, in monsoon-dependent regions, the majority of rainfall
occurs within a short span of three to four months, leaving the remainder
of the year dry and unsuitable for continuous cultivation.

@ Inadequate or insufficient rainfall for crop survival
@ Uneven or erratic spatial and temporal distribution of rain

@ Necessity to support agriculture during non-monsoon dry seasons
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Necessity of Irrigation: Agricultural Factors |

Beyond rainfall anomalies, irrigation is essential for growing commercial or
cash crops which typically possess higher water requirements than
ordinary food crops (e.g., sugarcane, cotton). Furthermore, controlled and
assured irrigation enables multiple cropping—growing two or more crops
in the same field in a single calendar year—thereby significantly increasing
overall agricultural productivity and securing the food supply.

@ Cultivation of high-yield cash crops with large water demands
@ Facilitating multiple cropping and intensive farming systems

@ Ensuring sustained food security for a growing population
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Primary Advantages of Irrigation |

The most direct advantage of irrigation is the substantial increase in crop
yield and food production, leading to higher revenue for farmers and
promoting national economic stability. It largely eliminates the
dependency on unpredictable monsoons. Additionally, major irrigation
projects often serve multipurpose roles, offering supplementary benefits
such as hydroelectric power generation, domestic water supply, flood
control, and inland navigation.

@ Significant increase in food production and crop yield
@ Protection from famines, droughts, and erratic weather

@ Multipurpose benefits: Hydropower, flood mitigation, water supply
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Disadvantages and lll-effects of Irrigation |

Despite its immense benefits, unscientific and excessive irrigation can lead
to severe environmental and ecological drawbacks. The most prominent
issue is waterlogging, where the groundwater table rises into the root
zone, suffocating plants. Evaporation of this excess water leaves behind
harmful salts, leading to soil salinity and alkalinity, which can ultimately
render fertile agricultural lands completely barren.

@ Waterlogging of land due to over-irrigation and poor drainage
@ Development of soil salinity and alkalinity, degrading land quality

@ Health hazards like Malaria and Dengue from stagnant canal water
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Comparison: Advantages vs. Disadvantages |

national GDP and farmer income.

Impact Area | Advantages Disadvantages

Agricultural Consistent crop yields, enables | Risk of severe wate
multiple cropping seasons. soil salinization over -

Economic Boosts rural economy, increases | Requires extremely hi

vestment and mainte

Environmental

Can recharge local groundwater
aquifers through controlled seep-
age.

Can cause ecologica
loss of flora during d
tion.

Social Prevents famines, generates sus- | Displacement of local
tained local employment. for large reservoir pro
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Purpose of Irrigation |

The fundamental purpose of irrigation extends well beyond mere crop
survival. It primarily aims to add water to the soil matrix to supply the
moisture essential for plant growth. Additionally, it washes out or dilutes
harmful salts in the soil (a process known as leaching), regulates the
temperature of the soil and plant environment to protect against extreme
frost or heat, and softens tillage pans for better root penetration.

@ Supply essential moisture required for optimal plant growth
@ Leaching or diluting harmful soil salts from the root zone

@ Temperature regulation of the crop environment (frost/heat
protection)
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Summary and Modern Scope |

In conclusion, while irrigation remains an indispensable tool for modern
agriculture, its scope has significantly evolved. Modern irrigation
engineering not only focuses on building large conveyance structures but
heavily emphasizes water conservation through advanced micro-irrigation
techniques such as drip and sprinkler systems. Effective water
management and adherence to scientific crop water requirements are
essential to maximize benefits while mitigating ill-effects.

@ Evolution towards water conservation and micro-irrigation
@ Importance of drip and sprinkler systems in modern agriculture

@ Need for scientific water management to prevent ecological damage
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Introduction to lrrigation in Ancient India |

India has a rich and ancient history of irrigation dating back thousands of
years. Early civilizations recognized the critical need to manage water
resources to support agriculture in a climate characterized by distinct wet
and dry seasons. The historical development of irrigation in India is not
just a study of ancient techniques, but a testament to the engineering
ingenuity of our ancestors who constructed rudimentary dams, canals, and
tanks to ensure food security. These early efforts laid the foundation for
the complex water management systems we see today.
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Indus Valley Civilization |

The Indus Valley Civilization (c. 3300-1300 BCE) presents some of the
earliest evidence of sophisticated water management and irrigation in
India. Archaeological excavations at sites like Dholavira in Gujarat reveal
an extensive network of reservoirs, check dams, and drainage systems
designed to harvest and store rainwater. The Harappans utilized
floodwaters from the Indus River and its tributaries, diverting them into
fields using inundation canals. Their deep understanding of hydrology and
topography allowed them to sustain large urban populations in a semi-arid
environment.
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The Mauryan Empire |

During the Mauryan period, irrigation received significant state patronage.
The Arthashastra, an ancient Indian treatise by Chanakya, extensively
details the construction and maintenance of irrigation works, emphasizing
their economic importance. The state actively constructed dams,
reservoirs, and canals, and levied water taxes based on the method of
drawing water. A notable engineering marvel from this era is the
Sudarshana Lake in Junagadh, Gujarat, originally built by Chandragupta
Maurya's governor and later repaired by Ashoka, demonstrating long-term
maintenance of water infrastructure.
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Grand Anicut (Kallanai) - An Engineering Marvel |

The Grand Anicut, or Kallanai, is one of the oldest water-diversion
structures in the world still in use. Constructed by the Chola king
Karikalan around the 2nd century CE across the Kaveri River in Tamil
Nadu, this massive weir was built using unhewn stone. Its primary
purpose was to divert the floodwaters of the Kaveri into the fertile delta
region for irrigation via canals. The original structure showcases the
advanced understanding of hydraulic engineering and river mechanics
possessed by ancient Indian engineers.
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Evolution of Irrigation Infrastructure |

This flowchart illustrates the progressive evolution of irrigation structures
from ancient times to the modern era, highlighting the shift from simple
diversion works to complex multi-purpose river valley projects.
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Evolution of Irrigation Infrastructure |l

Ancient:
Tanks & Inundation Canals

Medieval:
Anicuts & Diversion Weirs

British Era:
Perennial Canal Systems

Modern:
Multi-purpose Dams
& Micro-irrigation
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Medieval Period: Sultanate and Mughal Era |

The medieval period saw the introduction of new irrigation technologies,
notably the 'Persian Wheel' (Sagiya or Rahat), which revolutionized the
lifting of water from deep wells. Rulers like Firoz Shah Tughlaq are
credited with constructing extensive canal networks, such as the Western
Yamuna Canal in the 14th century, to irrigate the arid regions of Haryana.
The Mughal emperors also invested in repairing ancient canals and
building new ones, further expanding the irrigated area and contributing
to agricultural prosperity in northern India.
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British Era: The Advent of Modern Canal Irrigation |

The British colonial period marked a significant shift towards large-scale,
perennial canal irrigation systems. Driven initially by the need to mitigate
the devastating effects of frequent famines and later by commercial
interests in cash crops, British engineers restored old canals and
constructed massive new works. Key projects included the Upper Ganges
Canal (1854), an engineering masterpiece of its time, and the Godavari
and Krishna delta systems designed by Sir Arthur Cotton. These projects
transformed vast tracts of uncultivated land into highly productive
agricultural zones.
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Major Irrigation Projects: British Era |

Project Name Year of Completion | River Basin
Western Yamuna Canal | 1820 (Restored) Yamuna
Upper Ganges Canal 1854 Ganges
Godavari Delta System | 1852 Godavari
Sirhind Canal 1882 Sutlej
Periyar Dam 1895 Periyar

Table: Key Irrigation Projects completed during the British Colonial Era.
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Post-Independence Era: Multi-purpose River Valley

Projects |

Following independence in 1947, India faced the monumental task of
ensuring food security for a growing population. The government
embarked on a massive program of building "Multi-purpose River Valley
Projects’, famously termed the 'temples of modern India’ by Jawaharlal
Nehru. These colossal dams, such as Bhakra Nangal on the Sutle;j,
Hirakud on the Mahanadi, and Damodar Valley Corporation, were
designed to provide irrigation, generate hydroelectric power, control
floods, and facilitate navigation, ushering in the Green Revolution.
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The Green Revolution and Groundwater Exploitation |

The 1960s and 70s witnessed the Green Revolution, which heavily relied
on high-yielding varieties of seeds that required assured irrigation. While
surface water projects continued, this period saw a dramatic rise in
groundwater extraction using energized tubewells. The widespread
availability of electricity and diesel pumps democratized irrigation,
allowing individual farmers to access water independent of canal networks.
However, this unchecked extraction has led to severe aquifer depletion in
many parts of the country, presenting a modern environmental challenge
for civil engineers.
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Introduction to lrrigation Projects |

An irrigation project encompasses all the engineering works, structures,
and systems designed to supply water to agricultural lands. These projects
range from small village ponds to massive dams and canal networks
traversing multiple states. Due to this vast diversity in scale, cost, and
purpose, engineers classify them systematically to streamline planning,
funding, and administration.

@ Defines the scope of water resource management.
@ Ranges from simple wells to complex dam networks.

@ Systematic classification is essential for administration.

Slide Creator DI04006061: WRM 46 /514



Purpose of Classification |

Classifying irrigation projects is not merely an academic exercise; it serves
crucial administrative and engineering purposes. It helps the government
determine funding allocations, assign administrative responsibilities, and
assess the environmental and social impact. Different categories dictate
the level of technical expertise required and the administrative body
responsible for approval and execution.

@ Determines financial allocation and budgets.
@ Assigns administrative and technical responsibilities.

@ Guides environmental and social impact assessments.
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Flowchart of Project Classification |

This flowchart illustrates the broad categorization of irrigation projects
based on financial layout and Culturable Command Area (CCA), which is
the standard methodology adopted by the Government of India.

Irrigation Projects

Minor Project J ( Major Project
CCA < 2,000 ha( Medium F’rOJectt CCA > 10,000 ha

2,000 < CCA
L < 10,000 ha j
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Classification Based on Purpose |

Irrigation projects are often classified by their intended utility.
Single-purpose projects are designed solely for one objective, typically
agricultural irrigation. In contrast, multipurpose projects are complex
systems designed to serve multiple objectives simultaneously, such as
irrigation, hydroelectric power generation, flood control, navigation, and

municipal water supply.
@ Single-purpose: Primarily for irrigation only.
@ Multipurpose: lIrrigation, hydropower, and flood control.

@ Multipurpose projects offer higher economic returns but require
massive investment.
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Comparison: Single-Purpose vs Multipurpose |

Feature Single-Purpose Project Multipurpose Project
Objective Serves only one function | Serves multiple functi
(e.g., Irrigation) (Irrigation, Power, etc.)
Capital Cost Relatively lower Extremely high
Design Complexity | Simple Highly complex
Example Minor village canal Sardar  Sarovar D
Bhakra Nangal
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Financial and CCA Based Classification |

In India, the most standard method of classifying irrigation projects is
based on the Culturable Command Area (CCA). The CCA represents the
total area of land that can be economically irrigated by the project.
Previously, classification was based on financial outlay (cost of the
project), but cost inflation made this approach impractical, leading to the
adoption of the CCA-based criteria in 1978.

@ CCA: Culturable Command Area.
@ Shifted from cost-based to area-based classification.

@ Provides a more stable metric independent of economic inflation.
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Categories Based on CCA |

Project Type Culturable Command Area (CCA) | Typical Admi
Minor Irrigation Less than 2,000 Hectares Panchayat / L
Medium Irrigation | 2,000 to 10,000 Hectares State Irrigatiot
Major Irrigation More than 10,000 Hectares Central/State
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Major Irrigation Projects |

Major irrigation projects possess a Culturable Command Area exceeding
10,000 hectares. These are mammoth infrastructure endeavors involving
the construction of large dams, extensive canal networks, and large-scale
displacement and rehabilitation. They require clearance from the Central
Water Commission (CWC) and the Ministry of Environment and Forests
due to their immense ecological and financial impact.

@ CCA > 10,000 hectares.
@ Involves large dams and extensive canal systems.

@ Requires stringent central government clearances.
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Medium lIrrigation Projects |

Medium irrigation projects have a Culturable Command Area ranging
between 2,000 and 10,000 hectares. These projects typically involve
building medium-sized dams or barrages across small rivers or tributaries.
They bridge the gap between local water harvesting and massive central
projects, offering significant agricultural benefits without the extreme
environmental costs associated with major dams.

@ CCA between 2,000 and 10,000 hectares.
@ Often executed by state irrigation departments.

@ Balances agricultural benefit with moderate environmental impact.
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Minor Irrigation Projects |

Minor irrigation projects cover a Culturable Command Area of less than
2,000 hectares. These include both surface water and groundwater
schemes, such as check dams, lift irrigation schemes, dug wells, and tube
wells. Minor projects are highly cost-effective, have short gestation
periods, and yield immediate benefits to local farmers without causing
major environmental disruption.

@ CCA < 2,000 hectares.
@ Includes groundwater and minor surface water schemes.

@ Short execution time and immediate local benefits.
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Classification Based on Source of Water |

Irrigation can also be classified by how water is sourced and applied to the
fields, dividing into surface and groundwater methods.

[Source—Based Classification]

Surface Water Groundwater

Flow Irrigation ' Tube Wells ' Open Wells
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Summary of Project Classification |

Understanding the classification of irrigation projects is fundamental for
an irrigation engineer. The categorization by purpose determines the
scope and utility of the structures, while the Culturable Command Area
(CCA) based classification (Minor, Medium, Major) directly dictates the
planning, design standards, environmental clearances, and financial
structuring of the project.

@ Classification streamlines project management.
@ CCA is the standard Indian metric for project scale.

@ Dictates funding, engineering standards, and clearances.
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Introduction to Water Charges |

Irrigation projects involve massive capital investment for the construction
of dams, canals, and distribution networks. To recover these costs,
maintain the infrastructure, and ensure the efficient use of water,
governments levy charges on the farmers who utilize this water. The
assessment of charges for irrigation water is a crucial administrative
process that determines how much a cultivator must pay for the water
supplied to their fields.

@ Recovery of capital investment.
@ Funds for maintenance and operation.

@ Encourages economical use of water.
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Objectives of Irrigation Water Pricing |

The pricing of irrigation water serves multiple socioeconomic and
engineering objectives. Primarily, it aims to generate sufficient revenue to
cover the operation and maintenance (O&M) costs of the irrigation
project. Secondarily, appropriate pricing acts as a deterrent against the
wastage of water, promoting crop-water use efficiency. It also ensures an
equitable distribution of water among head-reach and tail-reach farmers.

@ Revenue generation for O&M.

@ Promotion of water-use efficiency.

@ Ensuring equity among water users.

@ Recovery of interest on capital outlay.
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Basic Principles of Assessment |

A well-designed water assessment system must adhere to several
fundamental principles. It should be simple for the farmers to understand
and easy for the administration to implement. The charges should be
equitable, meaning they should be proportionate to the benefits derived
by the farmer. Furthermore, the cost of assessing and collecting the
revenue should be minimal compared to the total revenue generated.

@ Simplicity in understanding and application.

@ Equitable distribution of financial burden.

@ Low cost of assessment and collection.

@ Incentivization of high-yield cropping patterns.
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Classification of Assessment Methods |

This diagram illustrates the broad classification of methods used for
assessing irrigation water charges. The primary categories include

volumetric assessment, area-based assessment, and other miscellaneous
methods like betterment levy.

[Methods of Assessment]

Area/Crop
Assessment

Volumetric
Assessment

Seasonal Rate

Permanent
Assessment

Composite Rate
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Volumetric Assessment |

In volumetric assessment, charges are levied based on the actual volume of
water supplied to the cultivator’s field. Water meters or measuring flumes
(like Parshall flumes) are installed at the outlet to measure the discharge.
This method heavily discourages the wastage of water since the farmer
pays exactly for what they consume. However, it requires a significant
initial investment for measuring devices and continuous monitoring.

@ Charges based on actual volume consumed.
@ Highly effective in preventing water wastage.

@ Requires installation of water meters.

@ Best suited for lift irrigation and tubewells.
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Assessment on Area Basis (Crop Rate System) |

This is the most widely adopted method in India for canal irrigation
networks. The water charges are assessed based on the total area irrigated
and the type of crop grown. Different crops require different amounts of
water (delta); hence, the rate per hectare varies depending on the crop.
For example, the rate for sugarcane (which requires more water) will be
significantly higher than the rate for wheat.

@ Based on irrigated area and crop type.
@ Different rates for different crops based on water requirement.

@ Simple to administer and widely used in India.

Can lead to over-irrigation if not monitored.
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Comparison of Assessment Methods |

Feature

Volumetric Assessment

Area-based (Crop |

Basis

Actual volume of water.

Area and type of cro

Water Conservation

Very high efficiency.

Poor (prone to wast:

Infrastructure Cost

High (meters required).

Low (no meters neec

Administration

Complex monitoring.

Simple measureme
land.
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Seasonal and Composite Rates |

Seasonal rates are applied when water is charged based on the season in
which the crop is grown (e.g., Kharif, Rabi, or Zaid), regardless of the
specific crop type. This simplifies the assessment process. Composite rate
assessment, on the other hand, involves combining the land revenue (tax)
and the water charges into a single consolidated tax. This is often applied

in areas where land values have significantly appreciated due to the
introduction of irrigation.

@ Seasonal Rate: Charged per season (Kharif/Rabi).
@ Composite Rate: Land revenue + Water tax.

@ Simplifies the billing and collection process.
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Permanent Assessment (Betterment Levy) |

When a new irrigation project is constructed, the value of the surrounding
agricultural land increases significantly due to the assured water supply.
To capture a portion of this unearned increment in land value, the
government imposes a one-time or installment-based tax known as the
Betterment Levy. This is independent of the actual water consumed and
is purely a charge on the increased capital value of the land.

@ Tax on the increased value of irrigated land.

@ One-time or installment-based capital charge.

@ Helps recover the capital cost of the project.

@ Independent of actual water consumption.
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Summary and Conclusion |

The assessment of irrigation water charges is vital for the financial
sustainability of irrigation projects. While volumetric assessment is the
ideal method for water conservation, practical difficulties often make
area-based crop rates the preferred choice in large canal networks. A
balanced approach, often incorporating betterment levies and subsidized
rates for essential food crops, ensures equitable distribution, cost recovery,
and agricultural growth.

@ Vital for financial sustainability of projects.
@ Trade-off between water conservation and administrative ease.
@ Area-based method dominates large canal systems.

@ Balanced pricing promotes both equity and efficiency.
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Introduction to Crop Water Requirement |

Crop water requirement refers to the total amount of water needed by a
crop to grow optimally and achieve its full yield potential. In irrigation
engineering, estimating this accurately is essential for designing canals and
reservoirs. It depends on climate, soil type, and the crop's physiological
characteristics. Given the diverse agro-climatic zones in India,
understanding varied crop needs is critical for efficient water management.
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Indian Cropping Seasons Overview |

India has three primary cropping seasons heavily influenced by the
monsoon patterns and seasonal temperature variations: Kharif, Rabi, and
Zaid. Irrigation planning across the Indian subcontinent relies
fundamentally on understanding the onset and duration of these seasons,
as natural water availability from precipitation fluctuates drastically
between them.
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The Kharif Season |

The Kharif season corresponds to the southwest monsoon, generally
lasting from June or July to September or October. Crops grown in this
season are known as monsoon or autumn crops. They require substantial
amounts of water and warm weather for proper growth. Principal Kharif
crops include rice (paddy), maize, sorghum (jowar), pearl millet (bajra),
cotton, and groundnut.
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The Rabi Season |

The Rabi season, also known as the winter season, starts after the retreat
of the monsoon, extending from October/November to March/April. Rabi
crops rely on soil moisture left from the monsoon or require supplemental
artificial irrigation, as rainfall during this period is minimal. The climate is

cooler. Major Rabi crops include wheat, barley, mustard, oats, and gram
(chickpea).
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The Zaid Season |

The Zaid season is a short summer cropping season spanning roughly
from March to June, bridging the gap between the Rabi and Kharif
seasons. Crops grown during this period require warm, dry weather for
robust growth and longer day lengths for flowering. They heavily depend
on artificial irrigation. Common crops include watermelon, muskmelon,
cucumber, and various fodder crops.
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Flowchart of Cropping Seasons |

This flowchart visually represents the chronological order and duration of
the three main cropping seasons in India.

Indian Cropping

Seasons
Kharif Zaid
Rabi
(Jun-Oct) ! (Mar-Jun)
(Oct-Mar)
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Principal Crops Comparison |

Season | Sowing Period | Principal Crops \
Kharif | June - July | Rice, Maize, Cotton, Groundnut |
Rabi October - November | Wheat, Barley, Mustard, Gram |
Zaid March - April ‘ Watermelon, Vegetables, Fodder ‘
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Base Period and Crop Period |

In irrigation engineering, the 'Base Period’ (B) is defined as the time
interval between the first watering of a crop at the time of its sowing to
its last watering before harvesting, usually expressed in days. The 'Crop
Period’ is the total time from sowing to harvesting. While Crop Period is
slightly longer than Base Period, for practical design and calculation
purposes, they are considered almost equal.
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Delta (A) of a Crop |

Delta represents the total depth of water (usually expressed in cm or
meters) required by a crop during its entire base period for full growth. If
a crop requires 120 cm of water, it means that if all the water supplied to
the crop throughout its base period stood on the field without any losses,
it would form a layer 120 cm deep.
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Typical Delta Values for Major Crops |

Crop Approximate Delta (cm) \
Rice (Paddy) 120 ‘
Sugarcane 120 ‘
Cotton 50 \
Maize 45 ‘
Wheat 40 \
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Critical Stages for Irrigation |

Crops are highly sensitive to water stress at specific physiological growth
stages, known as critical stages. Providing inadequate water at these
stages drastically reduces yield. For wheat, the Crown Root Initiation
(CRI) stage is highly critical. For rice, the tillering and flowering stages
are most critical. Identifying these stages is the primary goal of efficient
irrigation scheduling.
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Duty, Delta, and Base Period Relationship |

This diagram displays the fundamental equation relating Duty (D), Delta
(A), and Base Period (B) in irrigation engineering.

Fundamental Relationship:
A = 8.64B
D
Where:
A = Delta in meters
B = Base Period in days
D = Duty in hectares/cumec
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Recap of Cropping Seasons in India |

India primarily experiences two major agricultural cropping seasons: Kharif
and Rabi, which are deeply tied to the monsoon and winter patterns
respectively. The Kharif season begins with the onset of the southwest
monsoon in June-July and ends in October, featuring water-intensive
crops. The Rabi season starts in October-November and extends up to
March, characterized by crops that require cooler climates and
comparatively less water. Understanding these distinct seasons is critical
for irrigation engineers to plan reservoir storage, manage canal schedules,
and optimize water distribution effectively throughout the agricultural
year.

@ Kharif season relies heavily on southwest monsoon rainfall.
@ Rabi season utilizes stored soil moisture and winter canal irrigation.

@ Accurate seasonal knowledge is crucial for reservoir operation
planning.
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The Zaid Season and Summer Crops |

Beyond the traditional Kharif and Rabi cycles, there is a short intervening
summer season known as the Zaid season, typically spanning from March
to June. Crops grown during this period require warm, dry weather for
vegetative growth and longer day lengths for flowering. Zaid crops depend
almost entirely on artificial irrigation since this period precedes the
monsoon and experiences extremely high evapotranspiration rates.
Typical crops include watermelon, muskmelon, cucumber, vegetables, and
quick-growing fodder. Irrigation scheduling must account for rapid soil
moisture depletion during these hot summer months.

@ Spans from March to June, falling between Rabi and Kharif.
@ High evapotranspiration demands frequent and substantial irrigation.

@ Cultivation primarily includes gourds, melons, and fodder crops.
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Comparative Analysis of Cropping Seasons |

Season | Sowing Period Harvesting Period Major Principal
Kharif June - July September - October | Rice, Maize, Cott
Rabi October - November | March - April Wheat, Barley, M
Zaid March - April June Melons, Cucumbe
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Water Requirement of Rice (Kharif) |

Rice is a principal Kharif crop in India that requires substantial amounts
of water, typically standing in the field for most of its growth period. The
initial preparation of the field involves a process called 'puddling’, which
consumes significant water to create an impervious sub-soil layer,
drastically reducing deep percolation losses. The total water depth
required (Delta) for rice is approximately 120 cm, though this varies based
on local climate and soil texture. Irrigation must be meticulously managed
to maintain submergence, particularly during critical stages.

@ High water consumption crop requiring continuous standing water.
@ Field preparation includes puddling to reduce percolation losses.

@ Total average Delta for rice is approximately 120 cm.
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Critical Stages of Water Need in Rice |

This flowchart illustrates the critical growth stages of the rice crop.
Irrigation engineers must ensure reliable water delivery during the tillering
and flowering stages, as water stress here severely reduces crop yield.
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Seedling Stage ) (_ _ Vegetative _\ f Reproductive ) [ Ripening
(Nursery) (Flowering) (Grain Filling)

(Tillering)

1
1
1
-
1 -
-
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-

Critical Water Need Highly Critical
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Water Requirement of Wheat (Rabi) |

Wheat is the most critical Rabi crop, grown primarily during the cooler
winter months. Unlike rice, it does not require standing water and is, in
fact, highly susceptible to waterlogging. The very first watering, known in
agricultural engineering as 'Kor watering’, is vital and is applied a few
weeks after sowing when the plant is a few centimeters high. The Kor
depth for wheat is generally about 13.5 cm. The total Delta for wheat is
approximately 37.5 to 40 cm. Precision scheduling is required to maximize
crop water productivity.

@ Winter crop requiring lighter, spaced irrigations unlike rice.
@ First watering (Kor watering) is critical and has maximum depth.

@ Total Delta is approximately 40 cm over a 120-day base period.
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Water Requirements of Cash Crops: Sugarcane |

Sugarcane is a perennial cash crop that occupies the agricultural field for
10 to 12 months, or sometimes even longer. Consequently, its gross water
requirement is one of the highest among Indian crops, necessitating
irrigation practically throughout the year except during active monsoon
periods. The total Delta is approximately 120 cm, similar in volume to
rice, but it is distributed over a much longer Base Period (around 300 to
360 days). Planners must account for sugarcane's continuous demand
when designing major canal capacities.

@ Perennial crop with an extended base period of 300-360 days.
@ Requires continuous, frequent irrigation intervals during dry seasons.

@ Total Delta is approximately 120 cm, similar to rice but spread out.
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Delta and Base Period of Principal Indian Crops |

Crop Average Base Period (Days) | Approx. Delta on Field (c
Rice 120 120
Wheat 120 40
Sugarcane 320 120
Cotton 200 50
Maize 100 45
Mustard 110 45
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Significance of Crop Rotation in Irrigation |

Crop rotation involves growing fundamentally different types of crops in
the same area in sequential seasons. From an irrigation engineering
perspective, it is a highly beneficial practice. Rotating shallow-rooted
crops (like wheat) with deep-rooted crops (like cotton) ensures uniform
moisture extraction from different subsurface soil profiles. It also plays a
key role in controlling soil salinity and waterlogging, which are common
issues in perennial canal irrigation systems. Integrating leguminous crops
improves soil structure and water holding capacity.

@ Prevents continuous depletion of nutrients from a single soil layer.

@ Deep and shallow-rooted crop rotation maximizes soil moisture
usage.

@ Mitigates the long-term risks of soil salinity and severe waterlogging.
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Factors Affecting Crop Water Requirements |

The actual volume of water a crop requires varies significantly based on
multiple localized factors. Climatic conditions such as ambient
temperature, wind velocity, humidity, and sunshine hours heavily influence
the basal evapotranspiration rate. The type of soil (sandy vs. clayey)
dictates the frequency and depth of irrigation due to distinct differences in
infiltration rates and field capacity. Furthermore, the chosen method of
irrigation (surface, sprinkler, drip) impacts the application efficiency.
Engineers must assess these to determine the precise Duty.

@ Climatic factors directly govern the evapotranspiration (ET) demand.

@ Soil texture dictates infiltration speed and moisture retention
capacity.

@ Irrigation methods influence field application efficiency and overall
losses.
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Introduction to Soil-Water-Plant Relationship |

The soil-water-plant relationship correlates the physical properties of soil
and the physiological characteristics of plants to the availability of water.
The soil matrix acts as a temporary reservoir holding water for plant use.
The ability of soil to store, retain, and release water depends
fundamentally on its texture, structure, and organic matter content.
Plants absorb water from the soil through their root systems to fulfill
transpiration demands and metabolic needs. Understanding this dynamic
relationship is crucial for determining the correct amount and timing of
irrigation, ensuring optimal crop growth while preventing issues like
waterlogging or drought stress.
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Classes of Soil Water |

Soil water is broadly classified into three categories based on the
magnitude of the physical forces (moisture tension) holding it in the soil
matrix. These categories dictate how much water is actually available for
plant uptake. Not all water held in the soil profile can be extracted by
plant roots due to varying degrees of capillary and adhesive forces.

@ Gravitational Water: Water that moves freely downward through the
soil pores under the influence of gravity. It drains quickly and is
generally unavailable to plants.

@ Capillary Water: Water held in capillary soil pores by surface tension

against gravity. This is the primary and most vital source of water
for plants.

@ Hygroscopic Water: Water held very tightly as a thin microscopic
film around individual soil particles by adsorption. It is practically
unavailable to plants as the holding tension exceeds the maximum
osmotic pressure of plant roots.
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Soil Moisture Profile and Constants |

This diagram illustrates the various soil moisture levels in a root zone
profile, from complete saturation down to the permanent wilting point,
highlighting the critical zone of available moisture for crop growth.
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Soil Moisture Profile and Constants Il

Saturation Capacity

Field Capacity (£C)

Available Capillary Water (Available)

Wateragainst
-------------------- Permanent Wilt|ng Point (PWP)

Hygroscopic Water (Unavailable)
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Field Capacity and Permanent Wilting Point |

Field Capacity (FC) is the maximum amount of water a soil can hold
against gravity after all excess gravitational water has freely drained away
(usually 1-3 days after a heavy rain or irrigation event). It represents the
absolute upper limit of available moisture. Permanent Wilting Point
(PWP) is the critical moisture content at which plants can no longer
extract sufficient water to maintain cell turgidity. At PWP, plants wilt
permanently and will not recover even if placed in a humid atmosphere
without adding water to the soil. The mathematical difference between
the moisture content at Field Capacity and Permanent Wilting Point
constitutes the 'Available Moisture Capacity’ of the given soil.
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Readily Available Moisture & Management Allowed

Depletion |

While all water between Field Capacity and Permanent Wilting Point is
technically 'available’, plants experience increasing moisture stress as the
soil approaches the wilting point. Therefore, only a portion of the
available moisture is actually 'Readily Available Moisture’ (RAM) where
the crop grows at an optimal rate. The proportion of available moisture
that can be safely depleted before irrigation is required is known as
Management Allowed Depletion (MAD) or critical depletion. Irrigation
should be scheduled just before the soil moisture drops below this critical
threshold to avoid yield loss.
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Frequency of Irrigation |

The frequency of irrigation, also known as the irrigation interval, refers to
the time duration in days between two consecutive irrigation applications
during a crop period. It strictly depends on the daily consumptive use rate
of the crop and the readily available moisture holding capacity of the
effective root zone. The fundamental engineering formula used is:
Frequency of Irrigation (days) = (Readily Available Moisture in root zone)
/ (Peak consumptive use rate of crop in mm/day).

Properly calculating this ensures the replenishment of soil moisture just in
time.
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Factors Affecting lrrigation Freq

Determining the correct irrigation frequency is a complex agronomical and
engineering process influenced by multiple environmental and biological
variables. Ignoring these factors can lead to either severe water wastage or
detrimental crop yield reduction.

@ Soil Texture and Structure: Sandy soils possess low water holding
capacity and require frequent, light irrigations. Clay soils can hold
significantly more water and can be irrigated less frequently with
larger depths.

@ Crop Root Characteristics: Deep-rooted crops (like alfalfa) can
extract moisture from a much larger soil volume, allowing for longer
intervals between irrigations compared to shallow-rooted crops (like
onions).

@ Climatic Conditions: High ambient temperatures, low relative
humidity, and high wind velocities drastically increase
evapotranspiration rates, necessitating far more frequent irrigations.
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Factors Affecting Irrigation Frequency I

@ Stage of Crop Growth: Consumptive water requirements peak during
critical physiological growth stages (like flowering, booting, or grain
filling), requiring adjusted, shorter irrigation intervals.
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Concept of Irrigation Efficiency |

Irrigation efficiency is a comprehensive quantitative measure of how
effectively water is transported from the reservoir source and beneficially
utilized by the crop. In any large-scale irrigation project, significant water
losses inevitably occur due to seepage, evaporation, deep percolation, and
surface runoff during the conveyance and application stages. Overall
irrigation efficiency is essentially expressed as the ratio of water output
(beneficially used by plants) to water input (diverted from source). High
irrigation efficiency indicates minimal water wastage, lower pumping
energy consumption, and reduced environmental hazards like waterlogging
and secondary soil salinization.
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Classification of Irrigation Efficiencies |

Efficiency Type

Engineering Definition / Concept

Water Conveyance Efficiency (7.)

Ratio of water delivered to the agricult

Water Application Efficiency (7,)

Ratio of water actually stored in the rc

Water Use Efficiency (7,)

Ratio of water beneficially used (incluc

Water Storage Efficiency (7s)

Ratio of water stored in the root zone

Water Distribution Efficiency (14)

Evaluates the uniformity of water distr
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Analyzing Application and Conveyance Efficiency |

Water Conveyance Efficiency primarily accounts for transit losses in main
canals and distributary networks due to seepage (in unlined channels) and
evaporation. Implementing canal lining can drastically improve this
metric. Water Application Efficiency, on the other hand, evaluates the
on-farm water management techniques. Losses here predominantly
include deep percolation below the effective root zone and surface runoff
at the tail end of the field. Modern pressurized application methods like
drip or sprinkler irrigation typically yield much higher application
efficiencies (80-95%) compared to traditional surface flooding methods
(which often languish at 40-60%).
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Soil-Water-Plant Relationship Overview |

The soil-water-plant relationship relates the properties of soil that affect
the movement, retention, and use of water by plants. Soil acts as a
reservoir, storing water from irrigation or rainfall and providing it to crops
as needed. Understanding this relationship is crucial for determining how
much water a soil can hold, the rate at which plants extract it, and
exactly when irrigation should be applied to prevent crop stress and
maximize yield.
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Soil Moisture Constants |

This diagram illustrates the key soil moisture constants: Saturation, Field
Capacity, and Permanent Wilting Point. The water held between Field
Capacity and the Permanent Wilting Point is the Available Moisture that
crops can utilize. Gravitational water drains away and is not generally
available to plants.
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Soil Moisture Constants |l

Available Moisture

Unavailable Moisture
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Concept of Frequency of Irrigation |

Frequency of irrigation, or irrigation interval, is the time gap in days
between two successive irrigation applications. It is determined by the
crop’s consumptive use rate and the available moisture holding capacity of
the soil in the root zone. Irrigation must be applied before the soil
moisture is depleted to the permanent wilting point, ideally when the
readily available moisture is exhausted, to maintain optimum crop growth.
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Factors Affecting Irrigation Frequency |

Several factors dictate how often a crop needs to be irrigated. Soil type
plays a major role; sandy soils have low water holding capacity and require
frequent, light irrigations, while clay soils retain water longer. Crop
characteristics like root depth and growth stage also matter, as
deep-rooted crops can access water from deeper soil layers. Finally,
climatic conditions such as temperature, humidity, and wind speed
influence the rate of evapotranspiration.
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Typical Irrigation Frequencies by Soil and Crop |

Crop Type | Soil Type \ Root Depth (cm) \ Irrigation Interval (D
Wheat Loam | 90-120 | 15-20
Rice Clay Loam | 60-90 | 3-5 (Continuous Subme
Sugarcane Deep Loam \ 120-150 \ 10-15
Cotton Sandy Loam | 100-150 | 14-21
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Irrigation Efficiency Overview |

Irrigation efficiency is a measure of how effectively water delivered to the
field is utilized by the crops. Since water is lost through evaporation, deep
percolation, runoff, and conveyance leaks, efficiency is always less than
100%. Maximizing irrigation efficiency is essential for water conservation,
reducing waterlogging, and lowering the overall cost of irrigation projects.
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Major Types of Irrigation Efficiencies |

Efficiency Type | Symbol | Definition \

Water Conveyance | 7 Ratio of water delivered to the field to
water diverted from the source.

Water Application | 7, Ratio of water stored in the root zone to
water delivered to the field.

Water Use Ny Ratio of water beneficially used by crop
to water delivered to the field.

Water Storage s Ratio of water stored in root zone during
irrigation to water needed to bring soil to
field capacity.
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Water Conveyance and Application Efficiency |

Water Conveyance Efficiency evaluates the losses occurring in the canal
network from the reservoir to the field, primarily due to seepage and
evaporation. Lining canals significantly improves this efficiency. Water
Application Efficiency measures field-level losses like deep percolation and
surface runoff. It indicates how well the irrigation method (e.g., drip,
sprinkler, flood) distributes water without wasting it below the root zone.
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Water Storage and Distribution Efficiency |

Water Storage Efficiency tells us how completely the required water has
been filled in the root zone during an irrigation event. A low storage
efficiency indicates under-irrigation, leading to crop stress. Water
Distribution Efficiency evaluates the uniformity of water application across
the entire field. High distribution efficiency means all plants receive
roughly the same amount of water, which is critical for uniform crop
growth and yield.

Slide Creator DI04006061: WRM 111 /514



Methods to Improve Irrigation Efficiency |

Improving irrigation efficiency requires both structural and managerial
interventions. Lining canals reduces seepage losses, while adopting modern
micro-irrigation methods like drip and sprinkler systems minimizes runoff
and deep percolation. On the management side, proper land leveling,
scheduling irrigation based on soil moisture monitoring, and maintaining
optimum furrow lengths and discharge rates are highly effective strategies.
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Introduction to Consumptive Use |

Consumptive use of water, also known as evapotranspiration, is the total
amount of water required by a crop for its vegetative growth and
transpiration, plus the amount of water evaporated from the adjacent soil
surface in a specific area. It is typically expressed in depth of water (mm
or cm) over a given period. Understanding consumptive use is
fundamental for designing irrigation systems and scheduling water
applications efficiently.
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Factors Affecting Consumptive Use: Climatic

Conditions |

Climatic factors are the primary drivers of evapotranspiration. Higher
temperatures increase the rate of evaporation from the soil and
transpiration from plant leaves. Wind velocity also plays a crucial role;
constant wind removes the saturated air boundary layer around leaves,
replacing it with drier air and thus increasing water loss. Additionally,
high solar radiation provides the necessary latent heat of vaporization,
significantly boosting consumptive use. Humidity has an inverse
relationship; high atmospheric humidity reduces the vapor pressure
gradient, lowering evapotranspiration.
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Factors Affecting Consumptive Use: Crop

Characteristics |

The type and variety of the crop heavily influence its water requirements.
Different crops have distinct physiological structures, root depths, and
growth stages. For instance, broad-leaved crops transpire more water
compared to narrow-leaved ones. The growth stage is critical;
consumptive use is generally low during initial growth, peaks during
flowering and grain formation, and decreases during maturity.
Furthermore, crop geometry, plant population density, and leaf area index
directly correlate with the total volume of water consumed.
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Factors Affecting Consumptive Use: Soil and

Irrigation Practices |

Soil characteristics, such as texture, structure, and water-holding capacity,
affect water availability. Sandy soils have high permeability and low
retention, potentially leading to deep percolation losses, while clayey soils
retain more water. The method of irrigation also impacts consumptive
use. Overhead sprinkler or flood irrigation wets the entire soil surface,
increasing evaporation. In contrast, drip irrigation wets only the root
zone, significantly reducing non-productive evaporation. Frequent shallow
irrigations generally result in higher evaporation losses compared to
infrequent deep irrigations.
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Comparison of Factors Influencing Evapotranspiration

Factor Category

Specific Factor

Effect on Consumptive Use (

Climate Temperature Increases CU as temperature ris
Climate Wind Speed Increases CU by removing moist
Climate Relative Humidity Decreases CU when humidity is
Crop Growth Stage Peak CU during vegetative/flow
Soil Moisture Availability | Higher availability leads to high
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Concept of Command Area |

In irrigation engineering, a command area is defined as the geographical
region around a dam or canal system that can theoretically be irrigated
and is economically viable for agricultural development. It represents the
potential reach of an irrigation project. Properly defining and surveying
the command area is an essential first step in designing the capacity of
the canal network, calculating overall water requirements, and evaluating
the economic feasibility of the irrigation project.
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Gross Command Area (GCA) |

The Gross Command Area (GCA) is the total geographical area bounded
by the irrigation project's drainage boundaries, which can potentially be
irrigated by the canal system under gravity flow. However, the GCA
includes both cultivable lands and uncultivable areas such as villages,
roads, forests, barren lands, ponds, and local depressions. Therefore, not
all water supplied to the GCA will be used for agricultural purposes, and
the total area cannot be assumed to be productive farm land.
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Culturable Command Area (CCA) |

The Culturable Command Area (CCA) is the portion of the Gross
Command Area on which cultivation is actually possible. It is calculated
by deducting all uncultivable areas (like roads, buildings, and barren
lands) from the GCA. CCA is the most critical parameter for an irrigation
engineer, as the entire canal network and water distribution schedules are
designed based on the water requirements of the crops grown within this
specific area. CCA = GCA - Uncultivable Area.
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Cultivable Cultivated and Uncultivated Area |

The Culturable Command Area is further subdivided into two categories:
Cultivable Cultivated Area and Cultivable Uncultivated Area. The
Cultivable Cultivated Area represents the land where crops are actively
sown and grown during a particular agricultural season. The Cultivable
Uncultivated Area refers to fertile land that could be farmed but is
temporarily left fallow or unsown for a season due to crop rotation, lack of
water, or economic reasons. Both fall under the broader umbrella of CCA.
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Schematic of Irrigation Command Area |

This diagram illustrates the hierarchy of an irrigation network, starting
from the source (reservoir) down to the field level, highlighting the
concept of command areas served by different branches.

Reservoir / Dam

v

Main Canal

AN

Branch Canal 2

Branch Canal 1
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Intensity of Irrigation |

Intensity of Irrigation is defined as the percentage of the Culturable
Command Area (CCA) that is proposed to be irrigated during a specific
crop season or annually. Because water is often limited, it is rarely
possible or desirable to irrigate 100% of the CCA in a single season. By
determining the intensity of irrigation for Kharif and Rabi seasons
separately, engineers can calculate the total design discharge required at
the head of the canal to meet the peak seasonal demands.
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Summary of Key Terms |

Term Definition

Consumptive Use Total water used in transpiration and evaporation
GCA Total area within project boundaries, including unct
CCA The agricultural portion of GCA where cultivation i
Intensity of Irrigation | Percentage of CCA actually irrigated in a given sea:
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Introduction to Consumptive Use of Water |

Consumptive use, also known as evapotranspiration, is the total amount
of water required by a crop for its vegetative growth in a specific area. It
includes both the water transpired by plant leaves during photosynthesis
and the water evaporated from the adjacent soil surface. Accurately
determining consumptive use is fundamental in irrigation engineering for
designing canal capacities and scheduling irrigation events to ensure
optimal crop yield without causing water logging.

Slide Creator DI04006061: WRM 125 /514



Climatological Factors Affecting Consumptive Use |

Climatological variables are the primary drivers of evapotranspiration.
High temperatures significantly increase the rate of evaporation and
transpiration. Lower relative humidity creates a steeper moisture gradient,
enhancing water loss from the plant. Increased wind speed removes the
boundary layer of moist air around leaves, accelerating transpiration.
Finally, higher solar radiation provides the necessary latent heat of
vaporization, acting as the main energy source for overall consumptive
use.
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Crop and Soil Factors Affecting Consumptive Use |

Beyond climate, specific crop characteristics and soil properties play a
crucial role. Deep-rooted crops typically have higher consumptive use
than shallow-rooted ones. The growth stage is also vital; water demand
usually peaks during the flowering and grain-filling stages. Furthermore,
soil texture affects water retention: sandy soils drain quickly, while clayey
soils retain water longer, influencing the continuous availability of water
for crop consumptive use.

Slide Creator DI04006061: WRM 127 /514



Factors Influencing Evapotranspiration |

This flow diagram illustrates the primary categories of factors that

influence the consumptive use of water, divided into climatological,
crop-related, and soil-related factors.

Consumptive Use
(Evapotranspiration)

Climatological Factors Soil Factors
(Temp, Wind, Humidity, Sun) (Texture, Structure, Moisture)

Crop Factors
(Type, Root Depth, Growth Stage)
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Typical Consumptive Use for Indian Crops |

This table provides typical ranges for the consumptive water requirement
of major crops grown in India over their entire base period.

Crop Base Period (Days) | Consumptive Use (mm)
Rice 120 900 - 2500

Wheat 120 250 - 400
Sugarcane 360 1500 - 2500
Cotton 200 700 - 1300

Maize 100 400 - 600
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Recapitulation of Command Areas |

Continuing our discussion on Command Areas, recall that a command
area is the territory around a dam or canal system that can be
economically and physically irrigated. It is critical for assessing the overall
feasibility of an irrigation project. Accurate delineation of this area
ensures that the designed hydraulic structures have adequate capacity to
serve the intended agricultural lands without systemic water shortages.
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Gross Command Area (GCA) vs Culturable

Command Area (CCA) |

The Gross Command Area (GCA) encompasses the entire bounded area
of an irrigation boundary, including uncultivable lands like villages, roads,
ponds, and barren lands. The Culturable Command Area (CCA) is the
specific portion of the GCA that is actually fit for cultivation. In irrigation
engineering planning, water requirements and discharge capacities are
calculated strictly based on the CCA.
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Breakdown of Command Area |

A block diagram demonstrating the hierarchical breakdown of the Gross

Command Area into Culturable and Unculturable areas, and the further
subdivision of the Culturable Command Area.

Gross Command Area (GCA)

/\

{Culturable Command Area (CCA Unculturable Area }

(Roads, Villages, Ponds, Forests)

[ Cultivated Area ] [ Uncultivated Area ]
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Intensity of Irrigation |

Intensity of Irrigation is defined as the percentage of the Culturable
Command Area (CCA) proposed to be irrigated annually. Since a farmer
might not cultivate their entire land in a single season, or might cultivate
multiple crops in different seasons (e.g., Kharif and Rabi), the total
annual intensity can sometimes exceed 100%. It is a critical metric for
calculating the overall design discharge required at the canal headworks.
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Command Area and Intensity Calculation Example |

A sample engineering calculation demonstrating how the total irrigated
area is determined from the CCA and the seasonal intensities of irrigation
for Kharif and Rabi seasons.

Irrigation Parameter Value / Area
Gross Command Area (GCA) 50,000 Hectares
Unculturable Area (20% of GCA) 10,000 Hectares
Culturable Command Area (CCA) 40,000 Hectares
Intensity of Irrigation (Kharif) 40%

Intensity of Irrigation (Rabi) 50%

Area Irrigated in Kharif (40% x 40,000) | 16,000 Hectares
Area Irrigated in Rabi (50% x 40,000) | 20,000 Hectares
Total Annual Irrigated Area 36,000 Hectares
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Development of Command Areas (CADA) |

To optimize agricultural production within a given command area,
Command Area Development Authorities (CADA) are often established.
Their engineering and management role involves on-farm development
works like topographical land leveling, the construction of minor field
channels and drains, and implementing rotational water supply systems
like Warabandi. Effective CADA management minimizes water logging,
improves soil health, and maximizes crop yields.
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Introduction to Crop Water Requirements |

Water is essential for the survival and growth of plants. Every crop
requires a certain quantity of water at specific intervals throughout its
period of growth. The term 'crop water requirement’ refers to the total
quantity of water and the way it is applied to fully satisfy the
evapotranspiration needs of the crop. To design a capable and efficient
irrigation system, an engineer must clearly understand key definitions such
as Base Period, Crop Period, Delta, and Duty.

@ Water is crucial for plant survival and optimal agricultural yield.

@ Requirement refers to the total quantity needed to satisfy
evapotranspiration.

@ Key parameters govern the design of efficient irrigation network
systems.
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Base Period (B) |

The Base Period, usually denoted by 'B’, is defined as the time period
from the first watering given to the crop at the time of sowing to the last
watering given before its harvesting. It is typically expressed in days. Base
period represents the actual duration for which irrigation water is supplied
to the agricultural field. It is a critical parameter in determining the total
volume of water that needs to be allocated from the reservoir or canal for
a particular crop.

@ Spans from the first pre-sowing watering to the final pre-harvest
watering.
@ Measured in days and denoted by the variable 'B’.

@ Essential for determining total volumetric water allocation for the
season.
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Crop Period |

The Crop Period is the total time that elapses from the instant of sowing
the crop to the instant of its harvesting. While the Base Period represents
the duration of watering, the Crop Period represents the total lifespan of
the crop in the field. In practical applications, the Crop Period is slightly
longer than the Base Period, but for most irrigation engineering
calculations and design purposes, the Base Period and Crop Period are
considered to be numerically equal.

@ Represents the entire lifespan of the crop from sowing to harvesting.
@ Technically longer than the Base Period by a few days.

@ In practical engineering problems, Crop Period is taken equal to Base
Period.
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Delta (A) |

Delta, denoted by the Greek letter 'A’, is the total depth of water
required by a crop during its entire Base Period to come to maturity. If
we imagine that all the water supplied to a crop over its base period
stands on the field without any runoff, infiltration, or evaporation, the
total depth of this accumulated water is the Delta. It is typically
measured in centimeters (cm) or meters (m). Different crops have
different Delta values depending on their specific requirements.

@ Total depth of water applied over the entire base period.
@ Assumes zero losses to runoff, infiltration, or deep percolation.

@ Typically expressed in centimeters (cm) or meters (m).
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Typical Delta Values for Common Crops |

This table illustrates the average total depth of water (Delta) required by
various crops throughout their base period in standard conditions.
Water-intensive crops like sugarcane and rice have a much higher delta
compared to dry crops like wheat and barley.

Crop Average Delta (cm)
Sugarcane 120
Rice 120
Tobacco 75
Cotton 50
Wheat 40
Barley 30
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Duty of Water (D) |

Duty, denoted by 'D’, represents the irrigating capacity of a unit volume
of water. It is defined as the area of land, usually in hectares, that can be
fully irrigated by a continuous supply of water discharging at a rate of one
cubic meter per second (1 cumec) throughout the entire base period of
the crop. Therefore, the unit of Duty is hectares per cumec (ha/cumec).
A high duty means a larger area is irrigated with a given quantity of
water, indicating higher efficiency.

@ Denotes the irrigating capacity of a unit continuous flow of water.

@ Defined as the area (hectares) irrigated by 1 cumec continuous flow
over the Base Period.

@ Higher Duty signifies greater water use efficiency in the system.
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Relation Between Duty, Delta, and Base Period |

The relationship between Duty (D in ha/cumec), Delta (A in meters),
and Base Period (B in days) is fundamental in irrigation engineering.
Consider 1 cumec of water flowing continuously for B days. The total
volume of water supplied is 1 x 24 x 60 x 60 x B cubic meters. By
definition of Duty, this volume matures D hectares of land. The total area
is D x 10,000 square meters. Equating volume to area times depth (A),
we get A = 8.64B / D (in meters).

@ Volume of water = 1 cumec x B days = 86400 x B cubic meters.

@ Area irrigated = D hectares = D x 10000 square meters.

@ Depth (Delta A) = Volume / Area, yielding A = 8.64B / D (in
meters).

@ If Delta is measured in cm, the formula becomes A = 864B / D.
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Duty Variation in a Canal System |

Duty is not constant throughout an irrigation network. As water flows
from the headworks to the agricultural field, it suffers transit losses due to
seepage and evaporation. Consequently, the same discharge (1 cumec)
will irrigate a smaller area if measured at the headworks compared to if it
were measured directly at the field. Thus, Duty increases as we move
downstream closer to the point of application.

Main Canal —
(Loij:st Sr:iy) Branch Canal Distributary Water Course

Transit Losses Decrease
Duty Increases —

Agricultural
Field

(Highest Duty)
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Factors Affecting Duty of Water |

Several factors influence the Duty of water in an irrigation project. These
include the type of crop, as different crops have varying water needs. The
climate and season also matter; higher temperatures increase evaporation,
lowering duty. Soil type plays a massive role, since sandy soils have high
percolation losses, reducing duty compared to clayey soils. Additionally,
the condition of the canal network directly dictates transit losses and
resulting duty.

@ Type of Crop and its inherent water requirement.

@ Climatic conditions, specifically temperature and wind, affecting
evaporation.

@ Soil characteristics determining deep percolation and infiltration
losses.

@ System maintenance, such as whether canals are lined or unlined.
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Methods of Improving Duty |

Improving Duty means maximizing the crop area irrigated by a unit
volume of water, conserving precious water resources. Duty can be
improved by lining canals to prevent seepage, preparing fields properly by
leveling them, adopting modern irrigation techniques like drip or sprinkler
systems instead of uncontrolled flooding, scheduling irrigation correctly
based on crop water requirements, and educating farmers on the efficient
and judicious use of irrigation water.

@ Lining of the canal network to minimize seepage and percolation.
@ Proper land grading and leveling to prevent localized ponding.

@ Implementation of modern, high-efficiency micro-irrigation systems.

@ Optimizing irrigation scheduling based on scientific soil moisture
data.
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Recap of Basic Definitions |

In our previous lecture, we introduced the three fundamental pillars of
crop water requirements: Duty, Delta, and Base Period. To briefly recap,
Base Period (B) is the time elapsed from the first watering during sowing
to the last watering before harvesting, usually expressed in days. Delta
represents the total depth of water required by a crop during its entire
base period, typically expressed in centimeters or meters. Duty (D)
represents the irrigating capacity of a unit of water, defined as the area of
land in hectares that can be irrigated by a continuous flow of 1 cubic
meter per second (cumec) throughout the base period.
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The Importance of the Relationship |

Understanding the mathematical relationship between Duty (D), Delta,
and Base Period (B) is critical in irrigation engineering. This relationship
allows engineers to calculate the total quantity of water required at the
head of a canal system to irrigate a specific command area. It essentially
links the volume of water supplied to the depth of water required by the
crop over its growth duration. By mastering this relation, one can
optimize reservoir storage, design appropriate canal capacities, and ensure
equitable water distribution among farmers.
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Deriving the Relationship (Part 1) |

Let us derive the relation mathematically. Assume a crop has a Base
Period of 'B' days. If a continuous discharge of 1 cubic meter per second
(1 cumec) flows for this entire duration, the total volume of water
delivered to the field can be calculated. Volume = Discharge times Time.
Volume = 1 cubic meter/s times (B days times 24 hours/day times 60
minutes/hour times 60 seconds/minute). Volume = 1 times B times
86400 cubic meters. This is the total volume of water provided by 1
cumec of flow over 'B' days.
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Deriving the Relationship (Part 2) |

By the definition of Duty (D), a 1 cumec discharge flowing continuously
for 'B' days matures 'D’ hectares of land. Therefore, the total area
irrigated is D hectares. We know 1 hectare = 10,000 square meters. So,
the area in square meters is (D times 10,000). According to the definition
of Delta, this total volume of water stands to a depth of Delta meters
over the irrigated area. Volume = Area times Depth. Volume = (D times
10,000) times Delta cubic meters.
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The Final Equation |

Now, we equate the two volumes derived in the previous steps. 10,000
times D times Delta = 86,400 times B. Solving for Delta: Delta =
(86,400 times B) / (10,000 times D). This simplifies to Delta = 8.64 B /
D. Where: Delta is the total depth of water in meters (m), B is the base
period in days, and D is the duty of water in hectares/cumec (ha/cumec).

If Delta is required in centimeters, the equation becomes Delta = 864 B /
D.
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Variation of Duty in a Canal Network |

The Duty of water is not constant throughout an irrigation system; it
increases as water moves downstream from the source to the field. This is
because water losses (due to evaporation and seepage) occur at every
stage of the canal network. Therefore, a given volume of water at the
headworks will irrigate less area compared to the same volume measured
directly at the field. The diagram illustrates a typical canal hierarchy.
Duty is highest at the field (Net Duty) and lowest at the headworks
(Gross Duty).

Duty is Lowest

River / Reservoir Main Canal Branch Canal

Field (Watercourse) Minor Distributary

Duty is Highest
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Typical Values for Major Crops |

Crop Base Period, B (days) | Delta, A (cm) | Duty, D (ha/cu
Rice 120 120 864
Wheat 120 40 2592
Sugarcane 320 120 2304
Cotton 200 50 3456
Maize 100 45 1920
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Factors Affecting Duty |

Several factors influence the Duty of water in an irrigation project.
Climate: Higher temperatures and strong winds increase evaporation,
reducing Duty. Soil Type: Permeable, sandy soils have high percolation
losses, leading to lower Duty, whereas clayey soils retain water better,
yielding higher Duty. Method of Irrigation: Traditional flood irrigation has
low Duty due to high wastage. Modern methods like drip or sprinkler
irrigation significantly improve Duty. Type of Crop: Different crops
require different amounts of water. Topography: Uneven land leads to
uneven water distribution, which decreases Duty.
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\Y) ds to Improve Duty |

Irrigation engineers employ various strategies to maximize the Duty of
water, ensuring efficient utilization of scarce water resources. These
methods include lining canals to minimize seepage losses, constructing
reservoirs and regulators to control water flow, and promoting land
leveling to ensure uniform water application. Additionally, implementing
strict rotational water distribution systems (like Warabandi) reduces
wastage. Educating farmers on scientific irrigation scheduling based on
soil moisture monitoring and adopting advanced micro-irrigation
techniques also drastically enhance the Duty of water.

Slide Creator DI04006061: WRM 154 /514




Numerical Problem Example |

Let us look at a practical calculation. Problem: A distributary channel is
designed to irrigate 1200 hectares of a wheat crop. The Base period for
wheat in this region is 120 days, and the Duty of water for wheat is 1800
hectares/cumec. Calculate the total depth of water (Delta) required for
the crop, and find the discharge required at the head of the distributary.
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Solution to Numerical Problem |

Solution: Given Base Period (B) = 120 days, Duty (D) = 1800 ha/cumec,
Area (A) = 1200 ha. Step 1: Calculate Delta. Using the formula Delta =
864 times B / D (in cm). Delta = 864 times 120 / 1800 = 57.6 cm. Step
2: Calculate Required Discharge (Q). We know, Duty (D) = Area (A) /
Discharge (Q). So, Q= A / D. Q = 1200 / 1800 = 0.67 cumecs. The
Delta is 57.6 cm and the channel must carry 0.67 cubic meters per second.
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Summary and Conclusion |

To conclude, the relationship Delta = 8.64 B / D is a cornerstone
equation in irrigation engineering. It connects the agronomic requirements
of a crop (Base period and Delta) with the hydraulic design parameters of
the irrigation network (Duty). A high Duty signifies an efficient irrigation
system where a small quantity of water irrigates a large area. By
understanding the factors that affect Duty and implementing methods to
improve it, engineers can design sustainable water resource management
systems that ensure food security while conserving water.
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Introduction to Duty of Water |

Duty of water is defined as the area of land in hectares that can be
irrigated by a continuous discharge of one cubic meter per second
(cumec) flowing constantly throughout the entire base period of the crop.
It represents the irrigating capacity of a unit volume of water. A higher
duty means that the same amount of water can irrigate a larger area,
which indicates efficient water utilization. It is typically expressed in

hectares/cumec.
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Base Period and Delta |

To fully understand duty, we must consider two related terms: Base
Period and Delta. The Base Period is the time between the first watering
of a crop at the time of sowing to its last watering before harvesting,
usually expressed in days. Delta is the total depth of water required by a
crop during its entire base period, expressed in centimeters or meters. The
fundamental mathematical relationship is Delta = (8.64 * Base Period) /
Duty, where Base Period is in days and Duty is in hectares/cumec.
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Factors Affecting Duty: Soil and Climate |

The type of soil significantly impacts the duty of water. Highly permeable
soils, such as sandy soils, allow rapid percolation, leading to high water
losses and thus a lower duty. Conversely, clayey soils have low
permeability, retaining moisture better and resulting in a higher duty.
Climate also plays a crucial role; high temperatures, low humidity, and
strong winds increase evaporation from the soil surface and transpiration
from plants, which increases the crop water requirement and decreases
the duty.
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Factors Affecting Duty: Crop Type and Topography |

Different crops have varying water requirements. Water-intensive crops
like sugarcane and rice require large volumes of water, resulting in a lower
duty. Crops like wheat or cotton require less water, leading to a higher
duty. Furthermore, the topography of the land affects duty. Uneven and
sloping lands cause excessive runoff and uneven distribution of water,
lowering the duty. Properly leveled agricultural fields ensure uniform water
application, thereby increasing the effective duty.
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Factors Affecting Duty: Canal Condition and

Irrigation Method |

The condition of the canal network heavily influences transit losses.
Unlined earthen canals suffer from high seepage and evaporation losses,
which reduces the duty of water at the field level. Lined canals minimize
these losses, increasing duty. Additionally, the method of irrigation is
critical. Traditional surface flooding methods are highly inefficient and
yield a low duty. Modern techniques like sprinkler and drip irrigation
minimize wastage and significantly improve the overall duty.
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Flowchart: Primary Factors Affecting Duty |

This diagram illustrates the primary factors that influence the duty of

water in an irrigation system, categorized into environmental, agricultural,
and infrastructural factors.

{ Factors Affecting Duty J

Climate & Soil Canals & Methods
Crop & Topography
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Methods for Improving Duty: Infrastructural

Interventions |

Improving the duty of water is essential for maximizing agricultural output
from a limited water supply. Infrastructure improvements are a primary
method. Lining main canals and distributaries with concrete, brick, or
geomembranes prevents seepage, saving a significant percentage of water.
Proper canal alignment along natural ridges instead of contours reduces
the length of the canal network and associated transit losses. Constructing
cross-regulators ensures precise water delivery without overflow spillage.
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Methods for Improving Duty: Management and

Policy |

Effective management practices are equally important for improving duty.
Implementing a volumetric assessment of water, where farmers pay based
on the exact volume consumed rather than a flat rate per area,
discourages wastage. Educating farmers about optimal watering schedules
and scientific farming methods prevents the common issue of
over-irrigation. Proper crop planning, such as rotating crops with varying
water requirements, drastically increases the overall duty within an
irrigation command area.
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Comparison of Irrigation Methods and Resulting Duty

Irrigation Method

Typical Duty (ha/cumec)

Primary Water Loss

Free Flooding 500 - 700 High surface runoff, de
Furrow lIrrigation 800 - 1000 Moderate deep seepag
Sprinkler Irrigation 1200 - 1500 Wind drift, atmospher
Drip Irrigation 1800 - 2500 Minimal, highly efficiel
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Conclusion: The Importance of High Duty |

The duty of water is a critical metric in irrigation engineering that dictates
the economic viability and sustainability of any irrigation project. By
understanding the climatic, agronomic, and infrastructural factors that
reduce efficiency, civil engineers can design highly optimized canal
systems. Implementing modernization strategies like canal lining and
pressurized irrigation ensures that scarce water resources are conserved,
ultimately expanding the total irrigable command area and boosting
regional agricultural production.
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Introduction to Irrigation Systems |

An irrigation system is the entire infrastructure and methodology deployed
to artificially apply water to land or soil. This is necessary to assist in the
growing of agricultural crops, maintenance of landscapes, and
revegetation of disturbed soils in dry areas or during periods of inadequate
rainfall. The choice of an irrigation system depends on topography, soil
type, crop water requirements, source water availability, and overarching
economic factors.
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Classification of Irrigation Systems |

This flowchart depicts the primary classification of irrigation systems into
Flow (Gravity) Irrigation and Lift Irrigation, further branching into
sub-categories like perennial, inundation, and well irrigation.
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Classification of Irrigation Systems Il

[Irrigation Systemsj

[Flow (Gravity) Irrigation] Lift Irrigation

Well/Tube Well
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Gravity (Flow) Irrigation |

In gravity or flow irrigation, water is available at a higher elevation and is
supplied to the agricultural land purely by the action of gravity. No
mechanical pumping is required. This system typically involves a source
like a reservoir, weir, or barrage from which water flows into a canal
network (main, branch, distributary, and field channels) and ultimately
reaches the fields. It is widely used in plains with a gentle, continuous
slope.
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Lift lrrigation |

Lift irrigation systems are employed when the water source is at a lower
elevation than the land to be irrigated. Water must be mechanically lifted
using pumps (centrifugal or submersible) or other lifting devices before it
can be distributed. Sources for lift irrigation include open wells, tube
wells, rivers, canals, or lakes located in deep valleys. While capital costs
for canal construction may be saved, operational energy costs are
significantly higher.
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Comparison of Gravity and Lift Irrigation |

A comparative analysis of Gravity and Lift irrigation systems based on key
engineering and economic parameters.

Parameter Gravity Irrigation Lift Irrig:

Water Source Elevation | Higher than the command area Lower the

Energy Requirement Minimal (operates on gravity) High (req
ing)

Capital Cost High (dams, canal network) Comparat

Operational Cost Low (mainly maintenance) High (ele

Area Covered Suitable for large command areas | Suitable f
eas
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Well and Tube Well Irrigation |

Groundwater is harnessed through open wells and tube wells. Open wells
are typically shallow, tapping the first water-bearing unconfined aquifer,
and have a larger diameter. Tube wells are deep, small-diameter pipes
bored into the earth to tap one or more confined aquifers. Tube wells can
discharge large volumes of water steadily and are equipped with strainer
pipes surrounded by gravel packing to prevent sand entry while allowing
clear water infiltration.
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Cross-Section of a Tube Well |

Schematic diagram showing the basic components of a tube well,
including the blind pipe, strainer, gravel pack, and water table.

Pump

---------- ---1--------- Water Table

Gravel Pack trainer/Screen
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Advantages and Disadvantages of Well Irrigation |

Table summarizing the pros and cons of using well and tube well irrigation

systems for agricultural purposes.

Advantages Disadvantages
Provides assured water supply irrespective of | Depletion of groundwate
monsoon

Low initial cost compared to large canal projects

Recurring cost of pumpir

Quick and easy to construct and operationalize

Salinity issues in some de

Helps in lowering the water table, preventing wa-
terlogging

Yield decreases over time
ging
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Sewage lrrigation |

Sewage irrigation involves the application of treated or partially treated
municipal or industrial wastewater to agricultural fields. From an
engineering perspective, it serves the dual purpose of wastewater disposal
and crop irrigation. The sewage contains valuable nutrients like nitrogen,
phosphorus, and potassium, which act as natural fertilizers. However,
careful monitoring is required to prevent soil sickness, groundwater
contamination, and health hazards from heavy metals and pathogens.
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Supplemental Irrigation |

Supplemental irrigation is the addition of small amounts of water to
rainfed crops during critical growth stages when rainfall fails to provide
sufficient moisture. It is not intended to provide the total water
requirement of the crop, but rather to bridge the gap between rainfall and
evapotranspiration demands. This practice significantly increases crop
yields and stabilizes agricultural production in semi-arid regions with
erratic and unpredictable rainfall patterns.
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Summary of Irrigation Systems |

The selection of an irrigation system is a complex engineering decision
dependent on hydrology, topography, and economics. Gravity systems are
sustainable and cost-effective long-term but require massive initial
investments in dam and canal infrastructure. Lift and well systems offer
flexibility and localized control but suffer from high operational energy
costs. Sewage and supplemental irrigation represent specialized
applications focused on resource recycling and drought mitigation,
respectively.
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Introduction to Irrigation Systems |

An irrigation system is a complex network designed to transport water
from a source to agricultural fields. The primary objective is to supply
water uniformly and efficiently to meet the consumptive use of crops. The
choice of an irrigation system depends on various factors including
topography, water availability, crop type, and economic feasibility. A
well-designed system ensures optimal crop yield while minimizing water
wastage and environmental degradation.

@ Transports water from source to field.
@ Aims for uniform and efficient distribution.

@ Depends on topography, water source, and crops.
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Classification of Irrigation S

This flowchart illustrates the broad classification of irrigation systems into

surface and sub-surface methods, and further sub-classifications such as
gravity and lift irrigation.

Irrigation Systems

Surface Irrigation

[Sub—surface Irrigation]

Gravity (Flow) Lift Irrigation
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Gravity vs. Lift Irrigation |

Parameter

Gravity (Flow) Irrigation

Lift lrrigation

Water Source Level

Higher than the field level

Lower than the

Energy Requirement

No external energy (gravity
driven)

Mechanical or
ergy required

Initial Cost High (dams, canals) Relatively low
pipes)

Maintenance Cost Low High (pump n
electricity)

Suitability

Sloping terrain, abundant
water

Flat terrain, de
bles
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Gravity Irrigation in Detail |

Gravity irrigation, also known as flow irrigation, relies entirely on the
natural force of gravity to convey water from the source to the fields. The
water source, such as a reservoir or a river diversion weir, must be
situated at a higher elevation than the command area. A network of main
canals, branch canals, distributaries, and minor canals is constructed with
a gentle downward slope to facilitate continuous flow without the need for
pumping.

@ Relies on natural gravitational force.
@ Source must be at a higher elevation.
@ Involves a network of sloping canals.

@ No pumping required.

Slide Creator DI04006061: WRM 183 /514



Lift Irrigation in Detail |

When the water source, such as a river, canal, or groundwater aquifer, is
at a lower elevation than the agricultural land, water must be lifted using
mechanical means. This is termed lift irrigation. Centrifugal or
submersible pumps powered by electricity, diesel, or solar energy are
commonly used. While it provides irrigation to areas unreachable by
gravity flow, it entails continuous operational costs for energy and pump

maintenance.
@ Water source is below the field elevation.
@ Requires mechanical lifting (pumps).
@ Higher operational and energy costs.

@ Expands irrigation to higher terrains.
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Well and Tube Well Irrigation |

Groundwater is a vital source for irrigation, accessed primarily through
open wells and tube wells. Open wells are shallow, large-diameter
excavations tapping unconfined aquifers, usually yielding limited discharge.
Tube wells are deep, small-diameter boreholes lined with casing pipes and
strainers, penetrating single or multiple confined aquifers. Tube wells
provide a reliable and large volume of water, operated using high-capacity
electric or diesel pumps, making them suitable for extensive farming.

Utilizes groundwater resources.
@ Open wells: Shallow, large diameter, low yield.

@ Tube wells: Deep boreholes, high yield, confined aquifers.

Requires reliable power for pumping.
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Comparison of Open Wells and Tube Wells |

Feature Open Well Tube Well

Depth Shallow (usually < 20m) Deep (often > 501
100m)

Diameter Large (2m to 5m) Small (100mm to

Aquifer Tapped

Unconfined (topmost)

Confined (often r

ers)
Discharge Capacity | Low (up to 5 liters/sec) High (up to 50 |
more)
Susceptibility to | High (dries up quickly) Low (more relic
Drought droughts)
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Components of a Tube Well |

This schematic illustrates the basic components of a typical tube well,

including the blind pipe (casing), strainer (screen) located in the
water-bearing strata, and the submersible pump assembly.

Ground Level
Housing

k— Blind Pipe (Casing)
Delivery Pipe

Aquifer . Strainer (Screen)

Submersible Pump '
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Sewage lrrigation |

Sewage irrigation involves using treated or partially treated municipal
wastewater for agricultural purposes. It serves a dual purpose: disposing
of municipal waste and providing nutrient-rich water for crops. The
sewage water contains organic matter and essential nutrients like nitrogen,
phosphorus, and potassium, which act as fertilizers, reducing the need for
chemical alternatives. However, it requires careful management to prevent
soil sickness, groundwater contamination, and health hazards.

@ Uses treated municipal wastewater.
@ Provides water and essential nutrients (N, P, K).
@ Reduces reliance on chemical fertilizers.

@ Requires management to avoid health and soil risks.
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Considerations in Sewage Irrigation |

Implementing sewage irrigation requires strict adherence to health and
environmental standards. The wastewater must undergo primary and
secondary treatment to remove pathogens and heavy metals. Certain
crops, particularly those eaten raw (like vegetables), should not be
irrigated with sewage. Prolonged use can lead to 'sewage sickness’ of the
soil, where soil pores get clogged with organic matter, leading to
anaerobic conditions and reduced crop yield. Aeration and crop rotation
are essential mitigation strategies.

@ Pre-treatment of wastewater is mandatory.
@ Restricted use for crops eaten raw.
@ Risk of 'sewage sickness' (clogging of soil pores).

@ Mitigated by soil aeration and crop rotation.
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Supplemental Irrigation |

Supplemental irrigation is the application of limited amounts of water to
essentially rainfed crops to improve and stabilize yields during times when
rainfall fails to provide sufficient moisture. It is not intended to provide
the total crop water requirement. The goal is to bridge critical dry spells
during sensitive crop growth stages, such as flowering or grain filling. This
practice significantly boosts productivity in semi-arid regions with highly
variable seasonal precipitation.

Applied to rainfed crops during dry spells.

@ Does not meet the total water requirement.

Targets critical growth stages (e.g., flowering).

@ Stabilizes and increases yield in semi-arid zones.
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Summary and Conclusion |

A comprehensive understanding of various irrigation systems is essential
for effective water resources management. Gravity systems offer low-cost
operation where topography permits, while lift systems provide flexibility
at a higher energy cost. Groundwater extraction via wells is crucial but
requires sustainable yield management. Alternative methods like sewage
irrigation offer nutrient recycling benefits but demand rigorous health
safeguards. Supplemental irrigation acts as a critical safety net for rainfed
agriculture against climate variability.

@ System choice dictates cost and efficiency.
@ Sustainable groundwater management is vital.
@ Sewage irrigation requires strict safety protocols.

@ Supplemental irrigation mitigates climate risks.
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Introduction to Advanced Irrigation Systems |

This lecture continues our exploration of various irrigation systems,
delving deeper into well and tube well networks, sewage irrigation, and the
crucial role of supplemental irrigation. Understanding the interplay
between gravity-fed, lift-based, and specialized irrigation methods allows
engineers to design robust agricultural water supply networks that adapt
to varying topographical and hydrological conditions.
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Well and Tube Well Irrigation: Deeper Insights |

Well irrigation relies on tapping shallow unconfined aquifers using open
wells, whereas tube well irrigation extracts water from deeper confined
aquifers. Tube wells can yield significantly higher discharges and provide a
more reliable water supply during droughts. The choice between them
depends on groundwater depth, aquifer characteristics, and the financial
capacity of the farming community.
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Cross-Section of a Tube Well |

This diagram illustrates the basic components of a deep tube well,
including the blind pipe, strainer screen, and the surrounding gravel pack
which prevents sand from entering the well casing.

Ground Level

Straingr

Gravel Pack
Yoed [9AEID)
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Comparison: Open Wells vs. Tube Wells |

Feature Open Well Tube Well

Aquifer Tapped Shallow, unconfined | Deep, confined
Discharge Capacity | Low (1-5 I/s) High (15-50 I/s)
Reliability Low in summer High throughout year
Construction Cost | Relatively low High
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Sewage Irrigation: Concept and Scope |

Sewage irrigation involves the controlled application of treated or partially
treated municipal wastewater for agricultural purposes. It serves a dual
role: providing a reliable source of irrigation water and acting as a method
of wastewater disposal. This system recycles valuable nutrients like

nitrogen and phosphorus back into the soil, reducing the need for
synthetic fertilizers.
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Treatment Requirements for Sewage Irrigation |

Before application, sewage must undergo primary and secondary
treatments to reduce Biochemical Oxygen Demand (BOD), Total
Suspended Solids (TSS), and harmful pathogens. Raw sewage application
can lead to soil sickness, clogging of soil pores, and severe health hazards
for farmers and consumers. Proper effluent standards must be strictly

maintained.
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Health and Environmental Hazards of Sewage

Farming |

Unregulated sewage irrigation poses significant risks, including the
transmission of waterborne diseases, heavy metal accumulation in soils,
and groundwater contamination. Engineers must implement adequate
buffer zones, select appropriate crop types (preferring non-edible or
processed crops), and ensure continuous monitoring of soil toxicity and
groundwater quality.
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Supplemental Irrigation: Definition and Need |

Supplemental irrigation is the application of a limited amount of water to
rainfed crops when rainfall fails to provide sufficient moisture for normal
plant growth. It is not intended to provide the entire moisture
requirement but rather to bridge critical dry spells, thereby preventing
severe yield reductions and stabilizing agricultural production.
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Strategies for Supplemental Irrigation |

Effective supplemental irrigation relies on precise timing. Water is
typically applied during the most moisture-sensitive growth stages of the
crop, such as flowering or grain filling. Sources for this water often include
small farm ponds, harvested rainwater, or shallow groundwater,
emphasizing the need for integrated water resource management.
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Integration of Gravity and Lift Systems |

Modern irrigation networks often combine gravity and lift systems to
maximize coverage. While gravity systems supply water to command
areas at lower elevations, lift irrigation uses pumps to elevate water from
the gravity canals to higher adjacent lands. This conjunctive use ensures
equitable water distribution across varied topographies.
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Introduction to lrrigation Methods |

Irrigation is the artificial application of water to soil for assisting in the
growth of agricultural crops. The choice of an irrigation method depends
on various factors such as topography, soil type, crop type, and water
availability. The primary aim is to supply adequate moisture to the plant
root zone while minimizing water loss through evaporation, deep
percolation, and runoff. Modern irrigation engineering classifies methods
broadly into surface, sub-surface, and pressurized micro-irrigation systems.

@ Artificial application of water to crops

@ Aims to maximize water use efficiency

@ Classified into surface, sub-surface, and pressurized systems
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Classification of Irrigation Methods |

This flowchart illustrates the broad classification of irrigation methods
into surface, sub-surface, and pressurized systems.

Irrigation Methods

Surface ] ‘

‘ ‘ Pressurized ‘

| Subsurface | / \

’ Sprinkler ’ Drip ‘
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Surface Irrigation |

Surface irrigation is the oldest and most common method of water
application. In this method, water is applied and distributed over the soil
surface by gravity. It is best suited for flat land slopes and medium to
fine-textured soil types which promote the lateral spread of water down
the field. While it requires lower initial capital investment, its water
application efficiency is generally lower due to significant losses from
evaporation and deep percolation.

@ Water distributed over soil surface by gravity
@ Suitable for flat topographies and fine-textured soils

@ Low initial cost but lower water efficiency
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Techniques of Surface Irrigation |

Method Description Suitability

Check Basin | Water is applied to level | Suitable for close-growing
plots surrounded by bunds. | crops like wheat.

Border Strip | Land is divided into strips | Ideal for moderate slopes

separated by low levees. and pasture lands.

Furrow Water flows in small chan- | Used for row crops like
nels (furrows) between crop | maize, sugarcane, and cot-
rows. ton.
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Sub-Surface Irrigation |

Sub-surface irrigation involves the application of water directly to the root
zone of the crops from below the soil surface. This can occur naturally
when water from underground aquifers rises through capillary action, or
artificially via a network of buried perforated pipes. This method
dramatically reduces evaporation losses and prevents soil crusting.
However, it requires highly specific soil conditions, such as an
impermeable subsoil layer to prevent deep percolation, and highly
permeable topsoil for capillary rise.

@ Water applied directly to the root zone from below
@ Minimizes evaporation and soil crusting

@ Requires specific soil profiles (impermeable subsoil)
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Sprinkler lrrigation |

Sprinkler irrigation mimics natural rainfall by pumping water under
pressure through a network of pipes and spraying it into the air through
nozzles or sprinklers. It is highly versatile and can be used on undulating
terrain and for most soil types, except for heavy clay soils with low
infiltration rates. This method offers excellent water application efficiency,
helps in frost protection, and allows for the uniform application of soluble

fertilizers (fertigation).
@ Applies water in the form of a spray, resembling rainfall
@ Suitable for undulating land and sandy soils

@ Provides high application efficiency and allows fertigation
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Sprinkler System Layout |

Schematic representation of a typical sprinkler irrigation system layout,

showing the water source, pump, main line, and lateral lines with sprinkler
heads.

Main Line
Sprinkler Coverage
N N N
/ | / | / .
—e— —e— —e Lateral Line
\\_/ \\_/ \\_/
N N N
/ | / | / \
Ty Ty Ty
N \ L, \
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Drip (Trickle) Irrigation |

Drip irrigation, or trickle irrigation, is a highly efficient micro-irrigation
system where water is delivered directly to the plant root zone in slow,
frequent, and precise amounts through emitters. Operating under low
pressure, this method minimizes evaporation, deep percolation, and
runoff, achieving water application efficiencies above 90%. It is
exceptionally beneficial in arid regions with severe water scarcity and is
widely used for orchards, vineyards, and high-value row crops.

@ Water delivered directly to root zone via emitters
@ Operates under low pressure with slow flow rates

@ Achieves the highest water use efficiency (>90%)
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Buried Irrigation (Sub-surface Drip) |

Buried irrigation, commonly referred to as Sub-surface Drip Irrigation
(SDI), entails burying the drip lateral lines and emitters below the soil
surface. This highly advanced technique completely eliminates surface
evaporation and restricts weed growth, as the soil surface remains dry. SDI
systems have a longer lifespan since they are protected from mechanical
damage during tillage and from UV degradation, but they require careful
management to prevent emitter clogging by roots or soil particles.

@ Laterals and emitters are buried below the soil surface
@ Eliminates surface evaporation and restricts weed growth

@ Protects pipes from UV rays and mechanical damage
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Comparison of Micro-Irrigation Systems |

Parameter Sprinkler Irrigation Drip Irrigation
Water Application | Sprayed through air like rain Applied as drops
root zone
Operating Pressure | High (2-4 kg/cm?) Low (1-1.5 kg/cm?)
Evaporation Losses | Moderate to High Very Low
Suitability Undulating terrain, sandy soil | Water scarce are:
spaced crops
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Criteria for Selection of Irrigation Method |

The selection of the appropriate irrigation method is a critical engineering
decision that balances technical, economic, and environmental factors.
Key considerations include the field topography, soil properties (such as
infiltration rate and moisture-holding capacity), water quantity and
quality, crop type (row crops vs. orchards), and available capital and
labor. Modern irrigation engineering often aims to adopt pressurized
systems like drip and sprinkler where water conservation is prioritized over
initial setup costs.

@ Topography and soil characteristics dictate the method
@ Water availability heavily influences system choice

@ Economic factors balance capital cost against water savings
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Recap & Introduction to Modern Methods |

In the previous lecture, we introduced the basic classification of irrigation
methods, primarily focusing on traditional surface irrigation techniques
such as free flooding, border strip, and basin flooding. Today, we will
delve deeper into more advanced and water-efficient methods:
sub-surface, sprinkler, buried, and drip irrigation. These modern methods
are crucial for addressing water scarcity, improving crop yield, and
optimizing the distribution of water and fertilizers. Understanding the
technical mechanisms, advantages, and limitations of each method is
essential for civil engineers when designing and managing irrigation
projects in diverse topographical and climatic conditions.
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Sub-surface Irrigation Details |

Sub-surface irrigation involves applying water beneath the soil surface,
directly to the root zone of the crops. This method can be natural or
artificial. Natural sub-surface irrigation occurs when water leaks from
channels and raises the water table, whereas artificial sub-surface
irrigation relies on a network of perforated pipes laid underground. This
technique significantly reduces evaporation losses and prevents soil surface
crusting. However, it requires a specific soil profile with a permeable upper
layer and an impermeable lower layer to prevent deep percolation, making
it highly site-specific and generally expensive to install and maintain.
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Artificial Sub-surface Irrigation System |

This diagram illustrates the cross-section of an artificial sub-surface

irrigation setup. It shows the main supply pipe, lateral perforated pipes
laid below the ground surface, and the capillary movement of water

upwards into the crop root zone.

Crop Root Zone (Capillary Action)

& § ¥

Deep Percolation Prevented
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Sprinkler Irrigation: Components and Working |

Sprinkler irrigation, also known as overhead irrigation, simulates natural
rainfall. Water is distributed through a system of pipes under pressure and
sprayed into the air through sprinklers. The main components include a
pumping unit, mainlines, sub-mains, laterals, and sprinkler heads. This
method is highly adaptable to undulating topography and sandy soils
where surface irrigation is inefficient due to high infiltration rates. It
allows for the controlled application of water and can also be used for
applying fertilizers (fertigation) and protecting crops from frost. However,
high winds can distort the spray pattern, reducing uniformity.
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Sprinkler vs Surface Irrigation |

Parameter Sprinkler Irrigation Surfac

Water Application Efficiency | High (70%-80%) Low to

Topography Requirement Suitable for undulating terrain Require

Evaporation Losses Higher (especially in hot/windy | Lower

conditions)

Initial Capital Cost High Low to

Suitability Good for sandy soils Good f
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Buried Irrigation Systems: Concepts and Uses |

Buried irrigation systems represent a specialized form of sub-surface
irrigation where porous or perforated pipes are permanently buried deep
within the root zone. Unlike standard drip tapes which might be
retrieved, buried systems are intended for long-term use in perennial
crops, orchards, and turf. This method completely eliminates surface
evaporation and runoff, delivering maximum water use efficiency. It also
prevents mechanical damage to pipes from farm machinery. The major
engineering challenges with buried systems include root intrusion blocking
the emitters, clogging from soil particles or chemical precipitates, and the
difficulty of inspecting and repairing underground leaks.
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Drip/Trickle Irrigation: Mechanism |

Drip irrigation, or trickle irrigation, is the most efficient method of water
application, achieving efficiencies of 90
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Components of Drip Irrigation System |

This flowchart illustrates the essential components of a drip irrigation
system, starting from the water source, passing through filtration and
fertigation units, and distributing through mainlines and laterals to the
emitters.

Water Source & Pump |—>| Filtration Unit |—>| Fertigation Unit |—>|M Line

Lateral Pipes
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Drip vs Sprinkler Irrigation |

Feature Drip lrrigation Sprinkler Irrigatior

Water Application | Drops at plant base Overhead  spray
rain)

Operating Pressure | Low (1 to 2 kg/cm?) High (2.5 to 4.5 kg,

Evaporation Loss Negligible Moderate to High

Weed Growth Minimal (only root zone wet) | Higher (entire area:

Clogging Risk High (requires fine filters) Low
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Efficiency comparison among all methods |

Irrigation Method | Conveyance Efficiency | Application Efficiency
Surface (Flooding) 50-70% 40-60%
Surface (Furrow) 60-80% 50-70%
Sprinkler 100% (Piped) 70-80%
Sub-surface 100% (Piped) 75-85%
Drip/Trickle 100% (Piped) 85-95%
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Selection of Suitable lIrrigation Method |

Selecting the optimal irrigation method is a complex engineering decision
that depends on multiple factors. Topography plays a key role; flat lands
are suited for surface methods, while undulating lands require sprinkler or
drip systems. Soil characteristics, particularly infiltration rate, determine
whether water can be applied quickly (flooding) or needs slow application
(drip). The type of crop also matters; closely spaced crops might use
sprinklers, while wide-spaced orchards benefit from drip. Furthermore, the
quantity and quality of available water, climate conditions (wind and
temperature), and economic factors (initial investment and labor costs)
must be thoroughly evaluated.
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Summary and Conclusion |

In conclusion, modern irrigation methods—sprinkler, drip, sub-surface,
and buried—offer significant advantages in terms of water conservation,
application efficiency, and crop yield compared to traditional surface
methods. While they demand higher initial capital investment and more
sophisticated technical maintenance, their long-term benefits in
water-scarce regions are undeniable. Civil and agricultural engineers must
carefully analyze the specific site conditions, soil properties, crop
requirements, and economic constraints to design and implement the
most appropriate and sustainable irrigation system for any given
agricultural project.
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Recap: Broad Classification of Irrigation Methods |

Irrigation methods are broadly classified into surface, sub-surface,
sprinkler, and drip irrigation systems. The selection of an appropriate
method depends on various factors including soil type, topography, water
availability, crop type, and economic considerations. Surface irrigation is
the oldest and most widely used, while localized methods like drip and
sprinkler offer higher water application efficiency, reducing losses due to
evaporation and deep percolation.
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Advanced Concepts in Surface Irrigation |

Surface irrigation involves the application of water by gravity flow over
the soil surface. Key sub-types include basin, border, and furrow
irrigation. While it requires lower initial investment, its application
efficiency is generally lower (50-60%) due to significant runoff and deep
percolation. Precise land leveling is essential for optimizing water
distribution. In modern practices, surge flow and cablegation are
introduced to improve the uniformity of water application.

@ Water is applied over the soil surface by gravity.
@ Requires extensive and precise land leveling.
@ Typical application efficiency ranges from 50% to 60%.

@ Includes basin, border strip, and furrow methods.
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Sub-surface Irrigation Mechanisms |

Sub-surface irrigation involves applying water beneath the soil surface,
directly to the root zone, raising the water table. This can be achieved
naturally, where water from canals seeps into adjacent fields, or artificially
through a network of perforated pipes laid underground. It significantly
minimizes evaporation losses and weed growth on the surface. However, it
requires highly permeable subsoil and relatively impermeable sub-strata to
prevent deep percolation losses.

@ Water is applied beneath the soil surface directly to the root zone.
@ Can be natural (seepage) or artificial (perforated pipes).

@ Reduces evaporation and weed growth significantly.

@ Requires specific soil stratification: permeable subsoil and
impermeable base.
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Sprinkler Irrigation System Components |

Sprinkler irrigation simulates natural rainfall by pumping water under
pressure through a network of pipes and spraying it into the air through
rotating sprinkler nozzles. It is highly suitable for undulating topography
and sandy soils where surface methods fail due to excessive percolation.
The system comprises a pumping unit, mainlines, sub-mains, laterals, and
sprinkler heads. It offers an application efficiency of around 70-80% but is
susceptible to wind drift.

@ Simulates rainfall by spraying water under high pressure.
@ Ideal for undulating terrain and highly permeable sandy soils.

@ Consists of pumps, mainlines, laterals, and sprinkler heads.

Application efficiency is high (70-80%) but affected by high winds.
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Layout of a Sprinkler Irrigation System |

A schematic block diagram illustrating the fundamental layout of a
sprinkler irrigation system, starting from the water source and pump,

leading through the main line and sub-main, to the lateral pipes with
sprinkler heads.

Water Source Main Line

Lateral 1 Sub-Main Line Lateral 2
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Drip (Trickle) Irrigation Technology |

Drip irrigation, or trickle irrigation, is a micro-irrigation method that
applies water directly to the root zone of plants at very low rates (2-20
liters/hour) through a network of valves, pipes, tubing, and emitters. It is
the most water-efficient method, often exceeding 90% efficiency, as it
minimizes evaporation and deep drainage. Fertilizers can also be applied
through the system (fertigation). However, emitter clogging by suspended
solids or salts is a major operational challenge.

@ Water applied at low rates (2-20 L/hr) directly to root zones.
@ Highest application efficiency (often > 90%).
@ Allows for simultaneous application of fertilizers (fertigation).

@ Prone to emitter clogging, requiring extensive water filtration.
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Drip Irrigation Emitter Network |

Diagram showing the arrangement of a drip irrigation system. It illustrates
the water flow from the control station (pump and filters) to the manifold
and finally through laterals to individual drip emitters at plant locations.
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Drip Irrigation Emitter Network ||
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Buried Irrigation (Sub-surface Drip Irrigation - SDI) |

Buried irrigation, commonly known as Sub-surface Drip Irrigation (SDI),
involves burying the drip laterals and emitters 10-60 cm below the soil
surface. This method combines the benefits of drip irrigation with
sub-surface placement, completely eliminating surface evaporation and
minimizing weed growth. It prevents damage to the system from farm
machinery and animals. SDI requires sophisticated management to
prevent root intrusion into emitters and vacuum-induced soil ingestion.

@ Laterals and emitters buried 10-60 cm below ground.
@ Zero surface evaporation and drastically reduced weed growth.

@ Protects irrigation equipment from mechanical and animal damage.

Challenges include root intrusion and emitter clogging by soil.
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Comparison of Irrigation Methods |

Method Efficiency (%) | Initial Cost | Best Suited |
Surface (Furrow/Border) 50 - 65 Low Flat lands, he:
Sprinkler 70 - 85 High Undulating tet
Drip (Surface) 85 - 95 Very High | Orchards, row
Buried (SDI) 90 - 98 Highest Long-term cro
Sub-surface (Natural) Variable Moderate | High water ta
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Factors Governing Selection of Irrigation Methods |

Selecting the most appropriate irrigation method is a critical engineering
decision. It depends on topography (slope and land uniformity), soil
characteristics (infiltration rate and water holding capacity), water
availability and quality, crop type (row crops vs. broadcasted crops), and
climatic conditions (wind velocity and temperature). Furthermore,
economic factors such as initial capital investment, operational energy
costs, and maintenance requirements play a pivotal role in the final
selection.

@ Topography: Flat lands suit surface; undulating terrains suit
sprinkler/drip.

@ Soil type: High infiltration rates require sprinkler or drip methods.

@ Crop characteristics: Orchards favor drip; grains favor
border /sprinkler.

@ Economic constraints: Capital costs vs. long-term operational
savings.
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Introduction to Micro-Irrigation Systems |

Micro-irrigation systems, specifically drip and sprinkler irrigation,
represent advanced methods of applying water directly to the crop root
zone or mimicking natural rainfall. These systems are designed to
maximize water application efficiency, reduce evaporation, and minimize
runoff. Understanding the precise layout, intricate component parts,
inherent advantages, necessary precautions, and routine maintenance is
essential for civil and agricultural engineers to ensure optimal agricultural
yield and water conservation in arid and semi-arid regions.
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Layout of a Drip Irrigation System |

A standard drip irrigation layout consists of a water source, a pumping
station, a control head (valves and filters), main lines, sub-mains, and
lateral lines equipped with emitters. The layout must account for field
topography, crop spacing, and water pressure requirements.

Pump Unit}—){ Control Head / Filters‘

Main Line

Sub-main 1 Sub-main 2

Laterals Emitters Laterals Emitters
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Component Parts of Drip Irrigation |

The system comprises several critical components. The 'Pump Unit’
provides necessary pressure (usually 1.5 to 2.5 kg/cm?). The 'Control
Head' includes fertilizer applicators and filters (sand/media and screen
filters) to prevent clogging. 'Mainlines’ and 'Sub-mains’ are PVC or
HDPE pipes that convey water to the field. 'Laterals’ are smaller diameter
pipes (typically 12-16mm) laid along the crop rows. 'Emitters’ or drippers
discharge water at precise rates (e.g., 2 to 8 liters per hour) directly to
the soil.
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Filtration Unit Details |

The filtration unit is the heart of a micro-irrigation system, vital for
preventing the clogging of microscopic emitter pathways. A hydrocyclone
filter is used for removing heavy sand particles. Media filters (sand filters)
remove organic matter like algae, which is crucial when water is drawn
from open reservoirs. Screen or disc filters act as secondary filters to
remove fine inorganic suspended solids. Proper selection depends on the
physical and chemical water quality.
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Advantages of Modern lrrigation Systems |

Modern methods like drip irrigation offer profound advantages over
traditional surface irrigation. Water application efficiency can reach
90-95% by eliminating conveyance and evaporation losses. It ensures
optimal soil moisture within the root zone, enhancing crop yield and
quality. Weed growth is significantly suppressed since water is only applied
near the plant. Additionally, fertigation (application of fertilizers with
irrigation water) can be integrated, reducing fertilizer waste and labor
costs.
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Comparison of Irrigation Methods |

Parameter Surface | Sprinkler Drip
Efficiency 40-50% | 70-80% 90-95%
Labor Req. High Medium Low
Evaporation High Moderate | Very Low
Pressure Nil High Low
Initial Cost Low Medium High
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Precautions During Installation |

Several precautions must be observed during the layout and installation
phase. Main lines should be trenched deeply enough to avoid damage
from heavy agricultural machinery. Air release valves must be installed at
the highest points of the topography to prevent air lock and pipe
bursting. Flush valves should be installed at the ends of sub-mains and
laterals to allow for periodic flushing of accumulated debris. Pipe sizing
must be hydraulically calculated to ensure uniform pressure distribution
across all emitters.
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Precautions in System Operation |

During operation, it is crucial not to exceed the designed working
pressure, as this can blow off emitters or rupture lateral lines. When
injecting fertilizers or chemicals (chemigation), one must ensure they are
highly water-soluble and compatible to prevent precipitation that could
irreversibly clog the drippers. The irrigation schedule must be strictly
based on the evapotranspiration (ET) needs of the crop to avoid
over-irrigation, which creates anaerobic soil conditions and deep
percolation losses.
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Maintenance: Routine Flushing |

Regular maintenance is mandatory for the longevity of a drip system.
Routine flushing of the main, sub-main, and lateral lines is required to
remove accumulated silt and clay particles that pass through the filters.
This is done by opening the flush valves at the end of the lines while the
system is under pressure. The frequency of flushing depends on water
quality but is generally recommended every 15 to 30 days during the
irrigation season.
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Maintenance: Chemical Treatments |

Chemical maintenance prevents and treats emitter clogging. Acid
treatment (using hydrochloric or phosphoric acid) is performed to dissolve
mineral precipitates like calcium carbonate, especially in areas with hard
water. Chlorination is employed to eliminate biological growth, such as
algae and bacterial slime, which can rapidly block emitter orifices. Precise
calculation of chemical concentration is vital to avoid damaging the
PVC/HDPE components or harming the crop.
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Introduction to Micro-Irrigation Maintenance |

Following our discussion on the layout and fundamental components of
irrigation systems like sprinkler and drip irrigation, this session focuses on
the critical aspects of system maintenance and precautions. Proper
maintenance is essential to ensure the longevity of the system, prevent
clogging of emitters, and maintain uniform water distribution across the
field, which directly impacts crop yield and water use efficiency.
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Drip Irrigation Layout Component Flow |

This flow diagram illustrates the sequential arrangement of components in
a typical drip irrigation system from the water source to the emitters.
Understanding this sequence is vital for field engineers diagnosing pressure
drops or locating blockages within the system architecture.

Water Source / Pump | Filtration Unit Main Line Sub-main Line

Laterals
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Component Parts: Filtration System |

The filtration unit is the heart of a micro-irrigation system. It prevents the
clogging of fine emitters by removing suspended physical and biological
impurities from the water. Common types include gravel or sand media
filters for algae and organic matter, screen filters for sand and larger
particles, and disc filters for fine suspended solids. Regular flushing and
cleaning of these filters are mandatory precautions to maintain optimal
operating pressure.
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Advantages of Drip Irrigation |

Drip irrigation offers significant agronomic and economic advantages. It
maximizes water use efficiency (often exceeding 90%) by delivering water
directly to the root zone, significantly reducing evaporation and deep
percolation losses. It also minimizes weed growth between plant rows,
allows for fertigation (application of water-soluble fertilizers directly with
irrigation water), and improves both crop yield and quality due to
consistent and targeted moisture availability.
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Precautions During System Operation |

Operating a micro-irrigation system requires strict adherence to certain
precautions. Farmers and operators must ensure the operating pressure
does not exceed the design limits of the laterals and emitters to prevent
bursting or uneven discharge. Water quality must be periodically tested
for excessive dissolved salts (like calcium and magnesium) which can
cause chemical precipitation and severe clogging. Furthermore, main and
sub-main lines should ideally be laid underground to protect them from
mechanical damage and UV degradation.
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Comparison of Irrigation System Components |

Parameter Drip Irrigation Sprinkle:
Operating Pressure Low (1 to 2 kg/cm?) High (2 t
Water Delivery Unit Drippers / Emitters Nozzles
Filtration Requirement | Very High (prevents emitter clogging) | Moderate
Application Target Plant root zone specifically Entire fie
Evaporation Loss Minimum Moderate
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Maintenance: Physical Clogging Prevention |

Physical clogging is typically caused by sand, silt, or organic debris
entering the laterals. Maintenance strategies include the periodic flushing
of main lines, sub-mains, and laterals. Flush valves at the distal end of
the laterals should be opened regularly until clear water flows out. Screen
and disc filters must be manually cleaned or backwashed frequently, with
the frequency depending heavily on the suspended load of the primary
water source.
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Maintenance: Chemical and Biological Clogging |

Chemical clogging arises from the precipitation of calcium carbonate or
iron deposits, while biological clogging is caused by the proliferation of
algae and bacterial slime. Maintenance involves periodic acid treatment
(injecting hydrochloric or sulfuric acid to lower pH and dissolve chemical
precipitates) and chlorination (injecting sodium hypochlorite to eliminate
bacterial slimes and algae). These treatments should be conducted
carefully under expert guidance to avoid damaging the PVC components
and to prevent toxicity to crop roots.
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Troubleshooting Common Issues |

Common issues in drip layouts include unexpected pressure drops, uneven
water distribution, and lateral leakages. Pressure drops often indicate a
heavily clogged filter or a pump malfunction, requiring immediate
inspection of the pressure gauges installed before and after the filtration
unit. Uneven distribution may result from partially blocked emitters or
varying ground elevation without the use of pressure-compensating
drippers. Regular field patrols are absolutely necessary to spot and repair
chewed or punctured laterals caused by rodents or farm equipment.
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Summary of Best Practices |

To maximize the lifespan and efficiency of an irrigation system,
agricultural engineers recommend a scheduled and rigorous maintenance
program. This includes daily visual checks of the pump and filters, weekly
flushing of laterals, monthly acid or chlorine treatments if required by
water quality tests, and a complete off-season overhaul. Proper storage of
laterals away from direct sunlight during non-crop seasons is also a vital
precaution to prevent UV material degradation and cracking.
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Drip Irrigation System: Component Recap |

Drip irrigation involves applying water slowly and directly to the plant
root zone. The major component parts include the water source, pumping
station, fertilizer tank (fertigation unit), primary filters (sand/gravel),
secondary filters (screen/disc), main lines, sub-main lines, laterals, and
the actual emitters or drippers. Proper layout and integration of these
components are essential to maintain uniform pressure and discharge
throughout the agricultural field, ensuring efficient water use and
preventing clogging.
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Layout Flowchart of a Micro-Irrigation System |

This diagram illustrates the standard layout and flow path of water in a
typical drip or micro-irrigation system, starting from the source to the

crop root zone.

Water Source

Pump Station

Slide Creator

Filter Unit

Main Line

Emitters

Laterals
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Advantages of Micro-Irrigation (Continued) |

Continuing from previous discussions, advanced micro-irrigation methods
like drip and sprinkler offer significant advantages including up to 50-70%
water savings compared to traditional surface flooding. They minimize
evaporation, runoff, and deep percolation losses. Furthermore, they allow
for precise application of water-soluble fertilizers (fertigation), which
improves crop yield and quality while reducing fertilizer waste. Weed
growth is also drastically reduced as water is only applied near the root
zone.
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Precautions During Layout and Installation |

Several precautions must be observed during the layout and installation of
an irrigation system. The main line should be laid down a slope if
possible, or along the contour, to maintain optimal hydraulic pressure.
Sub-mains should follow the contour, and laterals should ideally be laid on
a flat grade or slight downward slope. Avoid sharp bends in the PVC
pipes to prevent pressure head losses, and ensure all joints are perfectly
sealed using appropriate solvents or clamps to prevent leakage.
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General Maintenance Guidelines |

Routine maintenance is critical for the longevity of irrigation systems,
particularly to prevent the most common issue: clogging of emitters.
Maintenance involves regular inspection of pump and power units,
checking pressure gauges for unexpected drops, flushing the entire pipeline
network, and cleaning the filter mechanisms. Operators should routinely
walk the field to identify dry spots or leaks in the laterals, which indicate
blockages or physical damage to the pipes.
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Cleaning and Maintenance of Filters |

The filtration unit is the heart of a drip system. Sand or media filters need
regular backwashing—reversing the flow of water to flush out trapped
organic matter and silt. Screen and disc filters must be manually removed
and cleaned with water and a soft brush to remove physical impurities. If
pressure gauges indicate a pressure difference of more than 0.3 kg/cm?
across the filter, it is a clear sign that cleaning is immediately required.
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Chemical Treatment for Maintenance |

Chemical treatments are periodically necessary to dissolve mineral
deposits and eliminate biological growth in the irrigation lines.

Treatment Chemical Agent ‘ Primary Purpose

Acid Treatment Hydrochloric / Phosphoric Acid ‘ Dissolves calcium car

Chlorination Sodium Hypochlorite \ Kills algae, bacteria,

Fertigation Flush | Plain Water ‘ Rinses residual fertiliz
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Flushing Main and Sub-main Lines |

Flushing is the process of allowing water to flow at high velocity through
the pipes to wash away accumulated silt and debris. The ends of the main
and sub-main lines are equipped with flush valves. These should be
opened periodically while the system is fully pressurized. The water is
allowed to run out until it appears clear. Flushing should typically be
performed at least once a week, or more frequently depending on the
quality of the water source.
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Precautions for Emitter Maintenance |

Emitters or drippers are highly susceptible to clogging due to their small
orifice size. Precautions include avoiding the use of un-filtered water and
ensuring that completely water-soluble fertilizers are used during
fertigation to prevent precipitation. If emitters do get clogged, mechanical
cleaning with a fine pin can be attempted, or the laterals should undergo
acid treatment. Damaged emitters must be replaced promptly to maintain
emission uniformity.
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Maintenance of Sprinkler Systems |

While less prone to clogging than drip emitters, sprinkler nozzles still
require maintenance. The rotating mechanisms and springs of impact
sprinklers must be checked for wear and lubricated if necessary. Sand
particles can jam the pivot mechanisms, causing the sprinkler to stop
rotating and over-irrigate a single spot. Rubber seals and gaskets at the
joints of portable aluminum or PVC sprinkler pipes should also be
inspected for wear and replaced to prevent leaks.
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Troubleshooting Common System Issues |

A quick reference guide for troubleshooting common issues encountered
during the operation of modern irrigation systems.

Symptom

Possible Cause \ Corrective Act

Low Pressure at ends

Clogged filter / Leak in main ‘ Clean filter, rep

No water at emitter

Clogged emitter / Kinked lateral \ Acid wash syste

Sprinkler not rotating

Sand in pivot / Broken spring \ Disassemble an
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Summary of Maintenance Practices |

In conclusion, the successful operation of advanced irrigation methods
relies heavily on a stringent maintenance schedule. Proper layout adhering
to hydraulic principles minimizes operational stress, while routine physical
flushing, chemical treatments, and filter cleaning prevent catastrophic
system failures. By diligently following these precautions and maintenance
protocols, the lifespan of the irrigation infrastructure can be maximized,
ensuring sustained agricultural productivity and optimal water
conservation.
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Introduction to Dams |

A dam is a solid barrier constructed across a river or a natural stream to
create a reservoir on its upstream side for impounding water. Dams are
monumental civil engineering structures that have played a vital role in
the development of human civilization by managing water resources. The
water stored in the reservoir is utilized for various purposes such as
irrigation, hydropower generation, municipal water supply, and flood
control.

@ Barrier constructed across a stream to impound water.
@ Creates a reservoir on the upstream side.

@ Essential for managing multi-purpose water resources.

Involves complex multi-disciplinary planning and engineering.
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Purpose and Functions of Dams |

The primary function of a dam is to store water, compensating for
fluctuations in river flow or fulfilling demand for water and energy. Dams
serve multiple purposes, often simultaneously in multi-purpose projects.
Key functions include providing water for agricultural irrigation during dry
seasons, generating hydroelectric power by utilizing the potential energy
of stored water, and controlling floods by attenuating peak flows.

Irrigation: Supplying water for agriculture during dry periods.
@ Hydropower: Harnessing potential energy of stored water.
@ Flood Control: Attenuating peak river flows during heavy rainfall.

@ Water Supply: Municipal and industrial water provisioning.

Navigation and Recreation: Improving river transport and creating
leisure areas.
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Selection of Dam Site: Topography and Geology |

Selecting a suitable site for a dam is a critical decision that dictates the
project’s feasibility, cost, and safety. Topographically, the ideal site is a

narrow gorge where the river passes through high banks, opening into a
wide valley upstream to maximize storage capacity while minimizing the
dam length. Geologically, the foundation must be strong, impermeable,

and stable.

@ Topography dictates the length and height of the dam structure.

@ Narrow gorge opening to a wide valley maximizes storage volume.

@ Foundation geology determines the type of dam feasible (e.g., rock
vs. soil).

@ Geological faults or highly permeable strata must be avoided or
treated.
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Selection of Dam Site: Hydrology and Materials |

Hydrological investigations are essential to ascertain that the catchment
area yields sufficient runoff to fill the reservoir dependably. The site must
also offer a natural, safe location for a spillway to discharge floodwaters
without endangering the dam. Additionally, the proximity and availability
of construction materials are crucial for economic viability.

Adequate hydrological yield from the catchment area is mandatory.

Availability of a safe natural spillway location reduces costs.
@ Proximity of construction materials (soil, rock, aggregate) is vital.

@ Environmental and social impacts, including submergence of land,
must be evaluated.
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Classification of Dams (Flowchart) |

This flowchart illustrates the broad classification of dams based on the
materials used for their construction, dividing them into rigid
(concrete/masonry) and non-rigid (embankment) dams.

Rigid Dams

Non-Rigid Dams

Gravity
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Types of Dams: Gravity Dams |

A gravity dam is a massive structure designed to resist the forces exerted
by the impounded water entirely by its own weight. Typically constructed
of solid concrete or stone masonry, its cross-section is roughly triangular
with a broad base. Gravity dams require a very solid rock foundation to
bear their immense weight and are highly durable, requiring minimal
maintenance.

@ Resists hydrostatic pressure by its own massive weight.
@ Cross-section is generally triangular with a wide base.

@ Requires excellent, high-bearing-capacity rock foundation.

Can easily accommodate overflow spillways within the dam body.

Low maintenance and long lifespan.
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Types of Dams: Emba ent Dams |

Embankment dams are non-rigid structures constructed primarily from
compacted natural materials like soil, sand, clay, and rock. They are the
most common type of dam because they can be built on a variety of
foundations, including those too weak to support a concrete dam. Earthfill
dams rely on a relatively impermeable clay core to prevent seepage.

@ Constructed from locally available natural soils and rock.
@ Can be built on weaker, yielding foundations.

@ Earth dams use a central clay core for impermeability.

@ Rockfill dams use rock structural zones with an impervious facing.

Require a completely separate spillway to prevent overtopping.
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Types of Dams: Arch and Buttress Dams |

An arch dam is a solid concrete dam curved upstream in plan. It
transmits the major part of the water pressure to the abutments (valley
sides) by arch action, requiring less concrete than a gravity dam. A
buttress dam consists of a continuous upstream face supported at
intervals by triangular masonry or concrete walls called buttresses.

@ Arch dams transfer loads to valley walls via arch action.

@ Require very narrow, steep-sided V-shaped valleys with strong rock
abutments.

@ Buttress dams utilize a thin upstream deck supported by downstream
buttresses.

@ Both designs significantly reduce the volume of concrete required
compared to gravity dams.
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Comparison of Dam Types |

A comparison of Gravity, Earthfill, and Arch dams based on foundation
requirements, material usage, and typical valley shape.

Feature Gravity Dam Earthfill Dam Arch Dam
Foundation Strong rock required Any foundation Extremely s
Valley Shape | U-shaped or V-shaped | Any shape Narrow V-sl
Material Vol. | High (Concrete) Very High (Soil) Low (Concr
Spillway Over the dam body Separate structure | Over the da
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Factors Affecting Selection: Topography & Geology |

The topography dictates the initial feasibility; a narrow U-shaped valley
favors a gravity dam, while a narrow V-shaped gorge is ideal for an arch
dam. Wide valleys usually necessitate long embankment dams due to the
prohibitive cost of concrete for such lengths. Geologically, the bearing
capacity of the underlying strata is paramount.

@ Topography: Narrow valleys favor rigid dams; wide plains favor
embankments.
@ Geology: Solid rock is required for concrete gravity and arch dams.

@ Yielding foundations (gravel, soil) dictate the use of embankment
dams.

@ Fault zones necessitate special design considerations or site
relocation.
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Factors Affecting Selection: Materials & Spillway |

Economic viability is heavily dependent on the local availability of
construction materials. Abundant local soils and rock favor an
embankment dam, whereas proximity to cement and aggregate sources
makes concrete dams more attractive. Furthermore, the size and location
of the spillway play a crucial role.

@ Local Material Availability: Dictates the most economic dam type.

Spillway Size: Large flood discharges favor gravity dams with
overflow spillways.

Spillway Location: Lack of a separate spillway site precludes earth
dams.

@ Earth dams can fail catastrophically if overtopped by floodwaters.
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Factors Affecting Selection: Earthquakes &

Economics |

In seismically active zones, the dam’s design must account for earthquake
forces. Earth and rockfill dams are generally more flexible and perform
better under seismic loading compared to rigid concrete structures,
provided they are properly designed against liquefaction. The overall
project economics, including construction, maintenance, and lifespan,
ultimately dictate the final choice.

@ Seismic Activity: Embankment dams offer better flexibility against
tremors.

@ Lifespan: Concrete dams typically have longer operational lifespans.

@ Maintenance: Embankment dams require ongoing monitoring for
seepage.

@ Economics: The most cost-effective safe solution is ultimately
selected.
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Introduction to Dam Planning |

A dam is a solid barrier constructed across a river or a natural stream to
create a reservoir and store water. Dam planning involves comprehensive
investigations including hydrological, geological, and topographical
surveys to ensure the structure's feasibility, safety, and economic viability.
The primary objective is to regulate the flow of water for various purposes
such as irrigation, hydroelectric power generation, water supply, and flood
control. Effective planning must also consider environmental impacts,
resettlement of displaced populations, and long-term sustainability of the
reservoir capacity against sedimentation.

Slide Creator DI04006061: WRM



Selection of Dam Site: Topography and Geology |

The selection of a suitable dam site is a critical step in project planning.
Topographically, the river valley should preferably be narrow at the dam
site to minimize the length and cost of the structure, while widening
upstream to provide a large reservoir capacity. Geologically, the
foundation must be strong enough to withstand the immense load of the
dam and the stored water without significant settlement or failure.
Competent rock formations are ideal, particularly for concrete gravity
dams. Extensive geotechnical investigations, including core drilling and
permeability tests, are mandatory to assess foundation integrity.
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Selection of Dam Site: Hydrological and Other

Factors |

Hydrological conditions play a vital role; the catchment area should yield
adequate runoff to fill the reservoir reliably. The site must accommodate
a safe and economical spillway to discharge floodwaters without
endangering the dam. Additionally, the availability of suitable
construction materials (like earth, rock, or concrete aggregates) in close
proximity significantly reduces transportation costs. The site should be
accessible for heavy machinery and labor. Environmental and
socio-economic considerations, such as minimizing the submergence of
fertile agricultural land and densely populated areas, are also paramount.
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Flowchart: Site Selection Process |

This flowchart illustrates the sequential steps involved in selecting a dam
site, starting from preliminary investigations to the final selection based
on comprehensive geological, hydrological, and economic analyses.
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Flowchart: Site Selection Process |l

[ Preliminary Reconnaissance ]
[ Topographical Surveys ]
[ Geological Investigations ]
[ Hydrological Studies J
[ Economic & Environmental Evaluation ]

[ Final Site Selection }
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Types of Dams: Based on Function and Hydraulic

Design |

Dams are broadly classified based on their function and hydraulic design.
Functionally, storage dams impound water during periods of surplus for
use during dry spells. Diversion dams or barrages raise the water level to
divert flow into a canal. Detention dams temporarily store floodwaters to
reduce peak downstream flow. Hydraulically, overflow dams (spillways)
are designed to allow water to flow over their crest, typically constructed
of concrete or masonry. Non-overflow dams are designed such that water
is not intended to overtop them, common in earth and rockfill dams.
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Types of Dams: Based on Materials of Construction |

Based on construction materials, dams are categorized into rigid and
non-rigid types. Rigid dams are constructed using strong materials like
masonry, concrete, or steel. Examples include concrete gravity dams, arch
dams, and buttress dams. Non-rigid dams utilize locally available earth
and rock materials, relying on their sheer mass for stability. These include
earthfill dams and rockfill dams. The choice between rigid and non-rigid
dams primarily depends on the foundation conditions and the availability
of construction materials near the site.
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Comparison of Major Dam Types |

tion

Feature Concrete Gravity Dam Earthfill Dam
Material Concrete or Masonry Compacted earth
Foundation Requires strong rock founda- | Can be built on va

tions including soil

Cross-section

Relatively narrow, roughly tri-
angular

Very broad base, t

Spillway

Can be easily accommodated
within the dam body

Usually requires
spillway structure

Maintenance

Low maintenance cost

Requires regular 1
to prevent erosion
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Selection of Type of Dam: Foundation Conditions |

Foundation conditions dictate the choice of dam. A concrete gravity dam
requires a sound rock foundation capable of bearing high stresses. If the
foundation rock is exceptionally strong and the valley is narrow, an arch
dam might be the most economical choice. For foundations consisting of
compressible soils, gravel, or weaker rocks, an earthfill or rockfill dam is
generally suitable because they distribute the load over a much wider area
and can tolerate slight settlements without structural failure.
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Factors Affecting Selection: Topography and Spillway

Size |

Topography influences dam selection; a narrow V-shaped valley with
sound rock is ideal for an arch dam, while a U-shaped valley favors a
gravity dam. Broad valleys generally necessitate earthfill dams. The size
of the required spillway is also crucial. If a large spillway capacity is
needed to handle massive floods, a concrete gravity dam is advantageous
as the spillway can be integrated into the dam structure. Earth dams
cannot easily accommodate over-the-dam spillways and require a separate,
safe location for the spillway, often in a side saddle.
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Factors Affecting Selection: Materials, Cost, and

Earthquakes |

The availability of construction materials heavily influences the decision.
Abundant local soils favor earth dams, while nearby quarries for
aggregates and cement supply favor concrete dams. The overall cost,
considering material transport, construction time, and required skilled
labor, determines the economic viability. Furthermore, in seismically
active regions, the dam design must incorporate earthquake forces. Earth
and rockfill dams often perform better under seismic loading due to their
inherent flexibility and ability to absorb energy compared to rigid concrete
structures.
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Introduction to Dam Selection Factors (Continued) |

Continuing our discussion on dam planning, the selection of a specific
type of dam for a given site requires a comprehensive evaluation of
multiple interrelated engineering, economic, and environmental factors.
While preliminary site selection identifies a feasible location, the choice
between gravity, earth-fill, rock-fill, arch, or buttress dams depends heavily
on site-specific constraints such as topography, foundation conditions, and
material availability. A rigorous comparative analysis ensures the selected
dam is safe, economical, and fulfills its designated purpose over its design
life.
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Topographical Considerations |

Topography dictates the primary physical constraints of the dam site. A
narrow U-shaped valley with steep rock walls is generally ideal for a
concrete arch dam. In contrast, a wide V-shaped or flat valley is more
suitable for an earth-fill or rock-fill dam, as a concrete gravity dam of such
extensive length would often be cost-prohibitive. Topography also
influences the surface area to volume ratio of the reservoir, affecting
evaporation rates, and dictates the natural saddles available for spillway
construction.
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Foundation Profile and Stresses |

The diagram illustrates the stress distribution and foundation profile for a
typical concrete gravity dam. Foundation strength is paramount; solid
rock can support concrete gravity or arch dams, while gravel or sandy
foundations may only support earth-fill dams due to lower bearing
capacity.
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Foundation Profile and Stresses ||

Hydrostatic Pressure

Weight

Uplift
Rock Foundation
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Availability of Construction Materials |

The economic viability of a dam project heavily relies on the local
availability of construction materials. Transporting massive quantities of
materials over long distances significantly inflates costs. If suitable soil
(like impervious clay for the core and pervious sands/gravels for the shell)
is available nearby, an earth-fill dam is usually the most economical
choice. Conversely, if high-quality coarse and fine aggregates are
abundant locally along with a nearby cement source, a concrete gravity
dam may become highly competitive.
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Spillway Size and Location Constraints |

A spillway safely discharges floodwaters to prevent overtopping. The
required capacity of the spillway and the topographical options for its
placement strongly influence dam selection. Concrete dams can easily
incorporate an overflow spillway within the dam body. However, earth-fill
and rock-fill dams generally cannot be overtopped safely. If a separate
side-channel or saddle spillway cannot be economically excavated due to
topography, a concrete gravity dam might be chosen specifically to
accommodate the spillway requirements.
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Suitability of Dams Based on Foundation Types |

Foundation Type

Bearing Capacity

Suitable Dam Types

Solid Rock Very High Arch, Gravity, Buttress, Earth,
Gravel /Coarse Sand | Moderate Earth-fill, Rock-fill, Low Gravit;
Silt/Fine Sand Low Earth-fill (with seepage control
Clay/Soft Soil Very Low Earth-fill (low height, wide base
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Earthquake and Seismic Factors |

In seismically active regions, the dynamic stability of the dam during an
earthquake is a critical design criterion. Earth-fill and rock-fill dams
generally perform well under seismic loading due to their inherent
flexibility and ability to absorb energy through minor deformations.
Concrete gravity dams can also be designed for earthquake zones but
require significantly increased base widths and structural reinforcement to
resist seismic overturning moments and base shear forces, thereby
increasing construction costs.

Slide Creator DI04006061: WRM 298 /514



Environmental and Social Impacts |

The selection process must incorporate environmental and social impact
assessments. The type and size of the dam determine the extent of the
reservoir inundation, affecting local ecosystems, wildlife habitats, and
human settlements. Earth dams often require vast borrow areas, leading
to additional land degradation. The aesthetic integration of the dam into
the natural landscape might also favor certain types, like arch dams, in
scenic valleys. Ensuring minimal adverse impact is a statutory
requirement in modern dam planning.
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Classification by Hydraulic Design |

Dams are also classified based on their hydraulic design, primarily into
overflow and non-overflow dams. Overflow dams, often concrete gravity
types, are designed to allow surplus water to safely spill over their crest.
Non-overflow dams, such as typical earth or rock-fill dams, are not
designed to be overtopped; doing so can lead to catastrophic failure.
Often, a single dam project will combine both types, using a concrete
overflow section in the main river channel flanked by earth-fill
non-overflow sections.
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Economic Considerations and Life Cycle Costs |

While initial capital cost is a primary factor, the selection process must
evaluate the total life cycle cost of the dam. This includes regular
maintenance, operational costs, and potential rehabilitation. Concrete
dams generally have higher initial construction costs but lower ongoing
maintenance requirements compared to earth-fill dams, which may need
continuous monitoring for seepage, piping, and slope stability. The
economic analysis must use appropriate discount rates to compare these
long-term financial commitments.
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Comparative Summary of Major Dam Types |

Dam Type Primary Advantages Primary Disadvantage

Gravity (Concrete) | Low maintenance, can in- | High initial cost, requ
corporate spillway strong rock foundation

Earth-fill Utilizes local materials, | Vulnerable to overtopp
adaptable to weak founda- | requires separate spillwz
tions

Arch Highly economical in nar- | Requires extremely str
row valleys, uses less mate- | rock abutments
rial

Rock-fill Good seismic stability, fast | Requires large quantity
construction rock, separate spillway
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Conclusion of Dam Selection |

In conclusion, selecting the right type of dam is not a straightforward
decision but a complex optimization problem. It requires a
multidisciplinary approach involving hydrologists, geologists, structural
engineers, and environmental scientists. By systematically analyzing the
topography, foundation, material availability, and environmental
constraints, engineers can select a dam type that provides the safest, most
economical, and most sustainable solution for managing water resources.
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Introduction to Dam Planning |

Planning a dam is a multi-disciplinary effort that requires assessing
topographical, geological, hydrological, and socio-economic factors. In
previous lectures, we introduced the fundamental concepts of dam
planning and site selection. This lecture continues with an in-depth
analysis of how specific site conditions dictate the selection of a particular
type of dam. The ultimate goal is to choose a dam type that is
technically feasible, economically viable, and structurally safe for the given
site conditions.

@ Multi-disciplinary planning approach
@ Assessing topographical and geological factors

@ Ensuring technical feasibility and economic viability
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Recap of Site Selection Criteria |

Selecting an ideal dam site involves evaluating the narrowness of the
gorge for minimum dam length, the capacity of the reservoir upstream,
and the geological soundness of the foundation rock. Furthermore, the
site should allow for a suitable location to construct a spillway and have
construction materials available nearby. The presence of these factors
minimizes the overall cost and maximizes the structural integrity and
efficiency of the storage reservoir.

@ Narrow gorge for minimum dam length
@ High reservoir capacity

@ Geological soundness of foundation
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Topographical Influences on Dam Selection |

Topography predominantly dictates the first choice of the dam type. A
narrow U-shaped valley with steep rock walls is ideally suited for a
concrete arch dam. Conversely, a wide V-shaped valley with a substantial
foundation may favor a rockfill or an earth dam. A narrow V-shaped
gorge is generally suitable for a concrete gravity dam. Understanding the
topographical configuration is the first step in narrowing down the feasible
dam classifications for a specific site.

@ Narrow U-shaped valley: Arch dam
@ Wide V-shaped valley: Earth/Rockfill dam

@ Narrow V-shaped gorge: Gravity dam
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Geological Foundation Classification |

The geological makeup of the foundation determines the load-bearing
capacity and permeability, directly influencing which dam type can be

safely constructed.

Foundation Type

Suitable Dam Types

Rock Foundation

Gravity, Arch, Earth, and Rockfill dams. High bearing
capacity allows all types.

Foundation

Earth and Rockfill dams. Requires extensive seepage
control measures like cut-offs.

and Fine Sand

Earth dams or very low gravity dams. Highly susceptible
to settlement and piping.

Foundation

Earth dams with flattened slopes. Unsuitable for gravity
dams due to low bearing capacity.
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Material Availability and Economic Feasibility |

The economic feasibility of a dam heavily relies on the availability of
construction materials in close proximity to the site. If suitable soils for a
core and casing are available nearby, an earthen dam is the most
economical choice. If solid rock is abundant from excavations, a rockfill
dam is preferred. When sand, gravel, and crushed stone for concrete are
easily accessible, a concrete gravity dam becomes a viable option.
Transporting materials over long distances significantly increases project
costs.

@ Proximity of materials lowers cost
@ Local soils favor earthen dams

@ Local aggregates favor concrete gravity dams
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Classification of Dams |

Dams are primarily classified based on their intended use (e.g., storage,
diversion) and the materials used for their construction (e.g., rigid
concrete vs. non-rigid earth).
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Classification of Dams Il

Dams Classification

Based on Use Based on Material

Stofage [Rigid (Concr =te/Masonry)]

Diversion [Non—Rigid (Earth/RockfiII)]
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Spillway Considerations |

Every dam requires a spillway to safely discharge excess floodwater. The
size, type, and natural location of the spillway heavily influence dam
selection. Concrete gravity dams have an advantage as the spillway can
be easily integrated into the main dam structure (overflow section).
However, earth and rockfill dams require a separate spillway located in a
saddle or adjacent rock flank, because overtopping an earth dam leads to
catastrophic failure. If a separate spillway site is unavailable, a gravity
dam must be chosen.

@ Spillways discharge excess floodwater
@ Gravity dams allow integrated overflow sections

@ Earth dams require separate spillway structures to prevent
overtopping
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Earthquake Forces and Seismic Zones |

In seismically active regions, the dam design must account for earthquake
forces, which induce additional dynamic loads on the structure and the
foundation. Earth and rockfill dams generally perform better under
seismic loading due to their flexibility and ability to absorb energy through
slight deformations. Concrete gravity dams are rigid and more susceptible
to cracking during earthquakes. Therefore, in high seismic zones, earthen
or rockfill dams with adequately designed slopes are often the preferred
choice.

@ Earthquakes induce dynamic loads on dam structures
@ Earth/rockfill dams absorb energy flexibly

@ Rigid concrete dams are more susceptible to seismic cracking
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Environmental and Social Factors |

Modern dam planning must rigorously evaluate environmental impact and
social displacement. The construction of a dam alters river ecology, floods
upstream habitats, and often requires resettling communities. The
selection of the dam type and its height directly affects the submergence
area. Planners must conduct Environmental Impact Assessments (EIA) to
mitigate adverse effects, ensure ecological flows, and provide adequate
compensation and rehabilitation for affected populations.

@ Alteration of river ecology and downstream flows
@ Submergence of upstream habitats and land

@ Need for comprehensive Environmental Impact Assessments (EIA)
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Comparison of Dam Types |

A high-level comparison between Gravity, Earth, and Arch dams based on
foundation requirements, spillway integration, and general characteristics.

Feature Gravity Dam | Earth Dam

Foundation Strong rock required ‘ Any foundation |
Spillway Can be easily integrated \ Must be entirely
Earthquake Resistance Poor to Moderate \ Good (highly fle
Maintenance Requirement | Very Low \ High (continuou:
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Introduction and Purpose of Reservoirs |

A reservoir is a natural or artificial lake created by constructing a dam
across a river to store water. The primary purpose of reservoir planning is
to ensure water availability during periods of low flow and to mitigate
floods during high flow. Reservoirs are essential for various purposes
including irrigation, municipal and industrial water supply, hydroelectric
power generation, flood control, navigation, and recreation. The planning
process involves assessing water demand, hydrological studies, and
socio-economic and environmental impacts to ensure sustainable
development and utilization of water resources.
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Classification of Reservoirs based on Purpose |

Reservoirs are broadly classified based on their intended functions.
Single-purpose reservoirs are designed to serve only one specific function,
such as an irrigation reservoir or a flood control reservoir. In modern civil
engineering, multi-purpose reservoirs are preferred as they integrate
several functions simultaneously, optimizing the investment. For instance,
a single multi-purpose reservoir might provide flood mitigation during
monsoons, store water for year-round irrigation, generate hydroelectric
power, and supply domestic water. The operation requires complex
scheduling to balance competing demands.
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Selection of Site for a Reservoir |

Selecting an appropriate site is critical for the success and safety of a
reservoir project. Topographically, the river valley should be narrow where
the dam is built, but open out upstream to provide a large basin for
maximum storage capacity. Geologically, the foundation must be strong,
stable, and relatively impermeable to prevent excessive seepage. The site
should have minimal valuable property or ecological sensitivity that would
be submerged. Additionally, the catchment area should ideally yield clean
water with minimal siltation rates.
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Cross-Sectional Diagram of Storage Zones |

This diagram illustrates the vertical distribution of various storage zones
within a reservoir, defined by specific water levels such as Minimum Pool
Level, Normal Pool Level, and Maximum Pool Level.

------------------------------- » Maximum Water Level (MWL)

Surcharge / Flood Storage

-------------------------------- oriBal Pool Level (NPL)
=3
©
2
Useful / Live Storage 2
&
@)
--------------------------- « Minimum Pool Level (MPL)

Dead Storage (Sedimentation)
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Comparison of Reservoir Storage Zones |

Storage Zone

Engineering Definition

Dead Storage

The volume of water held below the minimum pool I¢
drained by gravity through the lowest outlet and is f
to accommodate sediment accumulation over the |
life.

Live (Useful) Storage

The volume of water stored between the minimum
normal pool level. This is the active capacity used
demands like irrigation and power generation.

Flood Storage

The volume allocated between the normal pool lev
water level. It is used to temporarily store floodwate
the peak discharge downstream.

Surcharge Storage

Uncontrolled storage capacity above the spillway cr
only during the passage of a flood event while th
charging.
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Reservoir Sedimentation Process |

Reservoir sedimentation is the gradual accumulation of silt, sand, and
gravel within the reservoir basin. Rivers naturally carry suspended and bed
load sediments. When a flowing river enters a large, relatively still
reservoir, its velocity drops drastically. This reduction in kinetic energy
causes the sediment carrying capacity of the water to diminish, leading to
the deposition of particles. Coarse materials deposit first at the reservoir's
tail end, forming a delta, while finer particles settle closer to the dam.
This process progressively reduces the live and dead storage capacities.
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Control of Reservoir Sedimentation |

Managing sedimentation extends the effective life of a reservoir.
Pre-silting measures involve watershed management, such as afforestation,
contour terracing, and constructing check dams in the catchment area to
reduce soil erosion at the source. Post-silting measures implemented at
the reservoir site include the construction of under-sluices in the dam
body to flush out sediment deposits during floods, a technique known as
density current flushing. Additionally, periodic mechanical dredging or
hydraulic sluicing can be employed, though these methods are often
extremely costly.
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Reservoir Losses |

Water stored in a reservoir is subject to various continuous losses, which
must be accounted for during the yield calculation and planning phases.
The most significant loss is evaporation from the vast open water surface,
which varies with temperature, wind speed, and humidity. Evaporation
can be mitigated slightly by applying chemical films like cetyl alcohol,
though this is difficult on a large scale. Seepage losses occur as water
percolates through the reservoir bed and banks, depending on the
geological permeability. Finally, transpiration losses occur due to
vegetation growing along the periphery.
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Life of a Reservoir |

The 'life’ of a reservoir is not when it is completely filled with sediment,
but rather when it ceases to serve its intended economic purpose.
Engineers typically design reservoirs for a useful life of 50 to 100 years.
The "Trap Efficiency’ of a reservoir, which is the percentage of incoming
sediment retained within the basin, plays a major role in determining its
lifespan. Over time, as the capacity-inflow ratio decreases due to siltation,
the trap efficiency also declines. When the live storage is depleted to a
point where reliable water supply cannot be guaranteed, the reservoir has
reached the end of its functional life.
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Key Takeaways on Reservoir Planning |

Comprehensive reservoir planning is an iterative process requiring a
balance of hydrology, geology, and civil engineering principles. Proper site
selection dictates the project's structural safety and storage efficiency.
Defining accurate storage zones ensures the reservoir meets both its
regular supply targets and its emergency flood routing duties. Finally,
accurately estimating and actively mitigating reservoir losses and
sedimentation are imperative to guarantee that the infrastructure provides
a sustainable return on investment over its designed lifespan.
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Introduction to Reservoir Sedimentation |

Reservoir sedimentation is the process of accumulation of silt and other
sediment in the reservoir, carried by the inflowing streams and rivers.
When a river enters a reservoir, its velocity decreases, causing it to drop
its sediment load. Over time, this continuous deposition reduces the
storage capacity of the reservoir, impacting its primary functions such as
irrigation, hydropower generation, and water supply.

@ Natural geomorphological process.
@ Reduces effective storage capacity over time.

@ Heavily influenced by catchment characteristics and hydrology.
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Mechanics of Reservoir Sedimentation |

As sediment-laden water enters a reservoir, the coarser particles like gravel
and sand settle first in the upper reaches, forming a delta. The finer
particles, such as silt and clay, remain in suspension longer and travel
further down, eventually settling near the dam. This distribution pattern
is influenced by the size of the particles, inflow velocity, reservoir shape,
and operational procedures.

@ Coarse materials form a delta at the reservoir tail.
@ Fine materials travel as density currents to the dam.

@ Deposition pattern depends on flow velocity and particle size.
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This diagram illustrates the various storage zones of a reservoir, including
dead storage, live storage, flood control storage, and surcharge storage. It
shows how the total capacity is divided based on operational requirements

and sedimentation.

Maximum Pool Level

Normal Pool Level

Dead Storage Level
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Control of Reservoir Sedimentation |

Controlling reservoir sedimentation involves two main approaches:
preventive and curative. Preventive measures include catchment area
treatment like afforestation, soil conservation, and constructing check
dams to minimize erosion. Curative measures involve managing sediment
once it reaches the reservoir, such as density current venting, flushing
through undersluices, and mechanical dredging, although the latter is
often economically unviable for large reservoirs.

@ Preventive: Catchment treatment, afforestation, check dams.
@ Curative: Sluicing, density current venting, dredging.

@ Catchment treatment is often the most cost-effective long-term
solution.
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Reservoir Losses: Evaporation |

Evaporation is a significant cause of water loss in reservoirs, especially in

arid and semi-arid regions with high temperatures and large water surface
areas. It depends on factors like temperature, wind velocity, humidity, and
atmospheric pressure. To minimize evaporation, strategies include building
deeper reservoirs with smaller surface areas, applying chemical retardants

like cetyl alcohol, and planting windbreaks around the periphery.

@ Major loss in hot, dry climates with large surface areas.
@ Dependent on meteorological factors (temperature, wind, humidity).

@ Control methods: chemical retardants, windbreaks, deeper design.
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Reservoir Losses: Seepage |

Seepage losses occur when water escapes through the reservoir bed and
banks or percolates through the dam body and foundation. The rate of
seepage depends on the permeability of the underlying geological
formations and the hydrostatic pressure head. While minor seepage is
normal, excessive loss can be controlled by grouting the foundation,

providing an upstream impervious clay blanket, or constructing cutoff
walls.

@ Loss through bed, banks, and dam foundation.
@ Influenced by geological permeability and water head.

@ Control methods: grouting, clay blankets, cutoff trenches.
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Comparison of Evaporation Reduction Techniques |

Technique Advantages Disadv:

Chemical Films (Cetyl Alcohol) | Forms a monomolecular layer, | Can be
reduces evaporation by up to | needs fr
20-30%

Floating Covers Highly effective for small reser- | Expensi
voirs, nearly zero evaporation | mainten
where covered issues

Windbreaks (Trees) Reduces wind speed over wa- | Takes ti
ter, eco-friendly sume w

tion

Deepening Reservoir Reduces  surface  area-to- | High ir
volume ratio permanently heavily
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Life of a Reservoir |

The life of a reservoir is defined as the period during which it can serve its
intended purpose effectively. It is not the time taken to fill the entire
reservoir with sediment, but rather the time until the active (live) storage
capacity is depleted to a point where the reservoir can no longer meet its
operational design demands. This is primarily governed by the rate of
sediment inflow and the reservoir's trap efficiency.

@ Time span during which the reservoir functions effectively.
@ Ends when live storage is excessively depleted, not when fully silted.

@ Governed by sediment yield and trap efficiency.
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Factors Affecting Reservoir Life |

The economic life of a reservoir is influenced by several factors: the
sediment yield from the catchment, the trap efficiency of the reservoir,
the capacity-inflow ratio, the characteristics of the inflowing sediment,
and the consolidation rate of the deposited sediment. Reservoirs with
smaller capacity relative to the annual streamflow tend to fill up faster
unless they can pass sediment efficiently.

@ Catchment sediment yield and erosion rates.

@ Reservoir trap efficiency.

@ Capacity-inflow (C/I) ratio.

@ Sediment particle size and consolidation characteristics.
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Capacity-Inflow Ratio and Trap Efficiency |

The Capacity-Inflow (C/I) ratio is the ratio of the reservoir's storage
capacity to the total annual inflow. Trap efficiency is the percentage of
incoming sediment that is retained in the reservoir. A higher C/I ratio
typically implies a higher trap efficiency because water is held longer,
allowing more sediment to settle. As the reservoir fills with sediment over
time, both the C/I ratio and trap efficiency naturally decrease.

@ Capacity-Inflow (C/I) Ratio: Reservoir capacity / Annual inflow.
@ Trap Efficiency: (Sediment retained / Sediment inflow) x 100.

@ Higher C/I ratio generally leads to higher trap efficiency.
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Introduction to Reservoir Planning |

Reservoir planning is a critical aspect of irrigation engineering, involving
the comprehensive study of the catchment area, hydrological data, and
topographical features. The primary purpose of a reservoir is to store
water during periods of excess flow (such as monsoons) for use during
periods of scarcity. This stored water serves multiple purposes including
irrigation, municipal water supply, hydroelectric power generation, and
flood control. Effective planning ensures optimal utilization of water
resources while minimizing environmental impacts.
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Classification of Reservoirs |

Reservoirs are broadly classified based on their primary function. Storage
or Conservation Reservoirs are designed to retain water for future use.
Flood Control or Retarding Reservoirs are built specifically to temper
flood peaks by storing water temporarily. Multipurpose Reservoirs
combine both these functions along with others like power generation and
recreation. Distribution Reservoirs are smaller storage facilities within a
water supply system to manage fluctuating demands over short periods.
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Selection of Site for Reservoir |

The selection of a suitable site for a reservoir depends on several
geological, topographical, and hydrological factors. A narrow gorge
opening into a wide valley upstream provides maximum storage capacity
with minimal dam length. The geological foundation must be strong and
impervious to prevent excessive seepage and ensure structural stability.
Additionally, the site should ideally have a large catchment area with high
runoff potential, and the submerged area should not involve high-value
property or significant ecological displacement.
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Storage Zones of a Reservoir |

This diagram illustrates the vertical cross-section of a reservoir, showing
the various storage zones defined by different water levels. The zones
include Dead Storage (at the bottom), Live Storage (the main usable
volume), and Flood or Surcharge Storage (at the top, used during
extreme inflow events).

Slide Creator DI04006061: WRM 338/514



Storage Zones of a Reservoir |l

Maximum Pool Level (MWL)

Surcharge / Flood Storage

Live / Useful Storage
Dam

Dead Storage

River Bed
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Comparison of Storage Zones |
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Comparison of Storage Zones Il

Storage Zone Level Boundaries \ P

Dead Storage Below Minimum Pool Level (MPL) S
ti
te

Live Storage Between MPL and Normal Pool Level (NPL) T

Surcharge Storage | Between NPL and Maximum Water Level (MWL) | U

Valley Storage Natural river channel T
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Reservoir Sedimentation |

Reservoir sedimentation is the gradual accumulation of silt, sand, and
other solid particles carried by the inflowing river water into the reservoir.
As the river enters the still water of the reservoir, its velocity decreases
significantly, reducing its sediment-carrying capacity. This causes the
heavier particles to settle near the tail end of the reservoir, forming a
delta, while finer particles settle closer to the dam. Sedimentation reduces
the active storage capacity and is a critical factor limiting the useful life of
the reservoir.
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Control of Reservoir Sedimentation |

Controlling reservoir sedimentation is essential for extending the facility's
operational life. Preventive measures include Catchment Area Treatment
(CAT) such as afforestation, contour bunding, and check dams to reduce
soil erosion at the source. Operational measures include passing
sediment-laden floodwaters through low-level sluices before they settle,
often termed as managing density currents. Remedial measures, though
often expensive, include mechanical dredging or periodic flushing of
accumulated sediment from the dead storage zone.
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Reservoir Losses |

A reservoir does not retain 100% of the stored water; it is subject to
continuous losses. Evaporation loss is typically the most significant,
especially in arid regions with large reservoir surface areas. Seepage loss
occurs through the dam body, the foundation, and the abutments, and is
dependent on the geological permeability of the site. Absorption loss
involves the water absorbed by the initially dry soil and rock of the
reservoir bed, though this generally decreases over time as the ground
becomes saturated.
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Estimation and Mitigation of Evaporation |

Evaporation losses are estimated using empirical formulas, evaporation
pans (such as the Class A pan), or water budget methods. The rate of
evaporation depends on temperature, wind speed, atmospheric pressure,
and the surface area of the reservoir. To mitigate evaporation, engineers
sometimes utilize chemical retardants (like cetyl alcohol) to form a
monomolecular film on the water surface, although the effectiveness of
this method is often limited by wind action and practical application
challenges on large water bodies.
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Life of a Reservoir |

The life of a reservoir is fundamentally dictated by the rate of
sedimentation. It is typically divided into the 'useful life’ and the
'economic life". The useful life is the period during which the reservoir can
serve its designed purpose adequately, before sediment encroaches
significantly into the live storage zone. The economic life refers to the
period until the cost of operating, maintaining, and dredging the reservoir
exceeds the economic benefits derived from its water storage. Engineers
typically design reservoirs for a useful life of 50 to 100 years.
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Introduction to Irrigation Canals |

An irrigation canal is an artificial channel constructed on the ground to
carry water from a source, such as a river or reservoir, to the agricultural
fields for irrigation. Canals are the primary arteries of any large-scale
surface irrigation project. They are designed to convey water efficiently
with minimal losses while maintaining a non-silting and non-scouring
velocity. A well-planned canal network ensures equitable distribution of
water throughout the command area, sustaining crop growth during dry
periods.
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Canal Distribution System |

The canal distribution network is structured hierarchically to efficiently
transport water from the main source down to individual farm fields.
Water flows from the river to the main canal, which typically carries large
discharges but does not do direct irrigation. It branches into branch
canals, then into major and minor distributaries, and finally into
watercourses or field channels maintained by the farmers.
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Canal Distribution System Il
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Characteristics of Different Canal Types |

Type of Canal

Primary Function

Discharge Capa

Main Canal

Carries water directly from the
headworks; not used for direct ir-
rigation.

Very High (> 5 «

Branch Canal

Branches off from the main canal
to feed distributaries. Direct irri-
gation is generally not done.

High (5 to 15 cul

Major Distributary

Takes off from branch canals; sup-
plies water to minors and water-
courses.

Medium (0.25 to

Minor Distributary

Takes off from major distribu-
taries; supplies water to water-
courses.

Low (< 0.25 cun

Watercourse Small channels constructed by cul- | Very Low
tivators to take water to the fields.
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Classification of Canals according to Alignment |

Canal alignment is critical for maximizing the command area and
minimizing the need for cross-drainage works. The three main types are
Ridge (or Watershed) canals, Contour canals, and Side-slope canals.
Ridge canals align along the local watershed, allowing irrigation on both
sides by gravity. Contour canals are aligned nearly parallel to the
topographic contours, irrigating only on one side and requiring
cross-drainage works where they cross natural streams. Side-slope canals
run perpendicular to contours, parallel to natural drainage, and do not
intercept cross-drainage.
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Topographic Alignment of Canals |

This diagram illustrates the alignment of ridge canals along the watershed
line, allowing water to flow down both sides, compared to contour canals

which run along the side of a hill, and side-slope canals which flow
downbhill.

Ridge Canal (Irrigates both sides)

A 4

--- Contour 115m (Ridge Line)

______________ 5 y_{)_ [
Tontour Crrtour 110m

----------------- Contour 105m

------------------- Contour 100m
Side-slope Canal
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Components of Irrigation Canals and Their Functions

A typical canal cross-section includes several essential components to
ensure stability and functionality. The 'Bed’ carries the flowing water.
The 'Side Slopes’ define the channel shape. 'Berms’ are horizontal strips
of land left at ground level between the inner edge of the bank and the
top edge of the cutting, preventing bank soil from falling into the canal.
'Banks’ retain water above ground level. 'Freeboard’ is the vertical
distance between the Full Supply Level (FSL) and the top of the bank,
providing a safety margin against overtopping.
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Different Canal Cross Sections |

Canals can be constructed in three primary cross-sectional configurations

depending on the natural ground level (NGL) relative to the required bed
level. 'Fully in Cutting’ occurs when the canal bed and FSL are well below
the NGL. 'Fully in Filling’ (or banking) is when the canal bed is above the
NGL, requiring massive earthwork banks to contain the water. 'Partially

in Cutting and Filling’ is the most economical and common section, where
the excavated soil is used to construct the banks, balancing the earthwork.
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Canal Cross Section - Partially in Cutting and Filling |

The cross-section diagram shows the Full Supply Level (FSL), the Natural
Ground Level (NGL), the canal bed, side slopes, berms, and banks. This
balanced section minimizes excavation and transportation costs of soil.

Canal Bed
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Loss of Water in Canals |

Wiater is continuously lost as it travels through an unlined earthen canal,
significantly reducing the system'’s overall efficiency. The major losses are
evaporation and seepage. Evaporation depends on temperature, wind, and
water surface area. Seepage losses are more severe and consist of
"absorption’ (water filling soil voids around the canal) and 'percolation’
(water moving downwards under gravity to join the water table).
Excessive seepage not only wastes water but can also lead to waterlogging
and soil salinity in adjacent lands.
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Introduction to Canal Lining |

Canal lining is the process of providing an impermeable or highly
erosion-resistant layer on the bed and sides of the canal trench. Common
lining materials include cement concrete, shotcrete, brick or tile masonry,
asphaltic materials, and synthetic geomembranes. Lining transforms an
earthen channel into a stable, highly efficient conduit. It is a massive
capital investment but is often justified in major irrigation projects due to
the long-term benefits in water conservation, reduced maintenance, and
improved operational control.
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Canal Lining: Advantages and Disadvantages |

Advantages of Canal Lining Disadvantages of Cana
1. Reduces seepage losses, saving significant | 1. Very high initial capit:
quantities of water.

2. Prevents waterlogging and soil salinity in ad- | 2. Difficult and costly to
joining areas. damaged or cracked.

3. Increases channel capacity by providing a | 3. Requires skilled labor
smoother surface (lower Manning's n). ment for installation.

4. Prevents weed growth and reduces mainte- | 4. Shift in water table m
nance costs. wells rely on canal seepa;
5. Eliminates scouring, allowing for higher per- | 5. Susceptible to dama;
missible velocities. drostatic pressure if not |
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Introduction to Canal Lining (Continued) |

In the previous lectures, we discussed the classification of canals,
distribution systems, and various losses such as seepage and evaporation.
To mitigate these losses and improve the efficiency of the irrigation
network, canal lining is introduced. Canal lining involves providing an
impermeable or relatively impermeable layer on the bed and sides of the
canal. This lecture continues the discussion on canal lining, focusing on
its types, advantages, disadvantages, and economic considerations.
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Advantages of Canal Lining |

The primary advantages of canal lining include a significant reduction in
seepage losses, which saves valuable water resources and prevents
waterlogging in adjacent agricultural lands. Lined canals can withstand
higher flow velocities, preventing the scouring of the canal bed and sides.
This allows for a smaller, more compact cross-section, reducing land
acquisition and excavation costs. Furthermore, lining inhibits the growth
of aquatic weeds and minimizes long-term maintenance costs.
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Disadvantages and Limitations of Canal Lining |

Despite the numerous benefits, canal lining has several disadvantages.
The initial capital cost of lining a canal is substantially high, which can be
a limiting factor in large-scale irrigation projects. Constructing lined
canals requires skilled labor and specialized equipment. Additionally, if the
lining is damaged or cracked due to settlement or uplift pressure, repairing
it can be difficult and expensive. Lined canals also typically lack berms,
reducing the safety margin against sudden flooding.
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Types of Canal Lining: Hard Surface Linings |

Hard surface linings are the most common and effective types of canal
lining. They include cast-in-situ cement concrete, precast concrete blocks,
brick or tile lining, and asphaltic concrete. Concrete lining offers excellent
durability, minimal seepage, and low maintenance. Brick lining is
traditionally used in regions where bricks are cheap and readily available;
it requires mortar joints which can be susceptible to weed growth.
Asphaltic linings are flexible but may degrade under high temperatures.
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Types of Canal Lining: Earth Type Linings |

Earth type linings are low-cost alternatives primarily used in smaller canals
or where suitable materials are locally available. They include compacted
earth, soil-cement mixtures, and clay puddling. Compacted earth lining
involves heavily compacting the subgrade to reduce permeability.
Soil-cement lining mixes local soil with a small percentage of cement to
form a stabilized layer. While cheaper, earth linings are less durable, more
susceptible to scouring, and less effective in completely preventing seepage
losses.
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Cross Section: Unlined vs. Lined Canal |

This diagram illustrates the difference between an unlined canal section
and a concrete-lined canal section. Notice that the lined canal allows for
steeper side slopes and a smaller overall width while maintaining the same

discharge capacity, due to the smoother surface and higher permissible
velocity.

Unlined Canal Section

Lined Canal Sectign
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Comparison of Canal Lining Materials |

Lining Type Durability | Cost Seepage Reduction
Cast-in-situ Concrete | Very High | High > 95%
Brick / Tile Moderate | Moderate | 70-80%
Compacted Earth Low Low 30-50%
Asphaltic Concrete Moderate | Moderate | 80-90%

Slide Creator DI04006061: WRM 365 /514



Selection Criteria for Canal Lining |

Selecting the most appropriate canal lining depends on several technical
and economic factors. Key criteria include the availability of local
construction materials, the required reduction in seepage losses, and the
permissible flow velocity based on the terrain topography. The structural
stability of the underlying soil, groundwater table conditions, and the
potential for weed growth also significantly influence the choice of lining
material for long-term sustainability.
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Economics of Canal Lining |

The economics of canal lining is evaluated by comparing the annual cost
of the lining to the annual monetary benefits derived from it. The annual
cost includes the interest on the capital investment, depreciation over its
lifespan, and maintenance expenditure. Benefits include the value of the
water saved from seepage, additional revenue from extended irrigation
areas, and the prevention of damages caused by waterlogging. A project is
economically viable if the benefit-cost ratio exceeds unity.
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Maintenance and Repair of Lined Canals |

Proper maintenance of lined canals is essential to ensure their longevity
and sustained hydraulic performance. Common maintenance tasks include
the timely repair of cracks, joints, and localized failures to prevent water
ingress behind the lining, which could lead to uplift and structural
collapse. Regular inspection is required to identify and remove weed
growth that might penetrate the joints. Desilting may occasionally be
necessary to maintain the designed canal capacity.
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Overview of Canal Systems (Continued) |

This lecture continues our exploration of irrigation canals, diving deeper
into the advantages and disadvantages of canal lining, the classification of
canals based on their alignment, and the various components that make
up a comprehensive distribution system. We will also analyze
cross-sections and water losses.
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Canal Lining: Definition and Purpose |

Canal lining is the process of applying an impermeable layer to the bed
and sides of a canal. Its primary purpose is to prevent water seepage,
which can account for significant water losses in earthen canals. Lining
also helps in maintaining the designed shape of the canal cross-section
and increasing water conveyance efficiency.

@ Provides an impermeable protective layer

@ Reduces major transit losses due to seepage

@ Improves overall hydraulic efficiency
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Advantages of Canal Lining |

Lining a canal provides numerous benefits that generally justify its initial
capital cost. It significantly reduces seepage losses, thereby saving water
for extended irrigation. It also prevents waterlogging of adjacent
agricultural lands, reduces maintenance costs by preventing weed growth,
and allows for higher flow velocities which prevent silt deposition.

@ Minimizes seepage losses and saves water

@ Prevents waterlogging and soil salinity

@ Increases channel capacity and flow velocity

@ Reduces maintenance costs and prevents weed growth
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Disadvantages and Limitations of Canal Lining |

Despite its substantial benefits, canal lining has some notable drawbacks.
The most prominent is the high initial construction cost, which can be
prohibitive for some projects. Furthermore, repairing a damaged lined
canal is difficult, time-consuming, and expensive compared to unlined
canals. Lined canals also lack the ability to replenish groundwater tables.

High initial capital and construction cost

@ Complex and expensive repair processes

Eliminates groundwater recharge in the surrounding area

Requires skilled labor and specialized equipment
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Comparison of Canal Alignments |

Parameter

Ridge/Watershed Canal

Contour Canal

Alignment

Along the natural water-
shed

Nearly parallel to ¢

Irrigation Area

Both sides of the canal

Only on one side (

Cross Drainage Works

Generally not required

Required frequentl

Suitability

Ideal for plain areas

Ideal for hilly terra
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Typical Canal Cross-Section |

A trapezoidal cross-section is the most common shape for irrigation canals
due to its hydraulic efficiency and slope stability. The diagram illustrates a
lined canal section, clearly indicating the Full Supply Level (FSL), the bed
width (B), and the top width.

Top Width

-- —/éide—SJGpe— —————————— FSL (Full Supply Level)

lYined Trapezoidal Section

Bed Width (B)

Slide Creator DI04006061: WRM 374 /514



Canal Distribution System Hierarchy |

A typical irrigation distribution system consists of a structured network of
channels of varying sizes and discharge capacities. It originates from the
main canal, branching into branch canals, distributaries, minors, and
finally water courses (or field channels). This systematic hierarchy ensures
equitable water distribution from the source reservoir to the individual
farm fields.

@ Main Canal: Carries discharge directly from the river/reservoir

@ Branch Canal: Diverts water from the main canal to different zones

@ Distributary: Supplies water to minors and large outlets

@ Minor: Distributes water to individual water courses

@ Water Course: Delivers water directly to the agricultural field
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Water Losses in Irrigation Canals |

Water entering a canal at its headwork never reaches the agricultural field
entirely due to various transit losses. The two primary types of water
losses in canals are evaporation and seepage. Seepage is typically the
more significant loss, occurring through the wetted perimeter, and
depends heavily on soil permeability, groundwater table depth, and the

age of the canal.
@ Evaporation Loss: Depends on surface area, temperature, and wind
@ Seepage Loss: Depends on soil permeability and wetted perimeter

@ Absorption Loss: Initial wetting of the soil profile
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Types of Canal Linings |

Lining Type Characteristics

Concrete Lining Most durable, highly impermeable, hydrauli-
cally efficient, but has high initial cost.

Brick/Tile Lining Good durability, aesthetically pleasing, but
prone to weed growth in mortar joints over
time.

Earthen Lining Low cost, utilizes compacted clay or soil-

cement, but is less durable and requires fre-
quent maintenance.

Plastic/Film Lining | Highly impermeable and cheap to install, but
extremely susceptible to mechanical damage
and weathering.
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Conclusion and Summary |

In summary, understanding the types of canal alignments, designing
appropriate cross-sections, and implementing suitable canal linings are
crucial for efficient water management in irrigation engineering. These
practices minimize water losses, prevent waterlogging, and ensure a
reliable, economical water supply to agricultural fields, forming the
backbone of effective irrigation networks.
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Introduction to Irrigation Canals |

An irrigation canal is an artificial channel constructed on the ground to
carry water from a source, such as a reservoir or river, to the agricultural
fields for irrigation. Canals are the most crucial component of a surface
irrigation system. They can be classified based on various factors
including their alignment, the type of soil they traverse, their discharge
capacity, and whether they are lined or unlined. Proper design and
maintenance of these canals are essential for efficient water delivery and
minimizing agricultural water scarcity.

@ Artificial channels conveying water from source to fields.
@ Crucial component of surface irrigation systems.

@ Classified by alignment, soil type, and capacity.
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Classification of Canals According to Alignment |

Canals are classified into three main types based on their alignment
relative to the natural topography: Watershed (or Ridge) canals, Contour
canals, and Side-slope canals. A watershed canal aligns along the local
ridge line, allowing gravity irrigation on both sides without requiring
cross-drainage works. A contour canal follows a specific topographic
contour, irrigating only on one side and often necessitating cross-drainage
structures when intersecting natural streams. Side-slope canals run
roughly perpendicular to the contours, parallel to the natural drainage,
and generally do not intercept cross-drainage.

@ Watershed (Ridge) Canal: Aligned along the ridge, irrigates both
sides.

@ Contour Canal: Follows contour lines, irrigates one side, needs
cross-drainage.

@ Side-slope Canal: Runs perpendicular to contours, no cross-drainage
works.
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Visualizing Canal Alignments |

This diagram illustrates the fundamental differences between contour
canals and side-slope canals relative to topographic contour lines. The
contour canal runs roughly parallel to the contours, while the side-slope
canal runs perpendicular, taking advantage of the natural slope for flow.

- ———— ] __-- Contour 110m

- S ~____--- Contour 105m

- Side SopeCamab—— " ~ Caatpue 4m

Topographic representation of Canal Alignments
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The Canal Distribution System |

The canal distribution system is a hierarchical network designed to convey
water from the headworks to the individual agricultural fields. It operates
similarly to the branches of a tree. The system consists of the Main
Canal, which takes off directly from the river or reservoir, feeding into
Branch Canals. Branch canals distribute water to Major and Minor
Distributaries, which finally deliver water into the Watercourses (or field
channels). Direct irrigation from the main and branch canals is generally
prohibited to maintain consistent flow and avoid localized waterlogging.

@ Hierarchical network conveying water to fields.
@ Comprises Main, Branch, Distributary, and Minor canals.

@ Direct irrigation from Main and Branch canals is avoided.
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Hierarchy of the Canal Distribution System |

This table outlines the standard classification of the canal network based
on discharge capacity and primary function within the irrigation system.

Canal Type

Discharge Capacity

Primary Function

Main Canal

> 10 cumecs

Carries bulk water from source

Branch Canal

5 to 10 cumecs

Acts as feeder for distributarie

Major Distributary

0.25 to 5 cumecs

Supplies water to minors and |

Minor Distributary

< 0.25 cumecs

Feeds the watercourses (field

Woatercourse

Varies (very small)

Field channel managed by loc:
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Loss of Water in Canals |

During the conveyance of water from the headworks to the agricultural
fields, significant quantities of water are lost in transit. These transit
losses primarily occur through two mechanisms: Seepage and
Evaporation. Seepage accounts for the majority of the losses (up to
30-40% in unlined canals) and occurs when water percolates through the
porous bed and banks of the earthen canal. Evaporation losses are directly
proportional to the exposed surface area of the water and the prevailing
climatic conditions, typically ranging from 2% to 3% of the total volume.

@ Major transit losses are due to Seepage and Evaporation.
@ Seepage is the percolation of water through bed and banks.

@ Evaporation depends on surface area and climate.
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Factors Affecting Seepage Losses |

Seepage loss is not uniform and depends on several critical factors. The
most prominent factor is the permeability of the soil forming the canal
bed and banks; sandy soils exhibit much higher seepage than clayey soils.
Other factors include the depth of water in the canal, the velocity of flow
(higher velocities can reduce seepage due to silt deposition sealing pores),
the age of the canal (older canals are generally more sealed by silt), and
the position of the sub-soil water table relative to the canal bed.

@ Soil permeability dictates seepage rate.
@ Water depth and velocity influence percolation.

@ Older canals experience reduced seepage due to siltation.
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Different Canal Cross Sections |

The cross-section of an irrigation canal must be designed to safely carry
the design discharge at a non-silting, non-scouring velocity. Unlined
canals typically adopt a trapezoidal cross-section with side slopes
determined by the angle of repose of the native soil (e.g., 1.5:1 to 2:1).
Lined canals also frequently use trapezoidal sections but can afford
steeper side slopes (e.g., 1:1 or 1.25:1) due to the structural stability
provided by the lining. Other lined sections include rectangular (in rocky
terrain) and triangular or semi-circular shapes for very small discharges.

@ Trapezoidal sections are standard for unlined canals.
@ Side slopes depend on the soil’s angle of repose.

@ Lined canals allow for steeper slopes and varied geometries.
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Introduction to Canal Lining |

Canal lining is the process of applying an impermeable layer to the bed
and banks of a canal to restrict the seepage of water. Materials used for
lining include concrete, brick masonry, asphalt, and synthetic polymeric
membranes (geomembranes). The decision to line a canal is primarily
driven by the economic value of the saved water versus the capital cost of
the lining. In modern irrigation engineering, lining is highly recommended
for main and branch canals passing through highly permeable sandy
tracts.

@ Lining applies an impermeable layer to canal boundaries.
@ Common materials: Concrete, brick, asphalt, gecomembranes.

@ Driven by economic value of saved water.
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Advantages of Canal Lining |

The primary advantage of canal lining is the substantial conservation of
water by practically eliminating seepage losses, thereby increasing the
irrigation potential. Lining also prevents waterlogging in adjacent lands,
which can ruin soil fertility through salinization. Furthermore, a lined
canal offers less resistance to flow (lower Manning's 'n’), allowing for
higher velocities, which in turn reduces the required cross-sectional area
and prevents weed growth and silting within the canal system.

@ Eliminates seepage losses, saving significant water.
@ Prevents adjacent land waterlogging and salinization.

@ Allows higher velocities, reducing cross-section size and weed growth.
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Disadvantages and Limitations of Canal Lining |

Despite its immense benefits, canal lining has notable disadvantages. The
initial capital cost of installation is extremely high, requiring substantial
financial investment. Maintenance and repair of lined canals, particularly
when cracks develop in concrete linings or when sub-grade pressure causes
the lining to heave, are difficult and expensive. Additionally, in some
ecological contexts, stopping seepage can negatively impact local
groundwater recharge, affecting nearby shallow wells that farmers might
rely upon.

@ High initial capital investment required.
@ Repairs and maintenance are complex and costly.

@ Can negatively impact local groundwater recharge.
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Introduction to Irrigation Canals |

An irrigation canal is an artificial channel constructed on the ground to
carry water from a source, such as a reservoir or a river, to agricultural
fields. They form the backbone of any large-scale irrigation project.
Canals are designed taking into account the topography, soil conditions,
and crop water requirements. The design involves choosing the
appropriate cross-section, slope, and alignment to ensure an efficient and
uninterrupted flow of water.
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Classification Based on Discharge and Function |

Canals are classified into various types based on their function and
discharge capacity. The main canal takes off directly from the river or
reservoir and carries the highest discharge. Branch canals bifurcate from
the main canal, feeding distributaries. Major and minor distributaries
transport water to specific farming regions, while watercourses or field
channels finally deliver the water to individual fields. This hierarchy
ensures organized and equitable water distribution.
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Canal Distribution System Hierarchy |

Flowchart illustrating the hierarchical distribution system of an irrigation
canal network, showing the flow of water from the main canal down to
the watercourses that directly supply the fields.
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Canal Distribution System Hierarchy Il

Main Canal

|

Branch Canal

|

Distributary

|

Minor

|

Watercourse
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Loss of Water in Canals |

During the conveyance of water from the source to the fields, a significant
amount of water is lost. The primary losses in irrigation canals are due to
evaporation and seepage. Evaporation loss occurs from the open water
surface and depends on temperature, wind velocity, and humidity.
Seepage loss, which is usually much larger, occurs through the bed and
banks of the canal. The rate of seepage depends on the permeability of
the soil, groundwater table depth, and canal dimensions.
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Components of Irrigation Canals |

A canal system comprises several structural components to regulate flow
and ensure safety. Canal headworks divert water from the river. Cross
regulators and head regulators control the flow and water levels in the
main and branch canals. Canal falls are provided to lower the water level
when the natural ground slope is steeper than the designed canal bed
slope. Escapes act as safety valves to release excess water, preventing
canal breaches.
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Typical Trapezoidal Canal Cross-Section |

Diagram showing a typical trapezoidal cross-section of an irrigation canal,
highlighting the bed width, depth, and the Full Supply Level (FSL).
Trapezoidal sections are widely adopted due to their stability.

Full Supply Level (FSL)

Bed Width (B)

Trapezoidal Section
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Classification According to Alignment |

Alignment Type

Description

Cross Drainage \

Ridge Canal

Aligned along the watershed or
ridge line. Can irrigate areas on
both sides.

Usually not requir:

Contour Canal

Aligned nearly parallel to the con-
tours of the area. Irrigates on one
side only.

Maximum cross
works needed.

Side Slope Canal

Aligned roughly at right angles to
the contours. Neither on a ridge
nor contour.

Generally  avoid
drainage works.
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Canal Lining: Advantages |

Canal lining involves providing an impermeable layer on the bed and
banks of the canal. The primary purpose is to minimize seepage losses,
thereby saving valuable water. Lining also increases the channel capacity
by providing a smoother surface, which increases water velocity.
Furthermore, it prevents waterlogging in adjacent lands, reduces
maintenance costs by preventing weed growth, and offers protection
against scouring in high-velocity sections.
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Canal Lining: Disadvantages |

While beneficial, canal lining comes with several disadvantages. The
foremost drawback is the high initial capital cost required for construction
materials and labor. Lined canals also pose maintenance challenges;
repairing cracks or damages in concrete or brick lining is difficult and
expensive. Additionally, a lined canal lacks the ecological benefits of
unlined canals, such as groundwater recharge through seepage, which can
negatively impact nearby shallow wells.
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Comparison of Lined and Unlined Canals |

Parameter Lined Canal Unlined Canal
Seepage Losses Very low High

Initial Cost High Low

Maintenance Low but difficult to repair | High due to weed grow
Water Velocity High (smooth surface) Low (rough surface)
Risk of Waterlogging | Minimal High
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Different Canal Cross Sections |

Canal cross sections are generally designed based on the topography and
soil stability. The most common shape is the trapezoidal section, which
provides stable side slopes and is hydraulically efficient. Rectangular
sections are used in rocky areas or where space is restricted, often
requiring lining. In specific cases, like completely lined canals, a
semi-circular or parabolic shape may be adopted to maximize the
hydraulic radius and discharge capacity for a given flow area.
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Introduction to Canal Regulating Works |

Canal regulating works are hydraulic structures constructed in a canal
network to regulate the discharge, depth, and velocity of flow. They
ensure the equitable distribution of water and safeguard the canal system
against damage. These structures include head regulators, cross
regulators, canal falls, canal escapes, and various outlets. Without
regulating works, an irrigation canal cannot function efficiently, leading to
potential breaches during high flow or inadequate water supply at the tail
ends during low flow.

@ Hydraulic structures for regulating flow parameters.
@ Ensure equitable distribution of irrigation water.

@ Safeguard canal system against damage.
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Canal Falls: Concept and Necessity |

A canal fall is a solid masonry structure constructed across a canal to
lower its bed level to maintain the designed bed slope. When the natural
ground slope is steeper than the designed canal bed slope, the canal bed
must be lowered at suitable intervals to prevent excessive velocity. High
velocity causes scouring of the bed and banks. The location of a fall is
determined by the topography and the necessity to balance earthwork in
excavation and filling, avoiding excessive banking.

@ Lowers bed level to match natural ground slope.
@ Prevents excessive velocity and scouring.

@ Helps in balancing earthwork (excavation and filling).
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Classification of Canal Falls |

Type of Fall Description & Suitability

Ogee Fall Has an S-shaped convex and concave curve. Suita
smooth transitions but lacks effective energy dissipatio

Stepped Fall Consists of a series of vertical steps. Used where a long -

glacis is not economical.

Vertical Drop Fall

Water falls vertically hitting the downstream bed. Com
used for small discharges and small drops (e.g., Sarda

Glacis Fall Features a sloping glacis where a hydraulic jump forms
ergy dissipation. Suitable for large drops and high discl
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Cross Drainage Works: Necessity |

A Cross Drainage (CD) work is a hydraulic structure built at the
intersection of a canal and a natural drain (like a stream or river) to
dispose of the drainage water without mixing it with or interrupting the
canal supply. These are essential because canals, typically aligned along
watershed ridges, inevitably cross natural valleys and drainage lines.
Proper CD works prevent flood damage to the canal, maintain the
integrity of the irrigation supply, and prevent siltation and pollution of
canal water.

@ Built at canal and natural drain intersections.
@ Prevents mixing of drainage water with canal supply.

@ Protects canal from flood damage and siltation.
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Classification of Cross-Drainage Works |

The classification of Cross Drainage works primarily depends on the
relative bed levels and water levels of the canal and the drainage at the

intersection point.

Types of CD Works

Canal & Drainage
at same level

Drainage over
Canal

Canal over

Drainage

Aqueduct &
Syphon Aqueduct

Slide Creator

Level Crossing &
Inlets/Outlets

Super Passage &
Canal Syphon
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Canal over Drainage: Aqueduct & Syphon Aqueduct |

When the canal bed level is above the highest flood level (HFL) of the
drainage, an Aqueduct is constructed. The drainage flows freely under the
canal by gravity at atmospheric pressure. If the HFL of the drainage is
higher than the canal bed, a Syphon Aqueduct is used. Here, the drainage
water flows under siphonic action below the canal bed. The canal remains
an open channel, while the natural drain flows under pressure. Aqueducts
are generally preferred as they are reliable and easier to maintain.

@ Aqueduct: Canal bed > Drainage HFL. Gravity flow for drain.

@ Syphon Aqueduct: Canal bed < Drainage HFL. Pressure flow for
drain.

@ Most common and reliable CD works.
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Drainage over Canal: Super Passage & Canal Syphon

When the drainage bed level is above the full supply level (FSL) of the
canal, a Super Passage is built. The canal water flows freely underneath
the drainage, acting like an aqueduct in reverse. If the FSL of the canal is
higher than the drainage bed, a Canal Syphon (or simply Syphon) is
provided. The canal water flows under siphonic pressure beneath the
natural drain. Canal syphons are generally avoided if possible because

canal water carries silt, which can deposit and choke the pressurized
siphon barrel.

@ Super Passage: Drainage bed > Canal FSL. Canal flows freely.

@ Canal Syphon: Drainage bed < Canal FSL. Canal flows under
pressure.

@ Silt deposition is a major issue in Canal Syphons.
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Canal and Drainage at the Same Level |

A Level Crossing is provided when the canal and the natural drainage
meet at practically the same bed level, and the drainage discharge is large
and short-lived. The drainage water is allowed to mix with the canal
water. A crest wall is provided across the drain at the upstream side, a
drainage regulator on the downstream drain, and a cross regulator on the
downstream canal. This setup allows the canal to utilize the drainage
water or safely dispose of floodwaters.

@ Used when canal and drain are at the same bed level.
@ Allows mixing of canal and drainage water.

@ Includes a cross regulator and drainage regulator for flow control.
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Head Regulator and Cross Regulator |

A Head Regulator is provided at the head of a distributary or an off-taking
canal to control the amount of water entering it and to prevent the entry
of excessive silt. A Cross Regulator is built across the parent canal just
downstream of the off-taking point. Its main purpose is to head up water
(raise the water level) in the parent canal so that the off-taking canal can
draw its full supply, especially when the flow in the parent canal is low.

@ Head Regulator: Controls entry of water and silt into off-take.
@ Cross Regulator: Heads up water in the parent canal.

@ Both work in tandem to ensure proper water distribution.
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Comparison of Regulators |

Parameter Cross Regulator Head Regu

Location Across the parent canal, downstream | At the head
of an off-take.

Purpose To head up water in the parent canal | To control 1
and control discharge downstream. into the off-

Operation Closed partially during low supply in | Operated t
the parent canal. signed disch
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Canal Escapes and Silt Extractors |

A canal escape is a structure serving as a safety valve for the canal
system, disposing of surplus water resulting from heavy rainfall or sudden
closure of downstream outlets, preventing bank overtopping. Silt control
devices maintain canal capacity. A Silt Excluder is built at the river
headworks to prevent coarse silt from entering. A Silt Extractor (or
Ejector) is constructed on the canal itself, downstream from the head
regulator, using a horizontal diaphragm to separate and flush out heavily
silted bottom water.

@ Canal Escapes: Act as safety valves to discharge surplus water.
@ Silt Excluders: Located at headworks to block silt entry.

@ Silt Extractors (Ejectors): Located in the canal to remove settled silt.
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Types of Irrigation Outlets (Modules) |

An irrigation outlet or module is a small structure built at the head of a
watercourse to connect it to a minor or distributary channel. It is the
connecting link between the government-managed canal system and the
farmer-managed field channels. Outlets are classified into three types:
Non-modular (discharge depends on head difference, e.g., open sluice),
Semi-modular (discharge depends on upstream water level only, e.g., pipe
outlet discharging freely), and Rigid modular (discharge remains constant
despite variations in upstream or downstream levels, e.g., Gibb’s module).

Link between government canal and farmer field channels.
@ Non-modular: Discharge depends on U/S and D/S head difference.

@ Semi-modular: Discharge depends only on U/S water level.

Rigid modular: Constant discharge regardless of water levels.
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Introduction to Canal Regulating Works |

Canal regulating works are structures constructed across a canal to
control the flow, depth, and velocity of water within the canal network.
These structures ensure equitable distribution, maintain required water
levels, and protect the canal system from damage due to excessive
velocity or discharge. Key regulating structures include head regulators,
cross regulators, falls, and escapes, each serving a specific hydraulic
function in the safe operation of an irrigation network.
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Canal Falls: Necessity and Location |

A canal fall, or drop, is an irrigation structure constructed across a canal
to lower its water level and destroy the surplus energy of the falling water.
They are necessitated when the natural ground slope is steeper than the
designed bed slope of the channel. To avoid excessive excavation or high
embankments, the canal bed is lowered in steps, and falls are provided at
these locations. The location is chosen to balance earthwork and
minimize the cost of construction.
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Classification of Canal Falls |

Type of Fall Description
Ogee Fall Provides a smooth convex and concave curve to guide
Stepped Fall Consists of a series of vertical drops in steps.

Vertical Drop Fall | Water falls clear over the crest into a water cushion.

Glacis Fall Utilizes a sloping glacis to cause a hydraulic jump for ¢
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Cross Drainage Works and Their Necessity |

Cross drainage works are structures built to carry a canal safely over,
under, or at the same level as a natural stream or drainage channel that
intersects its alignment. They are essential to prevent the mixing of canal
water with drainage water, which could cause silting or contamination.
Furthermore, they protect the canal banks from being breached by
floodwaters of the drainage during heavy rainfall, ensuring an
uninterrupted supply of irrigation water throughout the crop season.
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Types of Cross-Drainage Works |

This flowchart illustrates the classification of cross-drainage works based

on the relative bed levels and water levels of the canal and the natural
drainage.
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Types of Cross-Drainage Works Il

’ Cross Drainage Works ‘

Canal and Drainage

Canal over Drainage‘

’Canal under Drainage at Same Level
Aqueduct & Level Crossing &
Super Passage &
Syphon Aqueduct Inlets/Outlets
Canal Syphon
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Aqueducts and Syphon Aqueducts |

When a canal is carried over a natural drainage, the structure is called an
aqueduct if the high flood level (HFL) of the drainage is below the canal
bed. The drainage water flows freely under gravity. If the HFL of the
drainage is higher than the canal bed, the structure is a syphon aqueduct.
In this case, the drainage water flows under siphonic action and the

drainage bed is typically depressed below its normal level to accommodate
the flow beneath the canal.
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Super Passage and Canal Syphon |

A super passage is constructed when a natural drainage is carried over a
canal, and the full supply level (FSL) of the canal is below the drainage
bed. The canal water flows freely under gravity. In contrast, a canal
syphon is utilized when the FSL of the canal is above the bed level of the
drainage trough. The canal water flows under pressure through the barrels
beneath the drainage. These structures are essentially the reverse of
aqueducts and syphon aqueducts.
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Head Regulator and Cross Regulator |

A distributary head regulator is provided at the head of an off-taking
channel to control the supply of water entering it and to measure the
discharge. A cross regulator is provided on the parent canal, just
downstream of the off-take, to head up water when the discharge in the
parent canal is low, ensuring that the off-taking channel receives its full
supply. Together, they facilitate effective water management, flow
regulation, and isolation of canal sections for maintenance.
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Canal Escapes and Their Functions |

Canal escapes are safety structures built into canal banks to dispose of
surplus water from the canal into a natural drain. They act as safety
valves for the canal system. Excess water may enter the canal due to
heavy local rainfall, closure of outlets by farmers, or operational errors at
the headworks. Escapes prevent overtopping and breaching of canal banks
by safely discharging the excess volume, maintaining the structural
integrity of the canal network.
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Silt Extractors (Silt Ejectors) |

Silt extractors, or silt ejectors, are devices constructed on the bed of a
canal, typically a short distance downstream from the head regulator, to
remove heavily silt-laden bottom layers of water. Since coarser sediment is
concentrated in the lower strata of the flowing water, these structures
employ horizontal diaphragms or tunnels to extract this bottom layer and
discharge it into a nearby escape channel. This process prevents the
downstream canal reaches from gradually silting up and losing their
discharge capacity.
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Types of Irrigation Outlets |

An irrigation outlet, or module, is a small structure placed at the head of
a watercourse to deliver water from a distributary or minor channel to the
field. They are classified into three main types: Non-modular outlets,
whose discharge depends on the difference in water levels between the
distributary and the watercourse; Semi-modular outlets, where discharge
depends only on the water level in the distributary; and Rigid modules,
which maintain a constant discharge regardless of water level fluctuations
in either channel.
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Comparison of Irrigation Outlets |

Outlet Type | Discharge Dependency

Non-Modular | Depends on both upstream and downstream water levels.

Semi-Modular | Depends only on the upstream water level in the distributz

Rigid Module | Constant discharge independent of water level fluctuations
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Overview of Canal Falls |

A canal fall or drop is an irrigation structure constructed across a canal to
lower down its water level and destroy the surplus energy of the falling
water. This is necessary when the natural ground slope is steeper than the
designed bed slope of the channel. By providing falls, the canal bed is
stepped down, preventing excessive earthwork in filling and maintaining a
safe, non-scouring velocity.
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Types of Canal Falls |

Various types of canal falls have been developed to suit different site
conditions. Ogee falls provide a smooth convex-concave transition. Rapid
falls are used for very steep natural slopes. Stepped falls are suitable
where the drop is achieved in a series of small steps. Vertical drop falls
(like Sarda fall) are commonly used where the discharge is low and the
drop is relatively small, relying on a water cushion to dissipate energy.
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Cross Drainage Works and Their Necessity |

Cross drainage (CD) works are hydraulic structures built at the
intersection of a canal and a natural drain to safely pass the drain water
without mixing it with the canal water or disrupting the canal flow. They
are essential to maintain the continuous supply of irrigation water and to
prevent flooding or damage to the canal embankments. The type of CD
work depends on the relative bed levels and water levels of both the canal
and the drain.
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Types of Cross Drainage Works |

Structure

Relative Levels

Flow Condition

Aqueduct

Canal Bed > Drain HFL

Drain flows at atmospheric

Syphon Aqueduct

Canal Bed < Drain HFL

Drain flows under pressure |

Super Passage

Drain Bed > Canal FSL

Canal flows at atmospheric

Canal Syphon

Drain Bed < Canal FSL

Canal flows under pressure

Level Crossing

Canal Bed ~ Drain Bed

Both mix; regulated by gate
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Diagram of an Aqueduct |

This diagram illustrates a simple cross section of an aqueduct where the
irrigation canal is carried over the natural drainage. The canal bed is well
above the high flood level (HFL) of the drain, allowing the drainage water
to pass freely underneath by gravity without any pressure or siphonic

action.

Bank Irrigation Canal

T Clearance
H.F.L (Drain)

Natural Drain
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Head and Cross Regulators |

A Head Regulator is constructed at the head of an off-taking channel (like
a distributary) to control the entry of water and prevent excess silt from
entering. A Cross Regulator is constructed across the parent canal
downstream of the off-take point. Its primary function is to raise the
water level in the parent canal, especially during periods of low flow,
ensuring that the off-taking channel receives its designed full supply. Both
are equipped with adjustable gates.
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Canal Escapes |

Canal escapes are safety structures built along a canal to release surplus
water safely into a nearby natural drain. They act as the safety valves of
the canal system. Surplus water can accumulate due to heavy rainfall in
the command area, sudden closure of outlets by farmers, or breaches in
the upper reaches. Common types include weir-type escapes and
sluice-type escapes, which help prevent overtopping and breaching of the

canal banks.
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Silt Extractors |

Silt extractors (or silt ejectors) are sediment control devices located on
the canal bed, a short distance downstream from the head regulator.
They are designed to remove the coarser silt particles that have already
entered the canal. The device consists of a series of horizontal tunnels
constructed at the bed level. Since the heavier silt travels along the
bottom layers of the flow, it gets drawn into these tunnels and is safely
flushed out to an adjacent escape channel.
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Types of Irrigation Outlets |

Classification | Working Principle

Non-Modular | Discharge depends on head difference between distributary
Semi-Modular | Discharge depends only on water level in distributary (inde
Modular Discharge is constant and independent of water levels in b
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Significance of Outlets in Irrigation Management |

The irrigation outlet is the vital connecting link between the
government-managed distributary network and the farmer-managed
watercourses. Its proper selection, design, and calibration are critical for
equitable water distribution. Modular and semi-modular outlets provide
better control and prevent tail-end deprivation, whereas non-modular
outlets are simpler but prone to discharge variations. Proper maintenance
of these structures ensures long-term efficiency of the entire irrigation
command area.
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Introduction to Canal Regulating Works |

Canal regulating works are structures constructed on an irrigation canal to
regulate the discharge, full supply level, and velocity of water. These
structures ensure the equitable distribution of water, prevent damage to
the canal network from excessive flow or velocity, and maintain the
required flow depth for off-taking canals. Key regulating structures
include cross regulators, head regulators, canal falls, and canal escapes.
The proper design and operation of these structures are vital for the
efficiency and safety of the entire irrigation network.

@ Control of discharge and velocity across the network
@ Regulation of full supply levels (FSL)

@ Ensuring structural safety and equitable distribution
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Canal Falls: Necessity and Functions |

A canal fall, or drop, is a solid masonry structure constructed across a
canal to safely lower the water level and destroy the surplus energy of the
falling water. Whenever the available natural ground slope is steeper than
the designed bed slope of the canal, the difference is adjusted by
constructing falls. Without falls, the excessive slope would lead to a high
velocity, causing severe scouring of the canal bed and banks. The
structure is often combined with a bridge or a regulator to optimize
project costs.

@ Adjusts steep natural ground slopes to match canal bed slopes
@ Dissipates excess kinetic energy of falling water

@ Prevents severe scouring of the canal bed and banks
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Necessity of Cross-Drainage (CD) Works |

In an irrigation project, the canal network often traverses natural drainage
lines such as streams, rivers, and watercourses. A Cross-Drainage (CD)
work is a hydraulic structure built to carry the canal water safely across
these natural drainages without mixing or disrupting the natural flow. The
necessity of CD works arises from the topographical reality that canals,
which generally follow contour lines, inevitably intersect natural streams
flowing along the steepest gradient. Proper CD works prevent flooding,
canal breaching, and mixing of polluted drainage water with irrigation
water.

@ Safely bypass natural streams and rivers intersecting the canal
@ Prevent mixing of canal water and natural drainage water

@ Protect canal infrastructure from severe flood damage
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Classification of Cross-Drainage Works |

Type of CD Work

Relative Arrangement

Hydraulic Condition

Aqueduct

Canal passes over the drain

FSL of drain is well k
bed

Syphon Aqueduct

Canal passes over the drain

High Flood Level (HFL
above canal bed

Super Passage

Drain passes over the canal

Canal FSL is well belo
bed

Canal Syphon

Drain passes over the canal

Canal FSL is above the

Level Crossing

Canal and drain cross at
same level

Intersecting at similar
requires regulators
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of Canal Regulating Structures |

This diagram illustrates the hierarchical classification of various canal
regulating structures essential for water management and safety in an
irrigation network.

[Canal Regulating Works]

Regulators [Canal Escapes} [Silt Control Works}
Canal Falls

[Head Regulator] [Cross Regulator]
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Head Regulators and Cross Regulators |

A Distributary Head Regulator is constructed at the head of an off-taking
canal to control the supply of water entering it and to meter the
discharge. A Cross Regulator, conversely, is provided on the parent canal
just downstream of the off-take point. Its primary function is to raise and
control the water level in the parent canal, particularly during periods of
low discharge, ensuring that the off-taking canal receives its designed
share of water. Together, these regulators manage the precise water
distribution throughout the canal system.

@ Head Regulator: Controls and meters entry into off-taking canal
@ Cross Regulator: Maintains required water level in the parent canal

@ Facilitates equitable water distribution across the command area
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Canal Escapes: The Safety Valves |

A canal escape is essentially a side weir or a gated structure built into the
bank of a canal to dispose of surplus water safely into a natural drain.
They act as the 'safety valves’ of the canal system. Surplus water may
accumulate due to heavy rainfall in the command area, sudden closure of
irrigation outlets by farmers, or operational errors at the headworks.
Escapes prevent overtopping and breaching of the canal banks by
immediately diverting this excess water.

@ Act as critical safety valves for the entire canal system
@ Prevent embankment breaching by discharging surplus water

@ Common types include weir escapes, sluice escapes, and tail escapes
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Silt Extractors and Excluders |

Silt control is critical to prevent the canal from losing its carrying capacity
due to excessive sediment deposition. Silt excluders are constructed on
the river bed at the headworks, just upstream of the canal head regulator,
to prevent heavy silt from entering the canal in the first place. Silt
extractors (or silt ejectors), on the other hand, are constructed on the
canal itself, some distance downstream of the head regulator. They
extract the silt that has already entered the canal and discharge it into a
nearby drainage channel.

@ Silt Excluders: Located at headworks to block silt entry

@ Silt Extractors (Ejectors): Located within the canal to remove
entered silt

@ Essential to maintain canal cross-section and design discharge
capacity
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Types of Irrigation Outlets (Modules) |

An irrigation outlet (or module) is a small structure built at the head of a
watercourse to connect it with a minor or distributary channel. It serves
as the connecting link between the state-managed canal system and the
farmer-managed watercourses. Outlets are classified into three main
categories based on their hydraulic behavior: Non-modular outlets (where
discharge depends on the head difference), Semi-modular outlets (where
discharge depends only on the water level in the parent distributary), and
Rigid modules (where discharge remains constant regardless of water
levels in both channels).

@ Non-modular outlets: Discharge varies with head difference (e.g.,
submerged pipe)

@ Semi-modular outlets: Discharge depends only on parent channel
level (e.g., open flume)

@ Rigid modules: Discharge is constant regardless of levels (e.g.,
Gibb's module)
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Summary of Regulating & Works |

In conclusion, the efficient operation of an irrigation network relies heavily
on the proper integration of regulating and cross-drainage works.
Regulators (head and cross) ensure correct flow distribution, falls manage
steep gradients safely, escapes protect against overtopping, and silt
control structures maintain the hydraulic efficiency of the channels.
Concurrently, cross-drainage works guarantee that the artificial canal
network does not conflict with natural hydrological drainage patterns,
ensuring environmental harmony and long-term structural safety.

@ Integrated approach is necessary for overall hydraulic efficiency
@ Structural safety is prioritized through escapes and canal falls

@ CD works successfully harmonize artificial canals with natural
hydrology
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Introduction to Water Logging |

Water logging is a phenomenon where the soil profile becomes completely
saturated with water, causing the water table to rise to an extent that the
soil pores in the crop root zone are completely filled with water. This
restricts the normal circulation of air, leading to an anaerobic condition
that hinders crop growth and reduces yield.
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Mechanism of Water Logging |

When the water table rises up to the root zone, the continuous presence
of water displaces air from the soil pores. Capillary action can also draw
water up from a shallower water table, keeping the surface layers

continuously wet. This leads to a lack of oxygen for plant roots and soil

micro-organisms, severely disrupting the ecological balance required for
healthy crop development.
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Causes of Water Logging - Over-irrigation |

One of the primary causes of water logging is the excessive application of
irrigation water. When farmers apply more water than the crop requires or
the soil can drain naturally, the excess water percolates downwards and
joins the groundwater table. Over time, continuous over-irrigation without
adequate drainage systems causes a significant and persistent rise in the
water table.
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Causes of Water Logging - Seepage from Canals |

Diagram illustrating seepage from an unlined canal contributing to the
rise in the groundwater table, eventually leading to water logging in
adjacent agricultural fields.

Unlined Canal

Seepage

Original Water Table
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Causes of Water Logging - Inadequate Surface

Drainage |

When a region lacks proper natural or artificial surface drainage, rainwater
and excess irrigation water accumulate on the surface. Impermeable soils,
flat topography, or the obstruction of natural drainage paths, such as
natural streams blocked by roads or embankments, prevent water from
draining away, causing heavy percolation and subsequent water logging.
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Causes of Water Logging - Sub-surface Factors |

The presence of an impermeable sub-surface stratum, such as a hard clay
pan or rock layer, at a shallow depth prevents the downward movement of
water. Even with moderate rainfall or irrigation, water accumulates above
this impermeable layer, quickly saturating the soil profile above it and
causing water logging in the crop root zone.
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Summary of Water Logging Causes |

Category Specific Causes

Artificial Causes Over-irrigation, Seepage from unlined canals

Natural Causes Heavy rainfall, Flat topography, Poor natural drainage
Geological Causes | Impermeable sub-stratum, High natural water table
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Effects of Water Logging - Anaerobic Conditions |

The most immediate effect of water logging is the creation of anaerobic
conditions in the root zone. Oxygen is vital for root respiration and the
activity of beneficial soil bacteria. Without oxygen, roots decay, and the
microbial breakdown of organic matter shifts from aerobic to anaerobic,

producing toxic compounds like hydrogen sulfide and methane that are
harmful to plants.

Slide Creator DI04006061: WRM 454 /514



Effects of Water Logging - Salinity and Alkalinity |

Water logging is often accompanied by soil salinity. As the water table
rises, it brings dissolved salts from the lower soil layers to the surface
through capillary action. When the surface water evaporates, it leaves
behind these harmful salts, such as chlorides and sulfates of sodium,
calcium, and magnesium, leading to salt efflorescence and rendering the
agricultural land barren.
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Effects of Water Logging - Decrease in Soil

Temperature |

A waterlogged soil has a higher specific heat capacity than a well-drained,
aerated soil. Consequently, it takes more heat to raise its temperature.
This leads to lower soil temperatures, particularly in spring, which delays
seed germination, retards plant growth, and ultimately reduces the crop
yield significantly.
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Effects of Water Logging - Impact on Crop Health |

The combination of poor aeration, reduced soil temperature,
accumulation of toxic substances, and increased salinity drastically
reduces agricultural productivity. Some crops are extremely sensitive to
water logging and may die within a few days of saturation. Furthermore,
damp conditions foster the growth of water-loving weeds and increase the
incidence of devastating plant diseases.
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Conclusion and Need for Reclamation |

Water logging poses a severe threat to agricultural sustainability and food
security by turning fertile lands into unproductive swamps or saline
deserts. Understanding its causes and effects is the first crucial step. The
subsequent steps involve implementing effective reclamation measures,
such as surface and sub-surface drainage systems, and adopting judicious
irrigation practices to restore soil health and productivity.
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Recap: The Concept of Water Logging |

Water logging occurs when the soil pores within the root zone of crops
become saturated with water, restricting normal air circulation. This lack
of aeration significantly hampers plant growth and reduces agricultural
productivity. In the previous lecture, we introduced the basic definition
and preliminary causes. Today, we delve deeper into the complex
mechanisms, specific anthropogenic and natural causes, and the severe
long-term effects of water logging on soil health and crop yields.
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Mechanism of Water Table Rise |

The primary mechanism of water logging is the continuous rise of the
groundwater table until it reaches the root zone of the crops. This occurs
when the rate of water inflow into the groundwater reservoir exceeds the
rate of outflow or natural drainage. The critical depth of the water table,
at which water logging symptoms appear, depends on the capillary fringe
of the specific soil type. If the capillary fringe reaches the surface,
continuous evaporation leads to severe soil degradation.
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Natural and Topographical Causes |

Natural factors contributing to water logging include flat topography,
poor natural drainage, and the presence of an impervious subsurface
stratum (like a clay pan) relatively close to the ground surface. Frequent
flooding or submergence of land during heavy monsoons, combined with
inadequate natural surface drainage, leads to excessive percolation.
Additionally, when a region acts as a natural topographic depression, it
accumulates runoff from surrounding areas, rapidly elevating the local
water table.
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Natural vs. Artificial Causes of Water Logging |

Factor Natural Causes Artificial Causes

Drainage | Flat topography hindering surface | Obstruction of natural dra
runoff. roads and railways.

Inflow Heavy rainfall and frequent floods. | Over-irrigation and seepa

unlined canals.

Geology | Shallow impervious soil strata | Lack of proper artificial su

(clay pans). drainage systems.
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Anthropogenic Cause: Seepage from Canal Systems |

A major artificial cause of water logging in irrigation projects is seepage
from unlined canals, distributaries, and watercourses. As water flows
through these earthen channels, a significant portion percolates
downwards due to gravity and hydraulic head. This continuous seepage
constantly recharges the groundwater aquifer. Over several years,
especially in areas with intensive canal networks and poor drainage, this
seepage contributes substantially to an alarming rise in the water table.
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Canal Seepage Leading to Water Logging |

This diagram illustrates the cross-section of an unlined canal and the
subsequent seepage. The arrows show water percolating from the canal

bed and sides into the surrounding soil, gradually raising the groundwater
table towards the crop root zone.

Unlined Canal

Elevated Water Table

————————————— i———k———l————l————————————— Original Water Table

Impervious Stratum
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Anthropogenic Cause: Over-Irrigation |

Over-irrigation, or the excessive application of water to fields beyond the
consumptive use of crops and leaching requirements, is a primary culprit.
Farmers often apply more water than necessary under the misconception
that it will increase yields. This excess water cannot be held by the soil in
its root zone and percolates downward to join the groundwater, steadily
raising the water table. This practice is especially detrimental in areas
lacking proper surface and subsurface drainage infrastructure.
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Effects: Salinization of Soil |

One of the most devastating effects of water logging is soil salinization.
When the water table rises close to the surface, water moves upwards
through the soil capillaries due to surface evaporation. As this water
evaporates, it leaves behind dissolved alkaline salts (such as carbonates,
chlorides, and sulfates of sodium and calcium) in the root zone. Over
time, these salts accumulate to toxic levels, rendering the fertile

agricultural land completely barren, a condition often termed 'Usar’ or
'Reh’.
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Capillary Action and Salt Accumulation |

This diagram demonstrates how capillary action draws groundwater

upwards. As the water reaches the surface and evaporates, it deposits
harmful salts in the root zone, degrading soil quality.

Evaporation 1

—Salt__Salt __Salt__Salt__Salt — 5| Surface

Capillary Rise

High Water Table
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Effects: Depletion of Aeration and Soil Microbes |

Plant roots require oxygen for respiration, which they extract from the air
present in soil voids. Water logging replaces this air with water, creating
anaerobic conditions. This lack of oxygen suffocates the roots, stunting
plant growth. Furthermore, anaerobic conditions inhibit the activity of
beneficial aerobic soil bacteria, such as nitrifying bacteria, disrupting the
nitrogen cycle and depriving plants of essential nutrients. Conversely,
harmful anaerobic bacteria may thrive, producing toxic compounds that
further damage crops.
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Impact on Crop Yield |

Crop Normal Root Zone Depth (cm) | Yield Reduction at Hig
Wheat 90 - 120 40 - ¢
Cotton 120 - 180 50 -
Sugarcane 90 - 150 30 -°¢
Rice 30 - 60 10 - 20 (Highl
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Other Detrimental Effects |

Beyond agricultural impacts, water logging causes several other issues.
The excess moisture makes the soil difficult to till, delaying sowing
operations. It leads to a drop in soil temperature because water requires
more heat to warm up than dry soil, further retarding bacterial activity
and seed germination. Additionally, widespread water logging creates
stagnant water pools, promoting the breeding of mosquitoes and leading
to public health hazards like malaria, while also damaging the foundations
of nearby structures and rural roads.
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Recap: Definition of Water Logging |

Water logging is defined as an agricultural condition in which the water
table of the groundwater rises to such an extent that the soil pores in the
root zone of a crop become completely saturated with water. This
saturation displaces the air normally present in the soil voids, creating an
anaerobic environment. Normal plant growth cannot be sustained under
these oxygen-deprived conditions, leading to a significant decline in
agricultural productivity.

@ Root zone saturation
@ Displacement of soil air

@ Anaerobic environment creation
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Primary Causes: Seepage and Deep Percolation |

A major contributor to water logging in irrigated areas is seepage from
unlined canal networks, distributaries, and watercourses. Water
continuously percolates downward through the porous soil of the canal
bed and banks, adding to the groundwater reservoir. Furthermore,
over-irrigation by farmers—applying water in excess of the crop’s
consumptive use—results in deep percolation. This excess water travels
past the root zone and steadily raises the local water table over time.

@ Seepage from unlined canals
@ Excessive application of irrigation water

@ Continuous addition to groundwater reservoir
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Flowchart: Mechanisms Leading to Water Logging |

This diagram illustrates the interconnected primary factors that contribute
to the rise of the groundwater table, eventually leading to water logging
conditions in agricultural fields. Heavy rainfall, canal seepage, and
over-irrigation are primary inputs, while poor drainage prevents the
removal of this excess water.

Slide Creator DI04006061: WRM 473 /514



Flowchart: Mechanisms Leading to Water Logging Il
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Causes: Topographical and Geological Constraints |

The natural topography and underlying geology of an area play a crucial
role in water logging. Flat land surfaces with inadequate natural drainage
prevent the rapid surface runoff of rainwater or excess irrigation water,
causing it to stagnate and percolate. Additionally, the presence of an
impervious substratum, such as a hard clay pan or rock layer, at a shallow
depth restricts the downward movement of water. This creates a perched
water table that quickly rises to the root zone.

@ Flat topography hinders surface runoff
@ Impervious sub-soil layers restrict percolation

@ Formation of a perched water table
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Effects: Soil Salinization and Alkalinity |

One of the most devastating secondary effects of water logging is the
salinization of agricultural soil. As the water table rises, capillary action
draws water containing dissolved harmful salts upward towards the soil
surface. When this water evaporates, it leaves behind a high
concentration of soluble salts (like chlorides and sulfates of sodium,
calcium, and magnesium) in the root zone. Over time, the soil becomes
highly saline or alkaline, rendering it entirely unfit for the cultivation of
most commercial crops.

@ Upward movement of salts via capillary action
@ Evaporation leaves salt deposits in root zone

@ Deterioration of soil structure and fertility
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Table: Crop Tolerance to Water Logging |

Different crops exhibit varying degrees of tolerance to waterlogged
conditions. This table categorizes common agricultural crops based on
their ability to survive and produce yields in soils with poor drainage and
high water tables.

Crop Type Tolerance to Water Logging
Rice (Paddy) | High

Sugarcane Moderate

Cotton Low

Wheat Low

Maize Very Low
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Effects: Plant Physiology and Nutrient Uptake |

Water logging severely disrupts normal plant physiology. The absence of
oxygen in the root zone inhibits root respiration, leading to the
accumulation of toxic compounds like carbon dioxide and methane due to
anaerobic bacterial decomposition. Furthermore, the lack of oxygen
prevents roots from absorbing essential nutrients such as nitrogen and
potassium. This nutrient deficiency manifests physically as the yellowing

of leaves (chlorosis), stunted growth, and a drastic reduction in the overall
crop yield.

@ Inhibition of root respiration
@ Anaerobic decomposition produces toxic compounds

@ Nutrient deficiency causing chlorosis and stunted growth
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Effects: Agricultural Operations and Soil

Temperature |

A waterlogged soil structure loses its mechanical strength and becomes
extremely difficult to till. The use of heavy agricultural machinery
becomes impossible as tractors sink into the wet, plastic soil, delaying
land preparation and sowing operations. Additionally, saturated soils
require significantly more heat to raise their temperature compared to dry
soils. This lowering of soil temperature in waterlogged areas delays seed
germination and retards the early developmental stages of the crop.

@ Difficulty in tillage and use of machinery
@ Delayed sowing and land preparation

@ Lower soil temperature retards seed germination
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Socio-economic and Health Impacts |

The consequences of water logging extend beyond agricultural losses,
causing severe socio-economic and public health issues. The drastic
decline in crop yields leads to a loss of livelihood and economic hardship
for farming communities. Furthermore, stagnant water pools created by
poor drainage serve as ideal breeding grounds for mosquitoes and other
disease vectors. This results in the outbreak of water-borne and
vector-borne diseases such as malaria and dengue, severely impacting the
health of the local population.

@ Economic hardship due to loss of yield
@ Stagnant water breeds disease vectors

@ Outbreaks of malaria and other health hazards
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Introduction to Anti-Water Logging Measures |

Water logging occurs when the root zone of crops gets saturated with
water, significantly reducing agricultural yield. To combat this, civil and
irrigation engineers implement various anti-water logging measures. These
measures are broadly classified into preventive measures, which aim to
reduce the inflow of water into the groundwater table, and curative

measures, which focus on draining excess water and reclaiming the
affected land.
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Preventive Measure: Lining of Canals |

One of the primary causes of water logging is the seepage of water from
unlined canals, distributaries, and watercourses. By lining these conveying
channels with impervious materials like concrete, brick masonry, or
polymeric membranes, seepage losses can be drastically reduced. This not
only conserves valuable irrigation water but also prevents the continuous
recharge of the groundwater table in adjacent areas, effectively controlling

the rise in water levels.
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Agronomic and Administrative Measures |

Beyond structural interventions, agronomic practices play a crucial role.
Encouraging farmers to adopt crop rotation, especially alternating high
water-consuming crops with low water-consuming ones, helps manage
groundwater levels. Additionally, implementing volumetric pricing for
irrigation water prevents over-irrigation. Educating farmers on the
optimum utilization of water and the importance of avoiding excessive
field application are vital administrative steps in preventing water logging.
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Curative Measure: Drainage Systems |

When water logging has already occurred, drainage systems are essential
to lower the water table. These systems artificially remove excess surface
and subsurface water from the agricultural land. An effective drainage
network ensures that the water table is maintained below the root zone of
the crops, restoring soil aeration and preventing the upward movement of
harmful salts through capillary action.
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Comparison of Surface and Subsurface Drainage |

Feature Surface Drainage Subsurface Drainage
Mechanism Removes excess water from | Lowers the groundwater ta
the land surface ble
Components Open ditches, field drains Buried perforated pipe
(tile drains)
Cost Generally lower initial cost | High initial installation cos

Land Utilization

Occupies cultivable land

area

Buried, does not waste lan

Maintenance

High maintenance (weed
growth, silting)

Lower maintenance if prop
erly designed
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Introduction to Land Reclamation |

Land reclamation in the context of irrigation refers to the process of
restoring the fertility and productivity of soils that have degraded due to
water logging and subsequent salinization or alkalinization. When water
evaporates from waterlogged soils, it leaves behind soluble salts in the
root zone. Reclamation involves removing these toxic salts, lowering the
water table, and improving soil structure to make the land suitable for
agriculture once again.
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The Process of Leaching |

Leaching is the fundamental physical process used in reclaiming saline
soils. It involves flooding the affected land with high-quality, fresh water.
As this water infiltrates and percolates downward through the soil profile,
it dissolves the accumulated soluble salts present in the root zone. This
salt-laden water must then be effectively removed from the area using a
well-designed subsurface drainage system to prevent it from contributing
to further groundwater contamination.

Slide Creator DI04006061: WRM 487 /514



Mechanism of Salt Accumulation |

This diagram illustrates how a high water table combined with high
evaporation rates leads to capillary rise, bringing dissolved salts to the
surface. When the water evaporates, the salts are deposited in the root
zone, causing soil salinity.

Evaparation

Salt Accumufation (Root Zone)

Capillary Rise

---------------------------------- Water Table
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ents for Sodic Soils |

Unlike saline soils where leaching alone might suffice, sodic or alkaline
soils require chemical amendments before leaching. These soils have
excess exchangeable sodium ions that destroy soil structure, making it
impermeable. Gypsum (Calcium Sulfate) is the most common amendment
used. The calcium in gypsum replaces the sodium on the clay particles.
The displaced sodium forms sodium sulfate, which is highly soluble and
can then be leached out with water.
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Steps in Reclaiming Alkaline Soils |

The reclamation of alkaline soils involves a systematic approach. First,
adequate subsurface drainage must be installed. Next, the land is leveled
and divided into plots. The calculated amount of chemical amendment,
typically gypsum, is then broadcast uniformly over the field and mixed
into the topsoil. Following this, the field is heavily irrigated and ponded
with water for several days to allow the chemical reaction to occur and to
leach the resulting soluble salts deep below the root zone.
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Flowchart: Land Reclamation Process |

This flowchart outlines the sequential steps required for the effective
reclamation of degraded agricultural land, from initial assessment to the
eventual cultivation of salt-tolerant crops.
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Flowchart: Land Reclamation Process |l

1. Soil Testing & Assessment

2. Provision of Drainage System

3. Application of Amendments (e.g. Gypsum)

4. Flooding and Leaching

5. Growing Salt-Tolerant Crops
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Summary and Economic Importance |

Water logging and subsequent soil degradation are severe threats to
sustainable agriculture. Implementing anti-water logging measures and
undertaking land reclamation are capital-intensive but necessary
investments. Restoring soil health not only regains lost agricultural
productivity but also improves the socio-economic conditions of farming
communities. Continuous monitoring of groundwater levels and promoting
efficient irrigation practices are critical for long-term prevention.
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Introduction to Land Reclamation |

Land reclamation refers to the process of improving and restoring soils
that have been degraded by water logging, salinity, and alkalinity to a
state suitable for agricultural productivity. Prolonged water logging often
brings harmful dissolved salts to the root zone via capillary action.
Reclamation involves lowering the groundwater table, removing excess
salts, and replacing harmful sodium ions with calcium ions to restore soil
structure and fertility.

@ Restoration of degraded soils.
@ Removal of excess salts from the root zone.
@ Lowering of the groundwater table.

@ Improvement of soil structure for agriculture.
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Classification of Salt-Affected Soils |

Soil Type EC (dS/m) | ESP (%) | pH |

Saline >4 ] <15 [<85|
Sodic (Alkali) <4 | >15 [>85]
Saline-Sodic >4 ‘ > 15 \ <85 ‘
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Leaching: The Core Process of Reclamation |

Leaching is the fundamental hydro-physical process used to reclaim saline
soils. It involves the application of excess irrigation water to the soil
surface to dissolve the accumulated soluble salts in the root zone and
wash them down into the deeper subsoil or drainage system. The amount
of extra water required, known as the Leaching Requirement (LR),
depends on the salinity of the irrigation water and the permissible salinity
level of the soil solution for a specific crop.

@ Dissolves soluble salts in the root zone.

Transports salts to deeper soil layers.

Requires adequate drainage to be effective.

Leaching Requirement (LR) must be calculated.
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Schematic of the Leaching Process |

The diagram illustrates the process of leaching where excess water applied
at the surface percolates downwards, carrying dissolved salts away from
the crop root zone and into a sub-surface tile drain.

Irrigation Waterl l l
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Sub-surface Drain

Drainage containing dissolved salts

Slide Creator DI104006061: WRM 497 /514



Chemical Amendments for Alkali Soils |

Unlike saline soils, alkali (sodic) soils cannot be reclaimed by leaching
alone due to their poor permeability caused by excess exchangeable
sodium. Chemical amendments containing soluble calcium must be added
to replace the sodium ions on the clay complex. Gypsum (Calcium
Sulfate) is the most widely used amendment. Once the sodium is replaced
by calcium, it forms soluble sodium sulfate, which can then be leached
out of the root zone with excess water.

@ Used for reclamation of alkali (sodic) soils.

Replaces exchangeable sodium with calcium.

@ Gypsum is the most common amendment.

Improves soil structure and permeability.
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Common Chemical Amendments |

Amendment | Chemical Formula | Gypsum Equivalent (tons) |
Gypsum CaS0,4 - 2H,0 ‘ 1.00 ‘
Sulfur S ‘ 0.19 ‘
Sulfuric Acid | H,50,4 \ 0.57 \
Iron Sulfate | FeSO,-7H,O \ 1.62 \
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Mechanical and Physical Measures |

Mechanical measures complement chemical and biological reclamation.
Deep ploughing (subsoiling) is employed to break up hardpans or
impervious clay layers in the subsoil, thereby improving vertical drainage
and facilitating the leaching process. Surface scraping can physically
remove salt crusts from the topsoil, though it is usually only practical for
small areas. Sand mixing can also be used to improve the texture and
permeability of heavy, impermeable clay soils.

@ Deep ploughing breaks impervious hardpans.
@ Improves natural vertical drainage.
@ Surface scraping removes visible salt crusts.

@ Sand mixing enhances soil texture.
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Biological and Agronomic Practices |

Biological reclamation involves cultivating specific crops that can tolerate
elevated salt levels or actively help in soil improvement. Salt-tolerant
crops like barley, sugar beet, and specific grasses are grown during the
initial phases of reclamation. Additionally, growing green manure crops
like Sesbania (Dhaincha) and plowing them into the soil adds organic
matter. As organic matter decomposes, it releases organic acids and
carbon dioxide, which help lower soil pH and improve aggregate stability.

@ Cultivation of salt-tolerant (halophytic) crops.
@ Incorporation of green manure crops.

@ Addition of organic matter improves soil structure.

Organic acids help reduce soil alkalinity.
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Sub-surface Drainage Network |

A layout of a sub-surface drainage network showing lateral drains
collecting excess groundwater and discharging it into a main collector
drain, which helps maintain the water table below the root zone.

| | | | |
Lateral 1| Lateral 2, l | |
| | | |

Main Collector Drain

Direction of flow —
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Summary of Anti-Water Logging Measures |

To prevent water logging and subsequent salinization, various anti-water
logging measures must be implemented. These include lining of irrigation
canals and watercourses to minimize seepage losses, introducing efficient
irrigation methods like drip or sprinkler systems, lowering the full supply
level of canals, installing interceptor drains along canals, and encouraging
the conjunctive use of surface water and groundwater (pumping from tube
wells) to keep the water table suppressed.

@ Lining canals reduces seepage losses.
@ Efficient irrigation prevents over-application.
@ Interceptor drains catch seepage water.

@ Conjunctive use of ground and surface water.
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Advanced Land Reclamation: An Overview |

Land reclamation in the context of irrigation engineering involves restoring
the agricultural viability of soils that have been degraded due to water
logging, salinization, or alkalization. Advanced reclamation focuses on
curative measures that permanently alter the soil profile and groundwater
dynamics, rather than merely treating the symptoms. This requires a
multi-disciplinary approach integrating hydrology, soil chemistry, and
agronomy to lower the water table and flush out accumulated phytotoxic
salts.

@ Focuses on restoring degraded agricultural lands to productive states.
@ Integrates hydrological and soil chemistry interventions.
@ Prioritizes permanent curative measures over temporary fixes.

@ Essential for sustaining long-term irrigation projects.
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Curative Measures Against Water Logging |

While preventive measures like lining of canals and controlled irrigation
aim to stop water logging from occurring, curative measures are applied
to areas already severely affected. These measures include the installation
of extensive drainage networks, the strategic pumping of groundwater
through tube wells to depress the water table, and the promotion of
bio-drainage. The immediate goal is to establish a net downward flux of
water through the soil profile.

@ Curative measures address pre-existing severe water logging.
@ Involve the construction of surface and sub-surface drains.
@ Utilize shallow and deep tube wells to pump out excess groundwater.

@ Aim to reverse the upward capillary movement of water.
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Comparison of Surface and Sub-surface Drainage

Systems |

Parameter Surface Drainage Sub-surface Dra
Primary Purpose | Rapid removal of excess rainfall or | Lowering the gr
surface runoff. and facilitating le
Land Utilization | Consumes 5-10% of valuable agri- | Buried undergro
cultural land. zero loss of cultiv
Initial Cost Relatively inexpensive to design | High initial capit:
and excavate. pipes and trenchi
Maintenance Requires frequent de-weeding, de- | Low maintenance
silting, and grading. ters and outlets f
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Process Workflow of Land Reclamation |

A systematic, step-by-step flowchart representing the standard protocol
for reclaiming waterlogged and salt-affected soils. The process begins with
diagnostic site evaluation and culminates in agronomical interventions.
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Process Workflow of Land Reclamation |l

1. Site Survey & Soil Chemical Testing

2. Installation of Drainage System

3. Leaching of Excess Soluble Salts

4. Application of Chemical Amendments

5. Selection of Salt-Tolerant Crops
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Leaching Process and Leaching Requirement |

Leaching is the fundamental process of applying excess irrigation water to
dissolve and wash accumulated soluble salts out of the root zone and into
the deeper groundwater or drainage system. The 'Leaching Requirement’
(LR) is defined as the fraction of applied irrigation water that must
percolate beyond the root zone to maintain soil salinity at a specified
target level. Proper drainage is an absolute prerequisite for effective
leaching to prevent raising the water table further.

Leaching physically washes salts downward through the soil profile.

Leaching Requirement (LR) calculates the exact excess water needed.

LR depends on the salinity of irrigation water and crop tolerance.

@ Impossible to execute successfully without a functioning drainage
system.
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Chemical Reclamation of Sodic (Alkaline) Soils |

Soils suffering from high exchangeable sodium percentages (ESP) exhibit
poor structure, low permeability, and crusting. Reclaiming these sodic
soils requires chemical amendments, most commonly Gypsum (Calcium
Sulphate). The introduced calcium ions displace the hazardous sodium
ions attached to the soil clay particles. The displaced sodium reacts with
sulphate to form highly soluble sodium sulphate, which is then readily
leached out of the root zone through heavy irrigation.

@ Sodic soils have deflocculated clay particles leading to poor drainage.

@ Chemical amendments provide Calcium to replace exchangeable
Sodium.

@ Gypsum is the most economical and widely used chemical
amendment.

@ Displaced sodium must be leached out as a soluble salt.
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Cross-Section of a Sub-surface Tile Drain |

This diagram illustrates the cross-sectional view of a sub-surface tile
drainage installation. Perforated corrugated PVC pipes are laid in a deep

trench and surrounded by a highly permeable gravel envelope to prevent
soil ingress while intercepting groundwater.

Ground Surface

---------------- Initial Water Table

Drawdown Curve
o - __---""" (New Water Table)

Trench backfilled with native soil
and a gravel filter envelope at the base
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Bio-drainage as a Remedial Measure |

Bio-drainage is an environmentally friendly and highly cost-effective
anti-water logging measure. It involves the strategic plantation of
deep-rooted, high-transpiring tree species (such as Eucalyptus, Poplar,
and Casuarina) in waterlogged zones. These trees act as natural biological
pumps, extracting excess groundwater through their extensive root
systems and releasing it into the atmosphere via transpiration. This
significantly lowers the local groundwater table over time without the
need for mechanical pumping.

@ Utilizes deep-rooted trees as natural biological water pumps.
@ Eucalyptus is a common choice due to its high transpiration rate.

@ Low capital and maintenance costs compared to mechanical
drainage.

@ Provides additional economic value through timber and biomass
production.
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Common Chemical Amendments for Soil Reclamation

Amendment Material

Chemical Composition

Primary Reclamatio

Gypsum

C3504 . 2H2 (0]

Directly supplies solu
place exchangeable s
ticles.

Elemental Sulphur

Undergoes microbial
sulfuric acid, which ¢
calcium carbonate.

Sulphuric Acid

H>,S50,

Fast-acting acid that
with soil lime (calciur
lease soluble calcium.

Iron Sulphate

FeSO, - 7H,0

Hydrolyzes in the so
acid, thereby mobiliz
reserves.

Slide Creator

DI04006061: WRM

513 /514



ng- Term Monitoring |

The ultimate success of any land reclamation project hinges on rigorous
long-term maintenance and continuous monitoring. Drainage networks
must be periodically inspected for siltation, root intrusion, and structural
collapse. Furthermore, the groundwater table and soil salinity levels must
be monitored seasonally using piezometers and electrical conductivity
(EC) meters. Neglecting post-reclamation maintenance invariably leads to
the recurrence of water logging and secondary salinization.

@ Continuous monitoring of soil salinity (EC) and water table depth is
critical.

@ Sub-surface drains require periodic flushing to remove silt and
mineral deposits.

@ Surface drains must be cleared of weed growth to maintain hydraulic
capacity.

@ Agronomic practices must be adapted to sustain the reclaimed soil
structure.
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