
UNIT - IV

Groundwater Hydrology: Occurrence, movement and application of groundwater, aquifers
– types, Specific Yield, Permeability, Storage coefficient, Transmissibility, Darcy’s Law.
Well Hydraulics - Steady radial flow into well for confined and unconfined aquifers,
Recuperation tests. Well constants. Crop water requirements – Water requirements of crops –
crops and crop seasons in India, cropping pattern, duty and delta; Quality of irrigation water;
Soil-water relationships, root zones oil water, infiltration, consumptive use, irrigation
requirement, frequency of irrigation; Methods of applying water to the fields: surface, sub-
surface, Micro irrigation.

GROUNDWATER HYDROLOGY

In the previous chapters various aspects of surface water hydrology that deal with surface
runoff have been discussed. Study of subsurface flow is equally important since about 30% of
the world’s freshwater resources exist in the form of groundwater.

Sources and Forms of Groundwater

Sources

Groundwater originates from precipitation and recharge from surface and man-made water
bodies. Infiltrated rainwater and water from streams, lakes, ponds, canals, and artificial
recharge systems percolate downward under gravity, filling the soil’s pore spaces and
forming groundwater.

Forms

The subsurface water is considered in two major zones as (i) Zone of aeration and (ii) Zone
of saturation. The subsurface water that exists in saturated zone is popularly called
groundwater and hence the Zone of saturation is also known as Groundwater zone.

1. Zone of Aeration (Vadose Zone)

The zone of aeration (Vadose zone) lies just below the ground surface, where soil pores
contain both air and water. Water moves downward by percolation under gravity. This zone
includes:



 Soil Water Belt – the top layer (about 0.9–1.2 m) from which plants absorb water
through roots.

 Intermediate Vadose Belt – lies between the soil water belt and capillary fringe;
thickness varies with soil type and moisture.

 Capillary Fringe – the layer just above the water table where water rises by capillary
action; thickness depends on soil pore size.

The zone of aeration contains hygroscopic, capillary, and gravitational water. Key soil
properties include field capacity (maximum water soil can retain after drainage) and
permanent wilting point (when plants can no longer extract water).

2. Zone of Saturation

The zone of saturation, or groundwater zone, extends from the water table (where soil is
fully saturated) to the bottom of the porous layer. Here, all pores are filled with water, and
pressure increases with depth below the water table. The water table level rises or falls based
on groundwater storage. Groundwater flows in the direction of the lowest hydraulic gradient.
In fractured rock areas, groundwater occupies the rock’s joints and fractures, but the same
zonal structure applies.

Types of Geological Formation

Saturated formations are classified into four categories:

 Aquifer
 Aquitard
 Aquiclude
 Aquifuge

Aquifer

An aquifer is a saturated formation of earth material which not only stores water but yields it
in sufficient quantity. Thus, an aquifer transmits water relatively easily due to its high
permeability. Unconsolidated deposits of sand and gravel form good aquifers. (Formation of
Sand and Gravels).

Aquitard

It is a formation through which only seepage is possible and thus the yield is insignificant
compared to an aquifer. It is partly permeable. A sandy clay unit is an example of aquitard.
Through an aquitard appreciable quantities of water may leak to an aquifer below it.
(Formation of Sandy Clay)

Aquiclude

It is a geological formation which is essentially impermeable to the flow of water. It may be
considered as closed to water movement even though it may contain large amounts of water
due to its high porosity. Clay is an example of an aquiclude. (Formation of Clay)



Aquifuge

It is a geological formation which is neither porous nor permeable. There are no
interconnected openings and hence it cannot transmit water. Massive compact rock without
any fractures is an aquifuge.

The definitions of aquifer, aquitard and aquiclude as above are relative. A formation which
may be considered as an aquifer at a place where water is at a premium (e.g. arid zones) may
be classified as an aquitard or even aquiclude in an area where plenty of water is available.
The availability of groundwater from an aquifer at a place depends upon the rates of
withdrawal and replenishment (recharge).

Types of Aquifer
Aquifers play the roles of both a transmission conduit and a storage. Aquifers are classified as
unconfined aquifers and confined aquifers on the basis of their occurrence and field situation.

Unconfined Aquifer: An unconfined aquifer (also known as water table aquifer) is one in
which a free water surface, i.e. a water table. Only the saturated zone of this aquifer is of
importance in groundwater studies. Recharge of this aquifer takes place due to infiltration of
the precipitation at the ground surface. A well driven into an unconfined aquifer, when not
pumping, will indicate the static water level corresponding to the water table at that location.

Confined Aquifer: A confined (artesian) aquifer is a water-bearing layer trapped between
two impervious beds. It gets recharged only where it’s exposed at the surface. The water is
under pressure, so the piezometric level is higher than the aquifer top — sometimes even
above the ground surface, causing free-flowing wells without pumps. The term artesian
comes from Artois, France, where such wells were first found.

Leaky Aquifer: A leaky aquifer (also known as semi-confined aquifer) is an aquifer whose
upper and lower boundaries or one boundary is an aquitard, the other one is an aquiclude. In a
general sense, existence of leaky aquifer is more expected than confined or unconfined
aquifers. This is due to the fact that it is hard to find an aquifer that is completely confined or
unconfined. Leaky aquifers are common in alluvial valleys, plains and former lake basins.



Water Table
A water table is the free surface of groundwater in an unconfined aquifer, showing the level
where soil is saturated. It rises or falls with recharge and discharge, pumping, or seasonal
changes, and generally follows surface topography. Where it meets the land, springs or
seepage occur. A perched water table forms when an impervious layer traps water above the
main water table; it is local and yields little water, often mistaken for the main water table.

The position of the water table relative to the water level in a stream determines whether the
stream contributes water to the groundwater storage or the other way around. If the bed of the
stream is below the groundwater table, during periods of low flows in the stream, the water
surface may go down below the general water table elevation and the groundwater
contributes to the flow in the stream. Such streams which receive groundwater flow are called
effluent streams (gaining streams). Perennial rivers and streams are of this kind. If, however,
the water table is below the bed of the stream, the stream water percolates to the groundwater
storage and a hump is formed in the groundwater table. Such streams which contribute to the
groundwater are known as influent streams (losing streams). Intermittent rivers and streams
which go dry during long periods of dry spell (i.e. no rain periods) are of this kind.



Aquifer Properties
The important properties of an aquifer are its capacity to release the water held in its pores
and its ability to transmit the flow easily. These properties essentially depend upon the
composition of the aquifer.

Porosity

The amount of pore space per unit volume of the aquifer material is called porosity. It is
expressed as

where n = porosity, Vv = volume of voids and V0 = volume of the porous medium. In an
unconsolidated material the size distribution, packing and shape of particles determine the
porosity. In hard rocks the porosity is dependent on the extent, spacing and the pattern of
fracturing or on the nature of solution channels. In qualitative terms porosity greater than
20% is considered as large, between 5 and 20% as medium and less than 5% as small.

Specific Yield (Sy)

The actual volume of water that can be extracted by the force of gravity from a unit volume
of aquifer material is known as specific yield.

Specific Retention (Sr)

The fraction of water held back in the aquifer is known as specific retention.

Darcy’s Law
In 1856, Henry Darcy, a French hydraulic engineer, on the basis of his experimental findings
proposed a law relating the velocity of flow in a porous medium. This law, known as Darcy’s
law, can be expressed as

where V = apparent velocity of seepage = Q/A in which Q = discharge and A = cross-
sectional area of the porous medium. V is also known as Darcy velocity
and also as

Discharge Velocity, = hydraulic gradient, in which h = piezometric head and

s = distance measured in the direction of flow: the negative sign emphasises that the
piezometric head drops in the direction of flow

K = a coefficient, called the Coefficient of permeability.



Stratification
Sometimes the aquifers may be stratified, with different permeabilities in each strata. Two
kinds of flow situations are possible in such a case.

a. When the flow is parallel to the stratification

b. When the flow is normal to the stratification

[Note: In this case L is the length of seepage and the thickness B of the aquifer does not
come into the picture in calculating the equivalent permeability.]



The transmissibility of the aquifer is T = Ke × B.



A field test for permeability consists in observing the time required for a tracer to travel
between two observation wells. A tracer was found to take 10 h to travel between two
wells 50 m apart when the difference in the water surface elevation in them was 0.5 m.
The mean particle size of the aquifer was 2 mm and the porosity of the medium 0.3. If v
= 0.01 cm2/s estimate (a) the coefficient of permeability and intrinsic permeability of the
aquifer and (b) the Reynolds number of the flow.







A confined stratification aquifer has a total thickness of 12 m and a made up of 3 layers.
The bottom layer has a K = 30m/day and thickness of 5m. the middle and top layer have
permeability 20 m/day and 45 m/day respectively and are of equal thickness.

Calculate (a) Transmissibility, (b) Equivalent Permeability, if flow is along the
stratification



Compressibility of Aquifers





Equation of Motion

Confined Ground water flow between two water bodies



A confined horizontal aquifer of thickness 15 m and permeability K = 20 m/day
connects two reservoirs M and N situated 1.5 km apart. The elevations of the water
surface in reservoirs M and N measured from the top of the aquifer are 30 m and 10 m
respectively. If the reservoir M is polluted by a contaminant suddenly, how long will it
take the contaminant to reach the reservoir N? Assume n = 0.30.



Unconfined Flow by Dupit’s Assumption
A simplified approach based on the assumptions suggested by Dupit (1863) which gives
reasonably good results is described below. The basic assumptions of Dupit are the following:

 The curvature of the free surface is very small so that the streamlines can be assumed
to be horizontal at all sections.

 The hydraulic grade line is equal to the free surface slope and does not vary with
depth.





Unconfined Flow with Recharge

If there is a recharge, i.e. infiltration of water from the top ground surface into the aquifer, at
a rate of R (m3/s per m2 of horizontal area)



One Dimensional Dupit’s Flow with Recharge





One Dimensional Flow with No Recharge



Tile Drain Problem

The provision of a drain system is one of the most widely used method of draining
waterlogged areas, the object being to reduce the level of the water table. Figure shows a set
of porous tile drains maintaining a constant recharge rate of R at the top ground surface.



Two parallel rivers A and B are separated by a land mass as shown in Figure. Estimate
the seepage discharge from River A to River B per unit length of the rivers.





An unconfined aquifer (K = 5 m/day) situated on the top of a horizontal impervious
layer connects two parallel water bodies M and N which are 1200 m apart. The water
surface elevations of M and N, measured above the horizontal impervious bed, are 10.00
m and 8.00 m. If a uniform recharge at the rate of 0.002 m3/day per m2 of horizontal
area occurs on the ground surface, estimate



(i) the water table profile,

(ii) the location and elevation of the water table divide,

(iii) the seepage discharges into the lakes and

(iv) the recharge rate at which the water table divide coincides with the upstream edge
of the aquifer and the total seepage flow per unit width of the aquifer at this recharge
rate.







Well Hydraulics

Consider the water in an unconfined aquifer being pumped at a constant rate from a well.
Prior to the pumping, the water level in the well indicates the static water table. A lowering of
this water level takes place on pumping.

If the aquifer is homogeneous and isotropic and the water table initially horizontal, due to the
radial flow into the well through the aquifer the water table assumes a conical shape called
cone of depression.

The drop in the water table elevation at any point from its previous static level is called
drawdown.

The areal extent of the cone of depression is called area of influence and its radial extent
radius of influence.

At constant rate of pumping, the drawdown curve develops gradually with time due to the
withdrawal of water from storage. This phase is called an unsteady flow as the water table
elevation at a given location near the well changes with time.

On prolonged pumping, an equilibrium state is reached between the rate of pumping and the
rate of inflow of groundwater from the outer edges of the zone of influence. The drawdown
surface attains a constant position with respect to time when the well is known to operate
under steady-flow conditions.

As soon as the pumping is stopped, the depleted storage in the cone of depression is made
good by groundwater inflow into the zone of influence. There is a gradual accumulation of
storage till the original (static) level is reached. This stage is called recuperation or recovery
and is an unsteady phenomenon. Recuperation time depends upon the aquifer characteristics.



Steady Flow into a Well

Steady-state groundwater problems are relatively simpler. Expressions for the steady-state
radial flow into a well under both confined and unconfined aquifer conditions are presented
below.

Confined Flow

Figure shows a well completely penetrating a horizontal confined aquifer of thickness B.
Consider the well to be discharging a steady flow, Q. The original piezometric head (static
head) was H and the drawdown due to pumping is indicated in Figure.The piezometric head
at the pumping well is hw and the drawdown sw.



A 20 cm diameter tube well taps an artesian aquifer. The length at the strainer is 30 m
and the sufficient of permeability of the aquifer is 35 m/day. Assume the radius of
influence = 300 m. Find the yield for the drawdown of 3 m.

If all other conditions remain same, find the percentage change in the yield under
following cases:

1. The diameter of well is 40 cm.
2. The drawdown is 6 m.
3. The permeability is 17.5 m/day.





Radial Flow to a Well in an Unconfined Aquifer

Consider a steady flow from a well completely penetrating an unconfined aquifer. In this case,
because of the presence of a curved free surface, the streamlines are not strictly radial straight
lines. While a streamline at the free surface will be curved, the one at the bottom of the
aquifer will be a horizontal line, both converging to the well. To obtain a simple solution,
Dupit’s assumptions as indicated are mentioned above are made. In the present case these are
the following:

 For small inclinations of the free surface, the streamlines can be assumed to be
horizontal and the equipotentials are thus vertical.

 The hydraulic gradient is equal to the slope of the free surface and does not vary with
depth. This assumption is satisfactory in most of the flow regions except inthe
immediate neighbourhood of the well.





A 45 cm well in an unconfined aquifer of saturated thickness of 45 m yields 600 lpm
under a drawdown of 3m at pumping well?

Calculate:

(a) What will be the discharge under a drawdown of 6m.

(b) What will be the discharge in a 30 cm well under a drawdown of 3m.



Assume radius of influence R = 500m.



For conducting tests on 30 cm diameter well in an unconfined aquifer two observation
well A and B are bored at a distance of 25 m and 40 m respectively from the centre of
pumping well. When water is pumped at a rate of 10 litres/sec the water depth in the
pumping well is 10 m above the horizontal impervious layer upto which the well is
driven. The median grain size of the aquifer is 2.5 mm and the permeability is known to
be 0.1 cm/s.

Calculate:

(a) The depth of water above the impervious layer in the observation well A and B.

(b) The Reynold’s number of flow at the pumping well and observation well A and B.

Assume kinematic viscosity of water = 0.01cm2/s.





Unsteady Flow in a Well Situated in a Confined Aquifer

A 30 cm well penetrating a confined aquifer is pumped at a rate of 1200 lpm. The
drawdown at an observation well at a radial distance of 30 m is as follows:

Time from
Start
(min)

1.0 2.5 5 10 20 50 100 200 500 1000

Drawdown
(m) 0.2 0.5 0.8 1.2 1.8 2.5 3.0 3.7 4.4 5.0

Calculate the aquifer parameters S and T



Water Requirements of Crops

The functions of soil moisture in plant growth are very important.

→ Water and nutrients are the two most important requirements of the crop. The following
are themain functions of irrigation water:

(i) It acts as a solvent for the nutrients. Water forms the solution of the nutrients, and this
solution is absorbed by the roots. Thus, water acts as the nutrient carrier.

(ii) The irrigation water supplies moisture which is essential for the life of bacteria, which in
turn is beneficial to plant growth.

(iii) The irrigation water supplies moisture which is essential for the chemical action within
the plant leading to its growth.

(iv) Some salts present in soil react to produce nourishing food products only in the presence
of water.

(v) Water cools the soil and the atmosphere and makes a more favourable environment for
healthy plant growth.

(vi) Irrigation water, with controlled supply, washes out (or) dilutes acids in the soil.

(vii) It reduces the hazard of soil piping.

(viii) It softens the tillage (The preparation of land for growing crops) pan.



Crops and Crop seasons in India

Crops can be classified in the following ways:

 Agricultural classification
 Classification based on crop seasons
 Classification based on irrigation requirement

Agricultural Classification
It consists of the following types of crop:

(i) Field crops: such as wheat, rice, maize, barley, oats, great millet, spiked millet, gram,
pulses, etc.

(ii) Commercial crops: such as sugarcane, cotton, tobacco, hemp, sugar beet, etc.

(iii) Oil seed crops: such as mustard, groundnut, sesame, linseed, castor etc.

(iv) Horticulture crops: consisting of various fruit crops, various vegetable crops and flower
crops.

(v) Plantation crops: such as tea, coffee, cocoa, coconut, rubber etc.

(vi) Forage crops: such as fodder, grass etc.

(vii)Miscellaneous crops: such as medicinal crops, aromatic crops, sericulture crops,
condiments and spices.

Classification based on Crop seasons



Classification based on Irrigation requirement

Wet crops require ample water and are grown in wet farming systems, like rice in monsoon
regions. Dry crops are grown in drier conditions using minimal water, relying on stored soil
moisture or specific drought-resistant seeds, such as wheat or millet. Garden crops are
typically vegetables and aromatic plants grown on a smaller, more intensive scale in a garden
setting.

1. Wet crops

Definition: Grown in areas with abundant water, either from high rainfall or irrigation.

Examples: Rice, jute, and sugarcane are common examples, especially in areas with
monsoon rains.

Growing method:Wet farming depends on a consistent water supply.

2. Dry crops

Definition: Grown in areas with low rainfall, where they must rely on stored soil
moisture.

Examples:Wheat, corn, and millet are examples of dryland grain crops.

Growing method: Dry farming involves selecting drought-resistant crops and
managing soil to maximize moisture retention.

3. Garden crops

Definition: A broad category that includes vegetables, herbs, and fruits, typically
grown in smaller-scale, intensive plots.

Examples: Carrots, tomatoes, beans, and various herbs are common garden crops.

Growing method: These are cultivated on a smaller scale and are often planted for
personal use or smaller-scale commercial markets.

Quality of irrigation water

→A good irrigation water is the one which performs the functions of irrigation water
without any side effects which retard the plant growth.

→ Irrigation water may be said to be unsatisfactory for its intended use if it contains:
(i) Chemicals toxic to plants or the persons using plants as food.
(ii) Chemicals which react with the soil to produce unsatisfactory moisture characteristics.
(iii) Bacteria injurious to persons or animals eating plants irrigated with the water.

Classification of irrigation water



Irrigation water may be classified on the following basis:

(i) Classification based on total concentration of soluble salts.
(ii) Classification based on sodium concentration.
(iii) Classification based on electrical conductivity (EC), total salt content (TDS), sodium
concentration, boron concentration.

Soil–water relationship

Water present in the soil may be classified under three heads:

1. Hygroscopic water
2. Capillary water
3. Gravitational water

→ When an oven-dried sample is kept open in the atmosphere, it absorbs some amount of
water from the atmosphere. This is known as hygroscopic water, and it is not capable of
movement by the gravity or capillary forces.

→ Capillary water is that part in excess of hygroscopic water which exists in the pore space
of the soil by molecular attraction.

→ Gravitational water is that part in excess of hygroscopic water and capillary water which
will move out of the soil if favourable drainage is provided.

→ Water may also be classified as unavailable water, available water, and superfluous
water. This classification is based on the availability of soil water to plants.



Duty and Delta














