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ABSTRACT

Ever-increasing dependence on groundwater for various uses has not only triggered

environmental hazards but depletion of many aquifers too. This necessitates rejuvenation of the

aquifer systems through artificial recharge methods. Recharging is influenced by hydrogeology of

the aquifer, the hydraulic properties, flow parameters of the porous medium and flux boundaries of
/ ^

the aquifer system. Therefore, efficiencyof recharging schemes vis-a-vis hydraulic response of the

aquifer system needs to be investigated. Nevertheless, quantitative results on flow regimes and

hydraulicresponsesofaquifersystems recharged by surfacewater sourcesare still evasiveespecially

in complex aquifersystems. In this context, analytical as well as numerical groundwater models can

be of greats***- A;u-^^> /^ f<*~ ^ jr^^t' A^ ,j vifi~>

A critical review ofthe literature relevant to surface water - groundwater interaction, artificial

recharge practices, analytical as well as numerical groundwater flow modelling and geophysical

aspects of porous media has been carried out. Based on the review, it has been perceived that there

is a possibility of developing{ney)r analytical approaches for aquifer simulation in multilayered

aquifer systems by considering the analogy between groundwater flow and electrical flow in the

context,ofadvances made in exploration geophysics. Unlike numerical models, analytical models

•h render faster techniques'to simulate flow/ hydraulic potentials in aquifer systems with fewer data
sets. Further, they offer qualitative insights that may not berevealed through the quantitative results

obtained by numerical simulations. However, analytical models developed for idealised conditions

are not effective for detailed investigations on the flow characteristics in complex aquifer systems

with discontinuities (like distributed clay lenses in alluvial aquifer systems). Alternately, numerical

modelling is desirable in such cases. Thus, analytical and numerical methods can be complementary

to each other for conducting effective flow simulation studies in isotropic/ anisotropic layered

aquifer systems with or without discontinuities.

In view ofthe above, the major objectives ofthe present thesis are set as: (i) development

ofanalytical models for simulation ofhydraulic potentials and streamlines due to recharging by
surface water sources in multilayered aquifer systems, (ii) development ofanalytical models for

aquifer simulation in ahomogeneous anisotropic aquifer system with recharging sources kept on the



earth surface, (iii) validation ofthe generated analytical models in several numerical experiments

and (iv) numerical simulation studies in an aquifer-aquitard-aquifer system with continuous as well

as discontinuous aquitard in the medium. The analytical solutions have been derived by invoking
the advances made in the realm ofexploration geophysics. The numerical simulation studies in an

aquifer-aquitard-aquifer system brought forth many results on the recharging characteristics ofsuch
a system.

Steady state analytical expressions for hydraulic potentials and streamlines due to recharging
by apoint source have been derived for the case of a layered aquifer system with amaximum of
three layers. By applying appropriate convolution techniques the solutions have been modified to
suit recharge by finite-length line sources and areal sources. Subsequently, by devising an alternate
methodology, analytical expressions have been developed for the case of multilayered aquifer
systems with large ofnumber of layers (say, nlayers). Arecurrence relationship has been developed
to achieve this in an iterative manner. Several computational algorithms using these analytical
expressions have been coded in FORTRAN??. For athree-layered aquifer system the computational
algorithms developed are: (i) 3LPNT- for apoint source, (li) 3LLIN- for afinite length line source
and (iii) 3LARL- for an areal source. Whereas, NLPNT is the computational algorithm for the case
ofamultilayered aquifer system. Anumber of numerical examples pertaining to the recharge of the
multilayered aquifer systems have been presented and discussed with illustrations. Also, the
comparison of corresponding results obtained from analytical models and that obtained from the
numerical flow model, MODFLOW is undertaken. The results match extremely well, confirming
the validity of the developed analytical models. Besides, aquifer simulations using these analytical
models are found to be highly efficient compared to an identical simulation by the numerical model
MODFLOW in terms ofdata requirement and computational speed.

Further, by making use ofanalogies from geophysical vertical electric sounding methods and
applying relevant domain transformation techniques, analytical expressions have been developed
for simulating hydraulic potentials due to recharging by a point source in a homogeneous
(transverse) anisotropic aquifer system with dipping beds. Based on the analytical solutions, an
effective computational algorithm (HANI-P) has been devised to enable simulation ofthe anisotropic
aquifer system. Illustrations with numerical examples have been provided for several coefficients
of anisotropy and angles of dip of the soil strata in the anisotropic medium. Also, analytical
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solutions for hydraulic potentials have been developed for the case ofrecharging ofahomogeneous

anisotropic aquifer system due to a finite-length line source. The corresponding computational

algorithm, HANI-L is used to demonstrate numerical examples. Also, the validity ofthese analytical

expressions have been verified for homogeneous isotropic conditions.

In order to gain further insight into the recharging characteristics of a three-layered aquifer-

aquitard-aquifer system, elaborate numerical simulation studies have been carried out. An aquifer-

aquitard-aquifer system having a surface water recharging source has been conceptualised with a

provision to keep the aquitard continuous or discontinuous (as the case may be) in the model

discretisation. The analyses performed pertain to: (i) Effect of the dimension as well as the

positioning of a continuous aquitard on the recharging of the aquifer system; (ii) Effect of the

dimension of the aquitard discontinuity in a centrally positioned aquitard on the recharging of the

aquifer system; (iii) Effect of the location of the discontinuity in the aquitard with respect to the

source on the recharging of the aquifer system; (iv) Effect of depth-wise positioning of the

discontinuous aquitard in the aquifer system on the recharging of the aquifer system. Using several

dimensionless parameters, analyses of the simulation results have been earned out to infer useful

conclusions that are presented with illustrations.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Of the total volume of fresh water available on Earth, only a quarter of it is either in vapour

or liquidphase; the majorportionbeingin the form of ice/$nd doesnot participate in the watercycle

on short time-scales [Seiler and Lindner 1995]. Among liquid fresh water, groundwater

predominates. Certain regions of theworld/depend solely on theavailability of groundwater for their

domestic, agricultural and various other activities. Even so, growth in industrial, agricultural, and

municipal sectors has resulted in increasing utilisation of water, which has caused considerable

pressure on the development andsustenance of ground-water reservoirs. Ever-increasing dependence

on groundwater for various uses has not only triggered environmental hazards like land subsidence

and sea water intrusion in coastal aquifers but depletion of many aquifers too. Hence, sustainable

management and utilisation of groundwater in such regions is essential and that requires good

knowledge of the flow dynamics [Prasad and Romkens 1986] in the underlying aquifers.

1.2 BACKDROP OF THE THESIS

Artificial recharge methods [Brown and Signor 1972, Nutbrown 1976, Warner et al. 1989,

Allam et al. 1998, Bouwer et al. 1999L which are eco-friendly means to revive fragile hydrologic

regimes, are being proposed and implemented in order to rejuvenate depleting groundwater aquifers

in many countries.* including India. There has been a continuing interest in artificial recharge

practices apparently due to reasons of escalating demands, recurring drought events, depletion of

aquifers due to reduced recharge/ increased pumping rates, safe disposal of waste water as well as

losing popularity of dams due to social and environmental reasons. Methods of recharging [Brown

and Signor 1972] include spreading basins, over-iirigation, stream impoundment, percolation tanks,
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recharge ponds, injection wells and hydraulic connectors* among these, percolation tanks and

recharge ponds are common in India. 4

The important issues associated with artificial recharge can be identified as the nature of the

rechargeable water source, the system of recharge to be used, n\e expected recharging rates, the

hydraulic response of the system to recharging and the long-term management of the total water

resources system. Planning systems for the artificial recharge of ground waterrequires investigations

on infiltration rates to assess the ability of the porous medium to transmit water to the underlying

aquifer [Rastogi and Pandey 1998, Ranganna et al. 1991, Bouwer et al. 1999, Balek 1989].

Recharging can be influenced by hydrogeology of the aquifer, the hydraulic properties and flow

parameters of the porous medium as well as flux boundaries of the aquifer system. Knowledge of

the flow regime and hydraulic responses of a recharging aquifer system may facilitate effective

planning and implementation of recharge schemes. Moreover, thereare issues pertaining to storage,

extraction/recovery and possibilityof waterlogging need to be addressed in the long-term effect of

recharge on ground water. Geohydrological aspects deserve special attention in the planning,

locating and designing of an artificial recharge scheme. Nevertheless, investigations leading to

quantitative results on flow regimes are still evasive especially in the case of multiaquifer systems

characterised by stratifications, discontinuities (like distributed clay lenses) and inhomogeneities.

Both analytical and numerical groundwater models can be used to simulate effects of regional

recharge inputs and extractions farthe aquifer systems. However, a quick concept concerning aquifer ")

situation can be obtained from steady-state analytical models [Bouwer et al. 1999].

With this backdrop, it has been perceived that there is an imperative need for carrying out

further investigations/ analyses on the hydraulic responses of recharging (from surface water

sources) aquifer systems of layered/ anisotropic nature.

1.2.1 ROLE OF ANALYTICAL AND NUMERICAL METHODS

A critical review ofthe literature relevant to surface water - groundwater interaction, artificial

recharging and groundwater flow modelling indicates that though there are many specific cases of
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aquifer simulation studies,'generalised methodologies/-results on flow regimes are still lacking in

the case of complex aquifer systems. So>/it has been perceived that there is a possibility of

developing new analytical approaches for aquifer simulation in multilayered/ anisotropic aquifer

systems by considering the analogy between groundwater flow and electrical flow in-thc context of—

advances made in exploration geophysics.

Unlike numerical models, analytical models render handy techniques to simulate flow/

hydraulic potentials in aquifer systems with fewer data sets. Also, analytical models are quick jc

simulators that are computationally more efficient than any numerical simulator. Further,!they^/offer

qualitative insights that may not be revealed through the quantitative results obtained by numerical

simulations. Besides, formulation of analytical models can be advantageous for simulation of flow

in anisotropic aquifersystems with dipping beds as numerical modelling in such cases can be often

error-prone due to horizontal approximation of the model layers. When simple solutions are sought

as part of initial investigations or field applications, analytical modelling results can be of great

advantage. Besides, the relevance of analytical results are obvious in the contextof analytic element

method [Haitjema and Kraemer 1988, Haitjema 1995, Fitts and Stjack 1996, Strack 1999] for

groundwater flow problems. So, here attempts are made towards the development of analytical

models for complex aquifer systems. Further, in the case ofanisotropic porous media the directions I ^j/*-**-*

offlow and ofthe hydraulic gradient are not parallel [Marcus 1962]. Hence, numerical modelling/ '

of anisotropic flow domains attempted through isotropic approximations may introduce error in the

computation of flow. Therefore, it is desirable to develop analytical models for anisotropic aquifer

conditions too.

However, analytical models developed for idealised conditions are not effective for detailed

investigations on the flow characteristics in complex aquifer systems with discontinuities (like

distributed clay lenses in alluvial aquifer systems). Therefore, numerical modelling is desirable for

the simulation of groundwater flow in multilayered aquifer systems with discontinuities and complex

boundary conditions as numerical models relax the idealised conditions of analytical methods.

Examples of numerical modelling of groundwater flow/ solute transport, and seepage from surface

water bodies may be found in the literature [Eldho and Rao 1996, Rabbani and Warner 1997,
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Beckers and Frind 2000]. Among thenumerical groundwater models, the MODFLOW [McDonald

and Harbaugh 1984] is being applied extensively in investigations [Grundl and Delwiche 1992,

Cheng and Anderson 1993, Swain 1994, Bradley 1996, Genereux and Bandopadhyay 2001]

pertaining to groundwater flow.

Thus, analytical and numerical methods can be complementary to each other for conducting
effective flow simulation studies in isotropic/ anisotropic layered aquifer systems with or without

discontinuities. Consequently, formulation of analytical models in multilayered and anisotropic
aquifer systems as well as numerical simulation studies in an aquifer-aquitard-aquifer system
constitute the core of the thesis. While advancements made in the realm of exploration geophysics
has been invoked for the development ofanalytical models, the USGS three-dimensional modular

numerical model, MODFLOW has been employed for the aquifer simulations.

1.3 SCOPE OF THE PRESENT WORK

In view ofthe above, it has been proposed to carry out theoretical investigations/ analyses

in alayered aquifer system rjy_use-ef analytical methods as well as numerical modelling techniques^
_Jeadffl^to^aluable restate. Thus, the current work constitutes derivation of analytical expressions

for hydraulic potential (potential function) and streamlines (stream function) in multilayered/
anisotropic aquifer systems as well as application of athree-dimensional numerical groundwater
flow model for simulations and analyses in athree layered aquifer-aquitard-aquifer system.

Steady state analytical solutions for hydraulic potentials and streamlines due to a surface

water source (point source/ line source/ areal source) have been derived for the case of(i) a layered
aquifer system with amaximum of three layers, and (ii) amulti-layered aquifer system with large
number oflayers (say, n- layers). Steady state analytical solutions for hydraulic potentials due to a

point source and a finite length-line source in a homogeneous anisotropic aquifer system with

inclined soil strata have also been derived. Besides, appropriate validation procedures for the

developed analytical models have been done. Further, numerical simulation studies have been

carried out in an aquifer-aquitard-aquifer system with and without aquitard discontinuity using the
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three dimensional finite difference groundwater flow model, MODFLOW [Mc Donald and

Harbaugh 1984]. These studiescovered: (i) the effect of depth-wise positioning of an aquitard on

the flow regime, (ii) the impact of the degree of aquitard discontinuity on the recharging of the

aquifer system, and (iii) the effect of location of the aquitard discontinuity on the recharging of the

aquifer system.

1.4 LAY OUT OF THE THESIS

The thesis isorganised in 7chapters, each chapter being\&&)®ti$J0 aparticular aspect ofthe

work.

Chapter 1: This chapter attempts to introduce the rationale of the present work by dwelling

on the background of the work. The major objectives and a profile of methodologies are also

provided.

Chapter 2: It contains an elaborate review of the literature on all pertinent aspects related

to the current work. The review brings out the need and rationale for the studies.

Chapter 3: Here, analytical models have been presented for the computation of steady state

hydraulic potentials and streamlines in a three-layer aquifer system as well as in a multilayered

aquifer system with large number of layers. The application of these analytical models have been

demonstrated with numerical examples. Further, performance comparison of the presented analytical

models have been made with corresponding results from a standard numerical model.

Chapter 4: This chapter presents analytical solutions for hydraulic potential due to a point

source as well as that due to a finite-length line source in a stratified homogeneous anisotropic

aquifer system with dipping strata. l, _Ll,

Chapter 5: It deals with a study on the rechargingJn^ifr aquifer-aquitard-aquifer system vis

a-vis the influenceof the dimension and depth-wise positioningof a continuous aquitardon the flow

regime, based up on numerical simulations by MODFLOW.

Chapter 6: Investigations on the recharging in an aquifer-aquitard-aquifer system with a

discontinuous aquitard i£ presented. The influence of the following aspects on the flow regime has

been studied using numerical modelling: (i)dimension of the aquitard discontinuity, (ii) location of

5
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the discontinuity in the aquitard, and (iii) depth-wise position of the discontinuous aquitard in the

aquifer system.

Chapter 7: A discussion on the summary of contributions and conclusions with a note on

further perspectives for future investigations ift continuation to tho prooont effort are given in this

chapter.

Finally, all the relevant references cited in the thesis have been listed in the end of the thesis.

^ «v1m^ J^^t^ »v^t A^U?

J&L^\s-

L*U>^^



CHAPTER 2

REVIEW OF LITERATURE

2.1 GENERAL

Study of the interaction between surface water and groundwater is of great importance from

a quantitative and qualitative point of view. However, this necessitates ajsrjutKbbackground of

theoretical and applied investigations. Understanding the dynamic nature of surface water -

groundwater interaction aids in the interpretation of hydrologic and chemical relations between

surface water bodies like lakes, recharge ponds etc. and the groundwater [Sacks et al. 1992]. Again,

it is of fundamental concern to those interested in sustainable development of water resources and

implementation of artificial recharge schemes [Brown and Signor 1972, Rastogi and Pandey 1998,

Bouwer et al. 1999] and is to be given a greater attention [James 1995].

Study of surface water - groundwater interactioncan be carried out by means of numerical

as well as analytical methods. A general mathematical description of interactions between surface

waterand ground water, as a complicated structural system, requires the use of hydrodynamic and

water-balance equations [Popov and Sokolov 1986]. Availabilityof efficientnumerical models offer

promising opportunities to relax many assumptions of analytical solutions and interpret field data

more generally. Besides, analytical solutions could be advantageous when groundwater flow is

considered incomplex aquifer systems oflayered/ anisotropic nature assome parallels may befound

inthe geoelectric sounding principles [Bhattacharya and Patra 1968, Patra and Nath 1999]. However,

this aspect deserves special attention. Innumerical models theinverse method [Konikow and Mercer

1988, Konikow and Bredehoeft 1992, Finsterle and Pruess 1995] is used to achieve hydraulic

characterisation of the aquifer, wherein hydraulic parameters are calibrated to best-match the

observed water levels. Nevertheless, the hydraulic response ofa subsurface flow system is governed

by its geometric attributes, its forcing functions, and its material properties [Narasimhan 1998].
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Analytical tools help in comprehending the physics behind the processes.

Understanding the interaction of surface water bodies with groundwater requires an

understanding of the dynamic character of the distribution of hydraulic head in the groundwater

system [Winter 1983]. This distribution of hydraulic head/ potential is controlled to a large extent

by the distribution ofgroundwater recharge. There are a number of factors which affect the process

ofgroundwater recharge. Among those, the hydraulic conductivity and porosity ofsoil have the most

profound influence. Though recharge processes have been investigated using different forms of

mathematical models, most ofthese models cannot elaborate the physics ofgroundwater recharge

[Su 1994]. The surface water - groundwater interaction is controlled by the geologic framework

through which the water flows [Winter and Pfarmkuch 1984] and hydraulic behaviour like

anisotropy of the porous media.

2.2 STUDIES ON SURFACE WATER - GROUNDWATER
INTERACTION

There has been an increasing interest, in recent times, in modelling tools that integrate the

surface and subsurface components of the hydrologic cycle [Beckers and Frind 2000] in a natural

watershed that should take care ofthe interaction aspects too. Assessment ofgroundwater potential

for conjunctive water use is essential in irrigation projects [Sondhi Rao and Sarma 1989]. Field

studies ofsurface water-groundwater interaction are reported inthe literature from various regions

ofthe globe [Anderson and Cheng 1993, Cherkauer and Zvibleman 1981, Crowe and Schwarts 1981,

Singh 1992, Munter and Anderson 1982, Eshleman et al. 1994, Pucci and Pope 1995, Isiorho et al.

1996, Lee 2000]. It has been shown using mathematical modelling, that the major mechanism of

vertical flow through the zones of low hydraulic conductivity in alluvial aquifers ofGujarat (India)

was causing rapid declines in the water table / piezometric heads [Rushton and Tiwari 1989].

Another investigation exposed the common understanding that inflow to a large water body like a

lake is largest at the shoreline and decreases exponentially with distance offshore [McBride and

Pfannkuch 1975, Pfannkuch and Winter 1984] need not bea norm [Cherkauer and Nader 1989].
>
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The heterogeneities within the hydrogeologic system beneath surface-water bodies may

modify the flow system. Further, the presence ofclay layers between the ground and phreatic surface

canlimit the flow leading to water-logging at the ground surface anddeclining groundwater heads

in the aquifer [Rushton 1986]. Generalised results on the recharge characteristics for aquifer systems

having discontinuous flow barriers like clay lenses are required to be framed.

Previous research on interaction between surface water bodies and aquifers is focused

generally on specific cases to understand the features of a particular type of flow system or

alternatively to evaluate particular modelling techniques [Townley and Davidson 1988]. Though an

elaborate study of two dimensional numerical modelling [Nield et al. 1994] attempts to provide a

general framework for surface water-groundwater interaction, it is still limited by a number of

simplifying assumptions. Despite the continuing interest in many aspects of surface water -

groundwater interaction, a comprehensive classification [Townley andTrefry 2000] forgroundwater

flow patterns near surface water bodies is still lacking. Augmentation ofanexisting two dimensional

flow classification scheme for lake aquifer systems [Nield et al. 1994] to three dimensions has been

reported recently [Townley and Trefry 2000]. Nevertheless, assumptions of homogeneity and

isotropy have been imposed inthese idealised mathematical models. Acompilation ofhydrogeologic

data for numerous lakes in North America with a preliminary classification framework for lakes

based on hydrogeologic considerations is reported [Born et al. 1979]. However, existing results on

surface water - groundwater interaction for those specified situations [Winter 1976, 1978, 1981,

1983, 1995, 1999, Wright 1980, Kacimov 2000] are not easily transferable to non-identical

situations; their usefulness lies in the methodology rather than the general applicability.

Theoretical analyses of seepage from surface water bodies like canals, ponds, rivers etc. to

the underlying aquifer system as well as two or three dimensional flow regimes using either

analytical techniques or numerical methods are also reported [Nutbrown 1976, Winter 1978, Bruch

1979, Rushton and Redshaw 1979, Smiles and Knight 1979, Pfannkuch and Winter 1984, Sahuquillo

1986a, 1986b, Sophocleous and Perkins 1993, Meigs and Bahr 1995, Rai and Singh 1995]. An

analytical solution is reported for the growth of groundwater mound in finite aquifers bounded by

open water bodies, in response to recharge from rectangular areas [Rao and Sarma 1981].
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Further, investigations of surface water-groundwater interaction in an interdisciplinary

manner are also reported [Bobba et al. 1992, Pfannkuch and Winter 1984, Krabbenhoft et al. 1990b,

Kacimov 2000, Nachiappan 2000]. The results of a field study in which stable isotopes and a

numerical model were used independently to calculategroundwater flow rates indicate that taken

together the two methods are complementary in establishing confidence in the results [Krabbenhoft

et al. 1990a, 1990b]. Theoretical studies ofsteady groundwater flow near a hemispherical lake have

been reported by utilising known solutions from electromagnetism [Kacimov 2000].

2.3 GROUNDWATER MODELLING: ANALYTICAL METHODS

The analytical approach is often the simplest and quickest way to obtain answers to questions
posed by water-resource managers. Analytical models can also be instrumental in improving our
understanding ofphysical processes occurring within aground water flow system.

Unlike numerical models, the results from analytical models remain continuous functions of space
and time. Thus, many ofthe difficulties and errors associated with the discrete-space and discrete-

time numerical solutions are avoided [Hemker 1999a]. Besides, analytical solution techniques are
often less computationally demanding and can give greater insight into the behaviour of the

dependent variable [Connell et al. 1998]. Analytical solutions can be employed to test/ check results

obtained through numerical models during their developmental phase or afterwards [Holder et al.
2000]. In general, analytical models are useful in aquifer-test analysis; evaluation of simple aquifer
systems; design, calibration, or verification ofnumerical computer models; and understanding basic
principles of groundwater flow and transport.

A large number of analytical models structured to solve partial differential equations
governing the flow of groundwater to and from wells, and streams for isotropic or anisotropic
conditions are available [Sridharan et al. 1990a, Walton 1979]. Analytical models are applied chiefly
to relatively uniform aquifers with simple geometry. While numerical modelling may be required
at advanced stages ofgroundwater flow problems, simple analytical solutions can be informative

during the preliminary stages of investigations as evident from some of the recent investigations

10
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[Marinelli and Niccoli 2000, Lei 1999]. Numerical models can be more realistic, but availability

of abundant and accurate data is imperative. Cases where basic data are not sufficient to warrant

numerical modelling, analytical models can be the alternative. Thus, the choice to select an

analytical oranumerical technique mainly depends on the complexity ofthe type ofproblem at hand

and the solution requirements.

Recognised departures from ideal conditions do not necessarily dictate that analytical models

berarely used as there are means for circumventing analytical difficulties posed bycomplicated field

conditions, and many aquifer systems can be highly idealised with little sacrifice in accuracy of

analysis [Walton 1970]. Further, this limitation canbe overcome by superimposing many analytic

solutions, allowing the total solution to meet irregular boundary conditions [Strack and Haitjema

1981a, 1981b, Strack 1989, Haitjema 1995, Strack 1999]. Irregular and diverse boundary conditions

can be modeled using this approach and the resulting composite analytic solution satisfies the

governing differential equation exactly except at singular points, curves, or surfaces associated with

the analytic functions [Fitts 1991]. To remove singular behaviour of the flow near source/ sink

zones, analytical techniques are available [Charbeneau and Street 1979].

The utility of analytic element method for groundwater flow problems [Haitjema and

Kraemer 1988, Haitjema 1995, Fitts and Strack 1996, Strack 1999] by way of superposition of

analytic functions underscores the continuing interest in analytical results. The literature is replete

with analytical solutions for the interaction of confined, leaky, and water table aquifers with an

adjoiningstreamsor water bodies [Barlow and Moench 1998]. Althoughextensiveresearchhas been

carried out on developing analytical solutions for surface water - groundwater interaction, no

generalisation of the solution scheme for dealing with general initial and boundary conditions has

been published [Ostfeld et al. 1999]. Analytical models are shown to be useful tools in the

quantification of the interaction of surface water and groundwater [Moench and Barlow 2000]. A

recharge relationship of groundwater profiles with constant groundwater tables was derived using

the integral solution approach [Prasad and Romkens 1986]. Also, an explicit formula obtained

through analytical inverse solution has been presented in the literature to compute recharge of

groundwater [Su 1994].

11
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There are many analytical solutiontechniques presented in the literature for two-dimensional

ground water flow problems [Strack 1981a, 1981b, Boehmer and Boonstra 1987, Yates 1988, Van

der Veer 1994, Fitts and Strack 1996, Bruker and Haitjema 1996, Connell et al. 1998, Verhoest and

Torch 2000]. In one ofthe studies, analytical Dupuit solutions for multi-aquifer flow are compared

to exact solutions for two-dimensional flow [Bakker 1999]. Procedures are presented for delineating
capture zones ofpumping wells [Bakker and Strack 1996]. Flow to awell in amulti-aquifer system
is aproblem that has great practical interest and importance in groundwater literature [Sokol 1963,
Hunt 1985], Solutions for groundwater flow are available for the case of layered aquifer systems
using the differential equations of ground water motion and the pertinent initial and boundary
conditions [Polubarinova-kochina 1962, Hantush 1967a, 1967b, Neuman and Witherspoon 1969b,
Herrera 1970, Hemker and Maas 1987]. Solutions for radial flow in aconfined infinite aquifer
systems with the well represented by aline sink has been reported [Neuman and Witherspoon 1969a,
Khader 1980]. Further, analytical solutions are found to be convenient to predict the rate of growth
and shape of the recharge mounds in artificial recharge schemes [Warner et al. 1989], The analyses
are applicable to steady flow through a system oftwo/ many aquifers ofinfinite extent.

Flow in an extensive heterogeneous aquifer that is composed ofa succession ofhorizontal

homogeneous sublayers, is atype ofproblem that can be solved by an integration of both analytical
and numerical techniques [Hemker 1999a]. Solutions for aquifer systems having anumber of layers
are reported [Hemker and Maas 1987, Gjerde and Tyvand 1987 ]. Some of these models treat every
other layers as identical [Gjerde and Tyvand 1987], Still, there are very few analytical solutions
allowing some sort of vertical heterogeneity [Hemker 1999a, 1999b] within the aquifer.

Analytical description of determination of flow to a point sink in a perfectly layered
subsurface has been published [Nieuwenhuizen et al. 1995]. The non-vertical well is constructed by
anumber ofpoint sinks along a line or on asurface, and the flow solutions for each point sink are

superimposed to find the full solution as the well can be composed ofanumber ofpoint sinks. Each

point sink causes aflow field and the total flow field is obtained by superposition ofthese fields. The

restrictions in the above solution procedure are: the points sinks can not be located at the earth-

surface, or at an the interface between layers, and assumption of isotropic subsurface. Flow driven

12



CHAPTER 2 REVIEW OF LITERATURE

by awell (using a generalised Fourier transform technique) in aperfectly layered subsurface, where

the permeability is a function ofthe depth only, has been described elsewhere [Maas 1987a, 1987b].

A general method has been reported for the analytical solution of steady flow problems in leaky

multiple-aquifer systems of infinite extent, being pumped or recharged at a constant rate [Hemker

1984].

An analytical model to simulate stream-aquifer interactions, only using transmissivity,

specific yield, and recharge as parameters, for alluvial conditions has been reported [Workman et

al. 1997]. A general solution scheme [Ostfeld et al. 1999] for determining groundwater levels for

groundwater systems with recharge exists. A grave limitation of the model is the selection of a

'representative flow depth' to facilitate the solution, which can only be determined given the

numerical solution.

A perturbation solution with probabilistic approach to three dimensional radial flow in

heterogeneous porous media is reported [Naff 1991]. Mean radial flow with stationarity of flow and

relative potential in an infinite three dimensional medium is assumed to simplify the analysis.

Analytical solution for the problem of abstraction from a well in a multilayered aquifer, each layer

being independently homogeneous, isotropic and artesian, is obtained [Wikramaratna 1984].

Evidently, advances in analytical modelling virtually dominated groundwater literature until

the invention of digital computers [Walton 1979], thereafter numerical modelling took over. Yet,

significant progress in analytical modelling continues, especially in the case of complex aquifer

systems, and the inventory of analytical models is impressive.

2.4 GROUNDWATER MODELLING: NUMERICAL METHODS

Numerical models commonly used to analyse or predict the response ofgroundwater systems

have increasing capabilities for dealing with complex flow and transport processes. However, greater

model sophistication is usually accompanied by an increasing number of hydrogeologic parameters,

which enter the governing equations to describe the interaction between the fluids and the porous

13
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media. Therefore, measurements [Dane and Molz 1991] needed to define the basic hydraulic

properties of subsurface porous mediaconstitute a fundamental problem, since these modelsmake

realistic predictions if thecorrect values for thehydraulic properties areused. Evenso, the measured

parameters may differ significantly from their model counterparts both conceptually and

numerically, mainly because of scale effects [Finsterle and Pruess 1995, Narasimhan 1998]. The

model-related formation parameters are obtained through calibration of the model using inverse

modelling techniques [Konikow and Mercer 1988, Konikow and Bredchoeft 1992].

Because of inevitable errors and uncertainty in model parameters, all predictions need to be

accompanied bysome indication oftheir reliability oruncertainty [Konikow and Mercer 1988]. The

numerical errors arising strictly from inaccuracies in the equation solving algorithm usually are

much smaller than the errors associated with or produced by : theoretical misconceptions, or over-

idealisations about the system that are incorporated in the model, uncertainty and error in the

specification of system properties, boundary conditions, and initial conditions, and uncertainty in

past and future stresses. It is possible to specify boundary conditions for the boundaries of an

embedded microscale model using values from the embedding macro-scale model [Leake et al.

1998]. Literature relevant to flow and capture zone modelling ofcomplex three-dimensional ground

water flow systems, focuses on the importance of the geologic structure, the parameter estimation

and model calibration, and techniques for the delineation of three-dimensional capture zones. It has

been found that a three-dimensional conceptual model based on the geologic structure is essential

for a valid definition ofthe flow field, and hence for creating acredible basis for delineating well

capture zones [Martin and Frind 1998].

Recent years witnessed the application of analytic element method [Strack and Haitjema

1981a, 1981b, Strack 1989, Haitjema 1995, Strack 1999], a numerical method that gives an

approximate solution to a problem, to groundwater modelling studies. The method isbased upon the

superposition ofanalytic functions [Haitjema and Kraemer 1988, Fitts and Strack 1996] and might

be considered as an extension of classical models of regional flow based on the superposition of

elementary functions such that each function is unaffected by the other functions in the solution.

Methods are presented in the literature for finding approximate analytic solutions to three-
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dimensional steady state ground water flow and for combining those solutions with regional two-
dimensional models [Haitjema 1985, Luther and Haitjema 2000].

Numerical modelling of groundwater flow/ solute transport, and seepage from surface water
bodies using vanous schemes can be found in the relevant literature [La Venue and Rama Rao 1989,
Eldho and Rao 1996, Rabbani and Warner 1997, Beckers and Frind 2000]. Flow mechanisms in
groundwater basins with adistinction between the behaviour of aquifers and aquitards are reported
[Marsily et al. 1978, Sndharan et al. 1990b, Lopez and Smith 1995]. The application of Finite
Element and Boundary Integral Equation methods are reported in deriving solutions for complex
aquifers [Lafe et al. 1981, Yu and Singh 1994]. Among the available numerical groundwater models,
the USGS three-dimensional modular numerical model, MODFLOW [Mc Donald and Harbaugh

1984] has been applied extensively (either the original codes, or modified ones with additional
features) in investigations pertaining to groundwater flow as well as transport related problems [eg:
Grundl and Delwiche 1992, Sophocleous and Perkins 1993, Cheng and Anderson 1993, Swain 1994,

Reynolds and Spruill 1995, Anderman et al. 1996, Bradley 1996, Srinivas et al. 1996, 1999,
Genereux and Bandopadhyay 2001]. Of late, an investigation using MODFLOW on the relative
significance of several factors controlling lake bed seepage patterns [Genereux and Bandopadhyay

2001] is reported.

Numerical methods relax the idealised conditions of analytical models and yield approximate

solutions to the governing equations [Konikow and Mercer 1988]; they require discretisation of

space and time . Within the discretised format one approximates the internal variable properties,
boundaries, and stresses of the system. However, in applying groundwater models to the field

problems, errors arise from conceptual deficiencies, numerical errors, and inadequate parameter

estimation [Konikow and Bredehoeft 1992]. Abetter quantitative insight into the relation between

spatial scale and problem schematisation will provide better insight into the applicability and
accuracy ofnumerical models. Methods aimed at understanding the relationships among spatial and

temporal discretisations and numerical errors will enable evaluation of grid size and vertical

dimension of a groundwater model [Stolwijk et al. 1996, Lai 2000].
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Numerical models of any scale contain uncertainties because of inaccuracies in the inputs,
parameters, and algorithms [Lai 2000]. Input uncertainty is due to inaccurate or inadequate spatial
and temporal input data. Parameter uncertainty is mainly due to inaccurate values of spatially
varying physical charactenstics. Numerical errors are considered to be the source of algorithm. Most
numerical flow models fail to simulate hydraulic heads in an anisotropic porous medium with
inclined planes of stratification. The reason being the assumption of the principal axes of anisotropy
coinciding with the reference coordinate axes, which is not true. Hence, numerical modelling of
anisotropic flow domains attempted by isotropic approximations introduces error in the computation
of hydraulic heads and thereby in the flow.

2.5 FLOW IN ANISOTROPIC AQUIFER SYSTEMS

Natural porous media are generally inhomogeneous and layered structures with anisotropy
are very common. Anisotropic behaviour ofa porous medium at one scale may be related to the

presence oflower-scale directional structures [Ursino et al. 2000]. The effect ofanisotropy on the

flow ofgroundwater through geologic formations has been ofparticular interest to hydrologists. The
theory of flow of fluids through anisotropic porous medium is presented in the literature

[Scheiddegger 1957, Polubarinova-Kochina 1962, Harr 1962, Marcus 1962]. Further, theories on

geoelectric sounding procedures [Bhattacharya and Patra 1968, Koefoed 1979, Niwas and Israil

1986, Patra and Nath 1999] provide insight into the computation ofsurface electric potentials in
layered anisotropic earth medium. However, parallel results enabling computation ofhydraulic heads
in layered anisotropic medium are not available in the hydrological literature.

The direction ofthe flow and ofthe hydraulic gradient in an anisotropic porous medium are
generally not parallel [Marcus 1962]. The directional permeability can be expressed either as a

function ofthe properties ofaporous medium or as a function ofthe properties and dimensions of

the porous medium. The two definitions do not yield the same result; the difference is a function of

the anisotropy ofthe material and of the directions ofthe gradient with respect to the principal
permeabilities [Marcus and Evenson 1961]. The analysis ofground-water flow in ahomogenous and

anisotropic medium can be facilitated by appropriate transformation ofthe coordinate axes, thereby
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the anisotropic medium can be transformed into a fictitious isotropic one [Mishra 1972, Strack

1989].

An investigation of the fundamentals ofthe two dimensional flow through anisotropic porous
media was carried out, and general solutions reported [Marcus 1962]. A two dimensional linear

theory of the decay of adisturbed free surface in an anisotropic porous layer has been presented
[Tyvand 1984, 1986] with an arbitrary two-dimensional anisotropy assumed for the homogeneous
porous medium. Methods for parameter estimation for an anisotropic leaky aquifer system has been
reported [Sekhar et al. 1994]. Theoretical analyses for the steady state seepage ofponded water into
drainage ditches in ahomogenous and anisotropic soil are available [Barua and Tiwari 1995, 1996].

Laboratory experiments have also been reported to examine the combined effect ofheterogeneity,

anisotropy and saturation in porous media on steady flow/ transport [Ursino et al. 2001].

It isobserved that there are not many analytical results reported in the literature for most of

the types offlows in anisotropic porous media, particularly for the distribution ofhydraulic heads

in an anisotropic medium with inclined bedding planes.

2.6 FORMULATION OF STREAM FUNCTIONS

For two-dimensional groundwater flow governed by Laplace equation there exists both a

discharge potential function and a stream function, which are conjugate harmonics of each other

[Strack 1989]. The stream function is constant along a streamline, and the difference in its value for

two streamlines represents the total flow between these streamlines. Basically, the importance of the

stream function stems from its application to constant density flow problems in which hydraulic

head is a potential function that completely describes the flow system. Under these circumstances

equipotentials are everywhere normal to flow lines, and the stream function and hydraulic potential

satisfy the Cauchy-Riemann conditions [Harr 1962], thereby lending themselves to solutions using

the tools of complex variables.

Therefore, in modelling groundwater flow it is often useful to formulate the flow equation
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in terms of the stream function [Polubarinov-Kochina 1962, Strack 1989, Evans and Raffensperger
1992]. The stream function enables accurate determination of streamlines leading to accurate results
[Christian 1980, Fogg and Senger 1985, Frind and Matanga 1985, Senger and Fogg 1990]. Once the
stream functions are calculated, simple contouring leads to a family of streamlines that can be

superimposed on the equipotential contours to create an accurate flow net. The flow net provides the
most intuitive means of visualizing the flow field. Computed streamlines are especially desirable in
regional cross-sectional models where extreme vertical exaggeration of scale and anisotropic
permeability give velocities that are not perpendicular to equipotential contours [Fogg and Senger
1985].

Analytical solutions for computing both equipotentials and streamlines offlow net were
available for long in the literature [Polubarinov-Kochina 1962], but these are limited to relatively
simple flow systems. Subsequently, application of stream functions in two-dimensional ground
water flow systems has received much attention [Frind and Matanga 1985, Fogg and Senger 1985,
Senger and Fogg 1990, Evans and Raffensperger 1992]. There are methods for generation of the
streamlines based on numerical groundwater flow modelling algorithms also [Charbeneau and Street
1979, Christian 1980, Fogg and Senger 1985]. However, some of these methods are not applicable
when sources or sinks occur within the flow region, and do not handle transient conditions too. The
intricate issue of extending the stream function theory to three-dimensional flow systems has been
discussed elsewhere [Bear 1972, Zijl 1986, Matanga 1993].

Accurate construction of flow nets can be difficult in heterogeneous, anisotropic porous
media due to nonexistence of orthogonality between streamlines and equipotentials, or in regional
cross sections where vertical exaggeration of scale is large. Usually, the nonexistence of the

orthogonality can be circumvented by transformation of the anisotropic porous medium into an
isotropic one [Mishra 1972, Strack 1989]. However, the flow domain transformation can be avoided
by constructing flow nets with streamlines and pseudopotential lines [Matanga 1988]. Generation
of individual streamlines in heterogeneous and anisotropic porous media with sources or sinks, and
for steady state as well as transient conditions is reported [Charbeneau and Street 1979].
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Since any solution of the flow field in terms of the stream function guarantees conservation
of fluid mass, the stream function has significant numerical advantages in variable density
groundwater flow modelling and the formulation of the mass flux-based stream function [Evans and
Raffensperger 1992]. Description of steady state variable density stream functions and their
computation through minor modifications of conventional numerical modelling algorithms is
available [Senger and Fogg 1990]. Besides, atechnique has been proposed which allows the stream
function to be used in models which include areal recharge leakage [Haitjema and Kelson 1996].

Finally, analytical expressions for stream functions enabling straight computation ofstream

lines are not known to exist in the case of multilayered aquifer systems with internal boundary

interfaces.

2.7 GEOPHYSICAL ASPECTS OF AQUIFER SIMULATION

The mathematical analogy between electrical flow (Ohm's law) and groundwater flow

(Darcy's law) has long been recognised [Hubbert 1940]. Steady-state flow of electricity or

groundwater through a homogeneous and isotropic, conductive medium bounded by planes is
described mathematically by the three-dimensional Laplace equation [Bhattacharya and Patra 1968,

Freeze and Cherry 1979]. Analogous quantities between steady-state electrical flow and ground

water flow are well identified [Freeze and Cherry 1979]. In Ohm's law resistance ofthe conducting

body is an integral evaluated over the whole body, whereas Darcy's law involves spatial derivative

ofpotential. Thus, Darcy's law is compatible with the differential equation, while Ohm's law is well

suited for integral equations [Narasimhan 1998].

More than any other geophysical technique, electrical and electromagnetic methods are

directly affected by the presence of conductive pore fluids in the subsurface [Nobes 1994]. The

utility of these methods in groundwater studies [Walton 1970, Zohdy et al. 1974, Prickett 1975]

is in thesimilarity of current flow and fluid flow depending on the connectivity and geometry of the

pores in soils. Also, the pore waterquality influences the geophysical response.
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Adiscussion on the factors influencing relations between electrical and hydraulic properties
of aquifers and aquifer materials can be found elsewhere [Mazac et al. 1985]. Surface resistivity
methods are used by engineers and geo-hydrologists to obtain aquifer information such as yield,
hydraulic conductivity, and transmissivity. The layered earth model is afundamental interpretation
aid for direct current resistivity data [Daniels 1978]. However, interpretation procedures for vertical
electrical sounding (VES) assuming ahorizontally layered medium is only an approximation of
reality due to the scale of the heterogeneities in aquifer systems.

Realisation of the direct analogy between ground water flow and the flow of electricity
through conductive porous media aids in the interpretation of electrical potential data [Mazac et al.
1985, Osiensky and Donaldson 1995] derived by mise-a-la-masse method, which involves the
measurement of electrical current flow through the earth materials under investigation [Parasnis
1967], Techniques for utilising the three dimensional finite difference ground-water flow model
MODFLOW [Mc Donald and Harbaugh 1984] to develop approximate solution for point source
electrical flow through conductive porous media are reported [Osiensky and Williams 1996, Pujari
1998].

On the other hand, electrical analogue models have been used to analyse transient behaviour
of groundwater systems. Electrical resistance being analogous to inverse of hydraulic conductivity
and electrical capacitance being analogous to storage coefficient, resistor network models have been
used to simulate the transient behaviour ofwells [Skibitzke 1963], water column movements in wells
subject to periodic loading [Bredehoeft et al. 1966] or to verify analytical solutions for the flow of
water in aquifer systems [Papadopulos 1965]. Flow net based on electric analogue models have been
used for complex boundary conditions as well as for anisotropic and heterogeneous aquifers [Freeze
and Cherry 1979]. Further, in order to evaluate the effect ofdistribution ofseepage through lake beds
electric-analogue models have been employed [Pfannkuch and Winter 1984].

In view of the above, it is pertinent to invoke relevant results in the realm of exploration
geophysics to aid formulation of solution techniques for groundwater applications; such procedures
for acomplex aquifer system are yet to be cited in the literature ofgroundwater hydrology.
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2.8 SUMMING UP

Acritical review of the literature relevant to aquifer simulations using numerical as well as

analytical techniques has been presented with an emphasis on the groundwater flow modelling
aspects pertaining to surface water - groundwater interaction in multilayered and anisotropic aquifer
systems. Also, the formulation ofstream functions and their utility in aquifer simulations has been

discussed. Besides, pertinent aspects related to the analogy between groundwater flow and electrical

flow havealsobeen examined with a view to carry out analytical studies making use of someof the

advances in the area of exploration geophysics.

The review indicates that there are many investigative results existing in the literature for

simple as well as complex aquifer systems. Yet, generalised methodologies/ results are lacking

because of the fact that each aquifer system is unique in its set-up and characteristics, which eludes

possibility ofany universal solution technique. Even so, research investigations on aquifer systems

ought to continue to address issues that are yet to be covered or attempted. Conception of new

methodologies as well as improvements over the existing ones are also desirable.

The above critical review suggests a possibility of developing analytical (semi-analytical)

approaches to meet specific hydrological modelling demands in an interdisciplinary manner by

considering various advances made in exploration geophysics. Also, there is a need for numerical

modelling studies for intricate hydrological situations yet important ones fore.g., roleof distributed

clay/ shale (aquitard) present in a stratified medium controlling water logging at the surface and

declining heads in the aquifer. In viewof the abovethe following constitute the major objectives of

the present thesis:

1. To develop analytical expressions for the computation of hydraulic potentials and stream

functions due to recharging by surface water sources in a stratified porous media .

2. To tackle the problem of defining hydraulic potentials analytically in an anisotropic medium

due to a point source and a finite-length line source kept on the air-earth interface.
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3. To generate computational algorithms based on the analytical results and validate them in

several numerical experiments.

4. To carry out numerical modelling studies in an aquifer-aquitard-aquifer system with a
continuous and adiscontinuous aquitard (like distributed clay lenses) in the medium.
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CHAPTER 3

ANALYTICAL SOLUTIONS FOR HYDRAULIC
POTENTIAL AND STREAMLINES IN
MULTILAYERED AQUIFER SYSTEMS

3.1 GENERAL

Analytical methods are handy compared to numerical techniques when asteady state solution

of hydraulic potential or stream function is sought in an aquifer system. Though numerical

groundwater models are effective in simulating flow in aquifer systems, agood computing facility
is necessary for model implementation. Therefore, the objective here is to develop easy-to-compute

analytical solutions for steady-state hydraulic potential and streamlines in astratified aquifer system

with a surface water source of recharge at the centre.

With appropriate analytical solutions (functions) it is possible to model flow in stratified

aquifer systems. In such aquifer systems, it is assumed that the hydraulic conductivity changes

abruptly across the boundaries. However, at the boundaries, the conditions ofcontinuity offlow and

continuity ofhydraulic potential must be satisfied. Laplace equation, the governing equation for the

steady-state groundwater potential, can be solved along with appropriate boundary conditions to

obtain the required solution in a stratified aquifer system. Since Laplace equation, the governing

differential equation for steady groundwater flow [Fitts 1991], isa linear partial differential equation

two or more solutions to it may be superimposed and their sum will also be a solution. Therefore,

such analytical solutions can beused for simulating aquifer systems with line sources aswell asareal

sources also with suitable convolution algorithms. The functions can be implemented in a manner

that provides continuity of flow across the boundaries.
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Since the analogy between electrical flow and groundwater flow is well established [Hubbert

1940, Freeze and Cherry 1979], the methodology presented herein to derive analytical expressions
for the hydraulic potential invokes the geoelectric sounding principles [Bhattacharya and Patra 1968,
Koefoed 1979, Patra and Nath 1999], Discussions of direct current electrical resistivity methods and
electrical analogue models in groundwater applications under different contexts are available in the

literature [Walton 1970, Zohdy et al. 1974, Prickett 1975]. On the other hand, groundwater flow
models have even been used in simulating electrical flow through porous media [Osiensky and
Williams 1996, Pujari 1998].

There are very few analytical solutions allowing some sort of vertical heterogeneity [Hemker
and Maas 1987, Hemker 1984, Hemker 1999a] within an aquifer system. An analytical solution for
flow of water in asaturated three layered aquitard-aquifer-aquitard system of finite length is cited
in the literature [Yates 1988]. The solution obtained was for one-dimensional flow in the aquifer.
Besides, the solution was limited by the condition that ratios of hydraulic conductivity between
layers should approach zero. Analytical description of detennination of flow to apoint sink in a
perfectly layered subsurface is also reported [Nieuwenhuizen et al. 1995]. However, there are
limiting factors like, the inability to locate point sinks at the earth-surface (air-earth interface) or at
the interface between layers, and the assumption of an isotropic subsurface.

However, in the present study analytical expressions for steady state hydraulic potential and
streamlines due to apoint-source have been derived for amultilayered aquifer system without any
restrictions on the number of layers and layer conductivities. Here, the hydraulic conductivity can
vary from layer to layer in any fashion and the flow is cylindrically symmetrical around the point-
source of recharge. Further, the source is located at the earth- surface, signifying a surface water
recharge source. Making use of the analytical expressions developed in this chapter, several
computational algorithms have been devised to compute the required hydraulic heads/ potentials as
well as streamlines in multilayered aquifer systems. Also, the solution procedure has been extended

to the cases of line source (river, canal etc.) and areal source (lake, reservoir etc.) by devising
appropriate convolution algorithms.
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3.2 BASIC THEORETICAL FRAMEWORK

In gcoelectrical prospecting, the depths and electrical resistivities ofhorizontal layers ofearth

aredetermined by using the electrical potential and electrical field at anypoint on the surface of the

earth. As such, analytical solution for electrical potentialson the surfaceof a stratifiedearth medium

exists in the geophysical literature [Bhattacharya and Patra 1968, Koefoed 1979, Patra and Nath

1999]. However, for geohydrological applications the hydraulic potential and flow need to be

determined in the various layers below the earth-surface, and for which analytical solutions are non

existent. Therefore, the analysis followed is aimed at deriving a set of expressions for hydraulic

potential and streamlines in a multilayered aquifer system.

Consider a horizontally stratified aquifer system with n layers in a cylindrical coordinate

frame, (R, Z) with its origin at the point source, A [Fig. 3.1]. Let K,, K2, . . . , Kn be the hydraulic

conductivities, and h,, h2,. . . , hn be the depths to the bottom of respective layers [Fig. 3.1] from the

surface. It is assumed that the last layer extends to infinite depth (half-space). Then, the Laplace

equation to be satisfied at any point in Layer i (for i = 1, 2, . . . , n) by the steady state hydraulic

potential <j>j (r, z), notated as <t>j for brevity, is:

dr2 r dr dz:
\)<^ (3-1)

The general solution of eqn. (3.1) can be written as [Bhattacharya and Patra 1968]:

(b(r,z) = -3—{ ! ♦ f[ A(X)e ~Xz ♦ B(X)eXz]jJXr)dX (3.2)

where q (m3/s) is the recharge by the point source; A,(A) and B((A.) are rational functions in which

numerator and denominator are polynomials in e2A; and J0(A.r) is the Bessel function of zeroth order.
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The variable of integration X[L"1] ranges from 0 to

1=0

i=l

v i=2

j h.
V

h2

i-3
In

I I ! I

i=i-l
hi-i

•

i=i+l -^/-
hi+i

i=n-l

hn =

Ki Layer 1

P(r.Z)
K.2 Layer 2

Kj Layer 3

Ki-i Layer (i-1)

Ki Layer (i)

Ki+i Layer (i+1)

Kn Layer (n)

Fig. 3.1 Schematic diagram of the multilayered aquifer system with reference to the
cylindrical coordinate system. Apoint-source is located at A; hydraulic potential ((J),-)
and stream function (^ ) are computed at any arbitrary point P(r,z) in the aquifer
system.

Invoking the Integral ofLipschitz from the theory ofBessel functions [Watson 1980], viz.,

felz J0(Xr)dX
(r2 ♦ z2f2

(3.3)

eqn. (3.2) may be re-written as:
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$i(riZ) m_JL_||[e-^ +A.(k)e'Xz ♦ Bj(k)ek*} J0(Xr)dX^ (3.4)

Now, the unknown functions A,(l) and B,(A.) in eqn. (3.4) need to be evaluated subject to

certainboundary conditions [Koefoed 1979] givenbelow:

(i) At the air-earth interface (earth-surface) the vertical component offlow must be zero; i.e.,

*^*!| =0 (3-5a)
1 dz U

This implies that, in eqn. (3.4) the functions A,(A.) and B,(A.) must be identical so that,

A}(X) = BY(X) (3.5b)

It can be noted, as a corollary, that the surface potential, 4>, (r, z=0) can be obtained by

substitution of eqn. (3.5b) into (3.4) as:

V— (p(X)JAXr)dX (3.6)

where,

PX{X) - 1 + 2AX{X) (3.7)

P,(A) is the kernel function determined by thicknesses and hydraulic conductivity of the

layers. A solution for the surface potential due to eqn. (3.6) is being used [Koefoed 1979] in

geophysical applications.

(ii) At each of the boundaryplanes in the subsurface, the hydraulic potential as well as flow must
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be continuous. So, at any i"' interface within the medium,

*/ " *,i and K,~P- - K,!-^1 (3.8a)
oz oz

Applying these conditions to eqn. (3.4), we obtain the following identities:

AMe-Kh'.BJik)eXh> • Aux(\) e^ +BJk) ekh< (3.8b)

Ki[l+Ai(X)eXh^Bi(X)eXh'] . KiA[{ 1.A^k)} e'* - BM(k) eU<] (3.8c)

(iii) At infinite depth/ distance, the hydraulic potential must approximate to zero, i.e.,

Lim <$>(r,z) = 0 and Lim <J>(r, z) = 0
z-°° r^oo (3.9a)

Eqn. (3.9a) necessitates Bn(A) elz to vanish in eqn. (3.4). Therefore,

B^ '- ° (3.9b)

3.3 HYDRAULIC POTENTIAL AND STREAM FUNCTION-
TWO/ THREE-LAYERED AQUIFER SYSTEMS

As mentioned earlier, analytical solution for surface (electrical) potential for astratified earth
medium is available [Bhattacharya and Patra 1968] in the literature. However, for groundwater
analyses the analytical expression ofhydraulic potentials within the porous medium needs to be

derived as it is non-existent. Hydrogeological investigations indicate that aquifer systems with
single, two or three layers are most common. Therefore, the theoretical analysis presented in the
current section attempts to develop analytical solutions for hydraulic potential as well as streamlines
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in the case of aquifer systems with number of layers restricted to three or less [Fig. 3.2].

An alternate solution technique has been presented to compute the hydraulic potentials and

streamlines in the case of a three-layered aquifer system. Themethodology makes use of application

ofthe matrix theory and the theory ofanalytical functions for the computations. Suitable convolution

algorithms have also been developed to extend the analytical solutions for the point source to the

case of a line-source and an areal-source.

R i = 0

v

h2 =

lu

Ki Layer 1

P(r.z)

Ki Layer 2

Kj Layer 3

Fig. 3.2 Schematic diagram of the three-layered aquifer system with a point-source located
at A, on air-earth interface; P(r,z) is an arbitrary point in the cylindrical coordinate
system.

By using the equations (3.5b), (3.8b), (3.8c) and (3.9b), a system of 2n equations in 2n

unknown functions A((A.) and B^A.) can be formed. By introducing the following notations,

-Xh.

,kh

K. JK
i* i (

(3.10)

the corresponding system of equations in A,(A.) and B,(A.) can be written as [Koefoed 1979]:
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(ux +vx)Ax(k)-uxA2(k)-vxB2(k) =0

(v]-u])A](X) +tlu]A2(X)-tlvlB2(X) =(l-f,)M,

u2A2 (X). v2 B2 (X) u2A3 (X) v2 B3 (X) - 0

-w2J2(A) +v252(X) +?2M2^3(A)-r2v2J83(A) =(l-r2)w2 (3.11)

3.3.1 HYDRAULIC POTENTIAL

The unknown functions A,(X) and B((A) for a three layered aquifer system (n=3) were

obtained, by solving the system ofequations given by eqn. (3.11), using the method ofdeterminants,

as:

-2AA -2lh,
c,e + c. e

Ax(k) - Bx(k) = ! 1 (3 n)
1 - c,e ' - c2e 2+CjC2e 2 ''

A(A)

5,(A)

-2A.A. -2A./i, -2W/L-A.)cx +cxe +c2e 2- CjC2e 2 '

, -2XA, -2A.A, -2k(h,-h.)I - cxe - c2e 2+CjC2e 12 ';

-2AJi, -2M,
c2e + c,c2e 2

, -2M. -2M, -2X.(h,-h.)1 - c,e ' - c2<? 2+c,c2e 2 '

c2 +c2<? 21/12 -c1c2e'"**-cAe-2^-^+-?^(l+e-2"')
A(A) - ^3 (3.15)
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and

53(X) = 0 (316)

where c, = (1 -1,)/ (1 + t,) and c2 = (1 -12)/ (1 + t2).

It may be noted that as A, (X) and B, (X) are functions in X, it is necessary to express them
in convenient mathematical forms to enable evaluation ofintegral ineqn. (3.4). Hence, the following

procedure has been devised to express the hydraulic potential, (fc (r, z) given by eqn.(3.4) in a
suitable analytical form for computation. Now, the depths to layer interfaces shall be expressed in

terms of multiples of a given depth, h0.

Thus, let h,= s, ho and h2= s2 h^ where s, and s2 are integer multipliers, and h0 is set to some

fixed value. Also, let us denote exp(-2Ah0) - g for the sake ofbrevity. Then, A,(X) and B(X) for i=l,

2, and 3can be rewritten in terms ofs„ s2 and g. Also, since s, and s2 are integers, Aj(A.) and Bj(A.)

are rational functions of g. Thus, equations (3.12), (3.13), (3.14) and (3.15), respectively can be

rewritten as,

Atm - ,C|g '/2S' — Ev P.")
1 - cxg ' - c2g 2♦ cxc2g•v 2 i' m-0

_ cllcA^_ff}^_ _ Eo. (3J8)
fs,-j.)

1 - cxg ' - c2g 21 cxc2g

c2gS'-c.c2gs
BjX) , 2* ' 2fe - - - E<UW (3-19)

l-cxgSi-c2gs> +cxc2gis>-Si) -o
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c2 +

K2 +Ky

\2cxK2

VK2*K1
cxc2 g ' +c2g2 - cxc2g

1-C\gS] C2g'h +C\C2g C*2-Ji)

(V^i)

m-0

g

where a,,,, bm, dm, and fm are thecoefficients of the respective polynomial expansions.

(3.20)

Equating coefficients ofvarious orders ofg on both sides ofthe above equations will yield

am> bm, dm, and fm, when m<s2 as the highest order of g on the left hand side is s2. However, the

higher order coefficients ofg (i.e. 2^, bm, dm, or fm when m>s2) on the right hand side of the above

equations (eqns. 3.17 - 3.20) must be zero. This leads to the following recurrence formula for

obtaining the coefficients a^, bm, dm, or fm, when m>s2:

A'
si'J ciRs2srJ - c2Rj +c,c2* , for j- 1,2,3,, (3.21)

Thus, the unknown functions At(X) and B,(X) in the equation for hydraulic potential were

reduced to a set of rational functions in terms of exp(-2A.h0) as:

AX(X) - BX(X) - £ame
m-0

M» = Ev
-2Xmhn

m-0

HV £ dme
m-0

-2Xmhn

AW - Efme
m-0

-2Xmh.

BJX) - 0

-2Xmhu
(3.22)

(3.23)

(3.24)

(3.25)

(3.26)
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Now, substituting the expressions given by equations eqn. (3.22), (3.23), (3.24), (3.25),

(3.26), respectively for A£k) and B,(X) for i=l, 2, and 3in eqn. (3.4), followed by application of the
integral formula ofLipschitz (eqn. 3.3) will provide the hydraulic potential function, fy (r,z) for the

computation ofhydraulic potential at any point in the ith layer ofthe three layer aquifer system.

Thus, the hydraulic potential in Layer 1, Layer 2, and Layer 3, respectively are given by:

<J>, (r, z) (3.27)

$Jr,z) (3.28)

4>i (r, z)
2nK,

J m

Jr2>z2 '"-° Jr2 +(2mh0 +z)
(3.29)

where h0 isachosen fixed value, and a^ bm, (L,, and fm are the coefficients inpolynomial expansions

which can be determined using the procedure explained above.

3.3.2 STREAM FUNCTION

Generating streamlines in the stratified aquifer system enables visualising the groundwater

flow regime. Thestream function canbe obtained from thehydraulic potential function [Harr 1962]

by virtue of the Cauchy-Riemann equations. Let i|/j(r,z) be the stream function (written as ij/j) for the

i* layer. Then,

r34>, di|/.
K

1 dr dz
(3.30)
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dr
(3.31)

Integration of either eqn. (3.30) or eqn. (3.31) will yield the stream function for the i'h layer

as:

(3.32)

or

a*

♦- = iK'^dr'c (3.33)

In eqn. (3.32) and eqn. (3.33), the constants of integration C, and C2 can be taken to be zero

by virtue of the boundary conditions given by eqn. (3.9a).

t

Thus, the stream function for the ith layer may be evaluated using,

, -Kf-^dz
'J dr

(3.34)

The final expression for stream function in the ilh layer is obtained in two steps: (i) evaluate

the derivatives a<J>/dr for i=l,2, and 3using eqn. (3.27), eqn. (3.28), and eqn. (3.29) and (ii) substitute

those derivatives into equation (3.34), followed by integration. The evaluation of the resulting

integral has been performed by using the identity [Dwight 1961] given by eqn. (3.35):

/
dx 4 ax*2b

~2 (4ac-b2)XmX
where Xm = (ax2 +bx +c) 1/2

Thus, we have, the required expressions for the stream functions as:

tyx(r,z)
2tc

a(z-2mhA ajz^mhf)

yr2+: 2 m-0 rJrz +(2mh -zf m*° rJr2 +{2mh, +z)
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<l>? (r, z)
qK2

2tiK,

d(z-2mhQ)
E

b(z +2mhQ)

r<Jr2<z2 ">-° rJr2 +(2mh0-zf m-° rjr2+(2mh0+z)
(3.37)

tyx(r,z)
qtL

2tiK, •sp::
+ E

f(z +2mh0)

m-o rJr2+(2mhQ+zy
(3.38)

3.3.3 COMPUTATIONAL ALGORITHMS

Using the derived analytical solutions [set of equations (3.27), (3.28), & (3.29) for hydraulic

potentials and set of equations (3.36), (3.37), & (3.38) for streamlines] an algorithm, 3LPNT has

been devised for computing the steady state hydraulic potentials and streamlines, respectively in a

single, two layered or three layered aquifer systems.

3.3.3.1 Model Description

The hydraulic potential and streamlines have been computed in the case of three layered

aquifer systems using 3LPNT, at the nodes of a rectangular grid of dimensions 1180 m by 580 m

in the RZ-plane [yi#e Fig. 3.2] in order to illustrate the solution procedure. The vertical plane has

been discretised into 59 columns and 29 layers (vertical discretisation) of dimension 20m each. The

model parameters of the system are: h,= 100m, h2= 200m and h3= °° by letting n= 3, s,= 1, s2= 2, and

h0= 100m. A point sourceof strength, q=0.01 m3/s)has been assigned to recharge the aquifer system.

Hydraulic conductivities for the layers (K,, K2 and K3) have been so chosen as to form several types

of layered aquifer systems viz., Type-I: K,=K2=K3, Type-II: K,>K2>K3, Type-Ill: K,<K2>K3 and

Type-IV: K,>K2<K3.
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3.3.3.2 Convergence Test

It may be observed that the analytical solutions consist ofCauchy convergent sequences.
Therefore, the number of terms required for convergence may be chosen based on some closure

criterion. The convergence pattern is demonstrated by comparing equipotentials computed by
3LPNT with different number ofterms in the sequences [see Fig. 3.3]. The closure criterion has been

taken as 10"4 m. The difference in computed values with 200 and 300 terms of the sequences was
found to be less than the closure criterion for all the cases. Hence, for the present computations only
the first 200 terms of the sequences have been included.

POINT SOURCE: Ki>K2>K3

-100

X

g -200 -

-400

Fig. 3.3

+y •«. y • *.y •«.'

-200 -100 0 100 200

DISTANCE FROM THE CENTRE (m)

in, <s>{

Cv ® I

in
ID
®

i

•

/' tl

y

y yy

y

300 400

Convergence of the series terms in the expression for hydraulic potential; computed
by 3LPNT with 100 terms (dotted lines), 200 terms (dashed lines) and 300 terms
(solid lines) ofthe series expression in the analytical solution. The aquifer layer setup
with respect to hydraulic conductivities shown is of the type: K,>K2>K3 (Table 3.1).

Validation Test

For validation purpose, steady state simulation of hydraulic potential has been performed by
using athree dimensional finite difference groundwater flow model, MODFLOW [Mc Donald and

Harbaugh 1984] with identical grid setup and boundary conditions as that of the semi-analytical
solution procedure. Thus, the three dimensional model grid has been discretised into 59 rows 59

ja. A*>~<. i i^^p^y^yrycy '
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columns and 29 layers (vertical discretisation) ofdimension 20m each. A recharge well (with

q=0.01m3/s) has been introduced at the central node (LI, R30, C30) of the top layer to act as the
source. Constant head boundary condition has been assigned to the boundaries (at sufficiently large

distance from the source) ofthe model grid with near-zero head values. Model parameters have been

assigned cell-wise in the model. While MODFLOW uses an iterative procedure to compute

hydraulic potential, computation by 3LPNT is direct.

3.3.4 NUMERICAL EXPERIMENTS

Based on the analytical solutions presented for the hydraulic potential and streamlines, the

computational algorithms 3LPNT, 3LLIN and 3LARL for the cases ofapoint source, afinite-length

line source and an areal source, respectively have been coded in FORTRAN77 for demonstrating

the solution procedure with numerical examples. Comparison of respective results with that

corresponding to MODFLOW simulations has also been given. Descriptions ofthese numerical

experiments are given in the following sections:

3.3.4.1 Hydraulic Potential Due to a Point Source

The hydraulic potential and streamlines have been computed in several types of aquifer

systems [see Table 3.1] using 3LPNT and MODFLOW. The contour plots ofhydraulic potential and

Table 3.1 Types of aquifer systems (based on layer conductivities) in which simulations are
performed with 3LPNT.

AQUIFER TYPE K, (m3/s) K2(m3/s) K3(m3/s)

K | = K2 = K3 le-03 le-03 le-03

K,>K2>K3 le-03 le-04 le-05

K, <K2>K3 le-04 le-03 le-05

K,>K2<K3 le-03 le-05 le-04

-^V-nI ^
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streamlines have been presented for the various cases [Fig. 3.4a, 3.5a, 3.6a and 3.7a]. The plots have

been depicted in the vertical section, bound by (-400m, 400m) in the horizontal direction and (0,

300m) in the vertical. The dashed horizontal lines in the plots demarcate the interfaces between

layers.

The intervals used for the equipotentials are: 0.002m for Fig. 3.4a, 0.005m for Fig. 3.5a,
0.01m for Fig. 3.6a and 0.005m for Fig. 3.7a. The equipotentials corresponding to MODFLOW
simulations (dashed contours) have also been provided for comparison. Contour plots of hydraulic
potentials computed by 3LPNT and MODFLOW have been merged in single plots to facilitate visual
comparison. To avoid clustering, the streamlines have been plotted selectively. Apparently, the
streamlines follow the tangent law of incidence and refraction [Hubbert 1940].

Figure 3.4a represents ahomogeneous aquifer as K,=K2=K3. Then, the coefficients a,,,, bm,
d,,,, and fm are all zeroes and the summation terms of eqns. (3.27), (3.28), and (3.29) vanish. Then,
the solution for hydraulic potential reduces to: <|> =q/[ 27tK,(r2 +z2)m ], which is nothing but the
exact solution for steady state potential in ahomogeneous aquifer. The depth-wise distribution of

hydraulic potential at the centre (through the point source) and at adistance of200 maway from the
source is given in Fig. 3.4b. Similar kind of plots are presented for other types of layered aquifer
systems also. Aperformance comparison of computed hydraulic potentials between the analytical
and numerical methods can be made by visual inspection of Fig. 3.5a, Fig. 3.6a and Fig. 3.7a for the
equipotentials, and Fig. 3.5b, Fig. 3.6b and Fig. 3.7b for the vertical distribution in the case of

various types of aquifer systems. It is noticed that there is a fairly good agreement between the
hydraulic potentials computed by 3LPNT and those computed by MODFLOW. In general, the
percentage difference between MODFLOW results and 3LPNT results is less than 2%.

3.3.4.2 Hydraulic Potential Due to a Line Source

For practical applications, river sections and canals can be represented as line sources of

finite length. Analytically, the integration ofapoint source along a finite length results in afinite-
line source [Parasnis 1967]. Alinear convolution of hydraulic potentials due to point sources along
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POINT SOURCE: K1=K2=K3

-200 -100 0 100

DISTANCE FROM THE CENTRE

3LPNT7 MODFLOW

400

Fig. 3.4a Contour plot of equipotentials in the vertical section of the homogeneous aquifer
system (K,=K2 = K3) computed by 3LPNT (solid contours) and MODFLOW
(dashed contours). Dotted contours are the streamlines computed by 3LPNT.
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Fig. 3.4b Vertical distribution of hydraulic potential obtained from 3LPNT (solid line) and
MODFLOW (dashed line) at the centre and at a distance 200m from the source for
the case where K, = K2=K3

39



On
W
Q

-100

-200

-400

SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY

POINT SOURCE: K1>K2>K3
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Fig. 3.5a Contour plot of equipotentials in the vertical section of the layered aquifer system
(K,>K2>K3) computed by 3LPNT (solid contours) and MODFLOW (dashed
contours). Dotted contours are the streamlines computed by 3LPNT.
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Fig. 3.5b Vertical distribution of hydraulic potentials obtained from 3LPNT (solid line) and
MODFLOW (dashed line) at the centre and at a distance 200m from the source for
the case where K, > K2 > K3.
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Fig. 3.6a Contour plot of equipotentials in the vertical section of the aquifer system with
(K,<K2>K3) computed by 3LPNT (solid contours) and MODFLOW (dashed
contours). Dotted contours are the streamlines computed by 3LPNT.
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Fig. 3.6b Vertical distribution of hydraulic potentials obtained from 3LPNT (solid line) and
MODFLOW (dashed line) at the centre and at a distance 200m from the source for
the case where K, < K; > K3.
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SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY
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Contour plot of equipotentials in the vertical section of the layered aquifer system
(K,>K2<K3) computed by 3LPNT (solid contours) and MODFLOW (dashed
contours). Dotted contours are the streamlines computed by 3LPNT.
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Vertical distribution of hydraulic potentials obtained from 3LPNT (solid line) and
MODFLOW (dashed line) at the centre and at adistance 200m from the source for
the case where K, > K2 < K3.
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a given length can therefore be considered as the hydraulic potentials due to a finite-line source of

certain strength. As such, the algorithm for point source, 3LPNT has been modified by incorporating

appropriate linear convolution techniques. The evolved algorithm, 3LLIN simulates the hydraulic

potential in the porous medium due to a line source of finite length kept on the earth surface.

Table 3.2 Types of aquifer systems (based on layer conductivities) in which simulations are
performed with 3LLIN.

rr
*

AQUIFER TYPE K/firrVs) K2(m2/s) K3 (m2/s) Source Length

K, >K2>K3 le-03 le-04 le-05 200 m

K,>K2<K3 le-03 le-05 le-04 200 m

K| < K2 -> K3 le-04 le-03 le-05 200 m

A line source of finite length, 2b=200m (discretised in 20 nodes) and strength, q=0.1m2/s is

used to simulate the hydraulic potentials in three layered aquifer systems using the simulation

algorithm, 3LLIN. The hydraulic conductivities of the various layers in different cases have been

assigned as indicated in Table 3.2. The hydraulic potentials in the vertical section of the porous

medium along the strike of finite-line source for the various cases are depicted as equipotential

contour plots [Fig.3.8, Fig.3.9 and Fig.3.10]. Since such plots across the strike of the finite-line

source are quite similar to that of the point source, those have been omitted here.

3.3.4.3 Hydraulic Potential Due to an Areal Source

Following a methodology similar to that for the line source, integration ofa point source over

a finite area results in an areal source. Lakes, ponds, recharge tanks etc. may be viewed as areal

sources of recharge. The recharge intensity (indicated by the strength of the source) may be either

uniform over the spread area of the source or varying from point to point. The algorithm for point

source, 3LPNT can be modified by the introduction of a two-dimensional convolution technique to

compute the hydraulic potentials due to such areal sources. The resulting algorithm 3LARL
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Fig. 3.8 Contour plot ofequipotential inthe vertical section ofa layered aquifer system (K,
>K2 >K3) due to a finite-length line source along its strike (computed by 3LLIN); a
solid line section on top shows the position of the line source. Dashed horizontal
lines represent the layer interfaces.
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Fig. 3.9 Contour plot ofequipotential inthe vertical section ofa layered aquifer system (K,
>K2 <K3) due to a finite-length line source along its strike (computed by 3LLIN); a
solid line section on top shows the position of the line source. Dashed horizontal
lines represent the layer interfaces.
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Fig. 3.10 Equipotential contours in the vertical section of a layered aquifer system (K, < K2
>K3) due to a finite-length line source along its strike (computed by 3LLIN); a solid
line section on top shows the position of the line source. Dashed horizontal lines
represent the layer interfaces.
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Fig. 3.11 Contour plot of equipotential in the vertical section of a layered aquifer system (K,
>K2 >K3) due to an areal source (computed by 3ART); a dashed rectangle on top of
the aquifer system shows the position of the areal source. Dashed horizontal lines
represent the layer interfaces.
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simulates the hydraulic potentials in the porous medium due to an areal source of given strength.

Table 3.3 Types of aquifer systems (based on layer conductivities) in which simulations are
performed with 3LARL.

AQUIFER TYPE K, (m/s) K2(m/s) K3(m/s) Source Area (m2)

K, >K2>K3 le-03 le-04 le-05 40000

K,>K2<K3 le-03 le-05 le-04 40000

K,<K2>K3 le-04 le-03 le-05 40000

The hydraulic potentials due to an areal source (discretised in 20x20 nodes) of strength,

q=1.0m/s placed at the air-earth interface of layered aquifer systems have been computed using

3LARL. The type of aquifer systems and hydraulic conductivities of the layers are given in Table

3.3. Plots ofequi-potential lines in the vertical section are shown in Fig. 3.11, Fig. 3.12 and Fig. 3.13

for different cases.

3.4 HYDRAULIC POTENTIAL AND STREAM FUNCTION:
MULTILAYERED AQUIFER SYSTEM

It is appropriate to generalise the analytical solutions developed for the three-layered aquifer

system in the preceding section for the case ofa multilayered aquifer system with large number of

layers. Though the methodology adopted to formulate the analytical solutions for the three-layered

aquifer system has been tried for aquifer systems having more layers, it is found to be unwieldy as

a result of bulky expressions for A, (X) and B, (X). Therefore, a different methodology has been

framed (based on the theoretical aspects presented in section 3.2) to develop the required analytical

solutions for a multilayered aquifer system withn layers. The analytical formulations and solution

procedures have been described in subsequent sections.
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Fig. 3.12 Contour plot of equipotential in the vertical section of a layered aquifer system (K,
>K2 < K3) due to an areal source (computed by 3ARL); a dashed rectangle on top of
the aquifer system shows the position of the areal source. Dashed horizontal lines
represent the layer interfaces.
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Fig. 3.13 Contour plot of equipotential in the vertical section of a layered aquifer system (K,
< K2 >K3) due to an areal source (computed by 3ARL); a dashed rectangle on top of
the aquifer system shows the position of the areal source. Dashed horizontal lines
represent the layer interfaces.
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3.4.1 RECURRENCE RELATIONS FOR A,(A) AND B,(A)

As indicated earlier, in order to compute the hydraulic potentials at various points below the

surface of the layered medium, the first requirement is to evaluate the rational functions A,(A) and
B,(X) in eqn. (3.4) for various layers. Therefore, expressions have been developed by using eqn.
(3.8b) and eqn. (3.8c) to evaluate A,(A) and B,(A) in arecursive manner. The procedure followed to
derive the recurrence relations for Af(A) and B,(A) with A1+I(A) and B,+1(A), respectively is detailed
below:

By letting,

u
I

-A.A,
= e

V
I

,Xh
= e

t - KtyKt
(3.39)

equations (3.8b) and (3.8c) can be rewritten as:

«Ai • «A ♦ v,2>, - v,JM . (3

Substitution of eqn. (3.41) into eqn. (3.40) after multiplication by Cj yields:

M ~ 2r ^ " ^TV' *' +"27" (3-42)
' ' i

Similarly, substitution of eqn. (3.40) into eqn. (3.41) and re-arranging, we get

(3.41)

1 *t. d-0 2A (i-o
*<•< • yB--^r»^-y->2 (3^3)

Equations (3.42) and (3.43) are expressed in matrix form, after reverting back to the original
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notations in eqn. (3.39), as follows:

;.l

B
(.1

where,

a
i

b

be
i

-2Xh

K.. + K
i-\ i

2K ,

*u - *,
2K

M

be
i

2Xh

a

A

B

-b.

be
i

-2Xh
(3.44)

(3.45)

Eqn. (3.44), which is the required recurrence relation, can be used to evaluate A((A.) and B((A)

progressively for i=l, 2,..., n provided A,(A) and B,(A) for the top layer are already known. In order

to obtain A,(A) or B,(A), the Pekeris recurrence relation [Koefoed 1979] given by eqn. (3.46) can be

employed:

P,(k)
PiA(X) + (KiA/K)tanh(Xd)

(KJK) + P.x(k)tm>h(kd)

where P{ (A) is defined as,

P,(k)
1 +At(X) +Bt(k)e1Kh"
1 ♦ At(k) - B.(k)e

2Xh,

(3.46)

(3.47)

Applying the boundary condition for the nth layer (eqn. 3.9b) in eqn. (3.47) we get,

P„(k) - 1 (3.48)

Also, for the top layer P,(A) and A,(A) are related by virtue of eqn. (3.7), which can also be
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deduced from eqn. (3.47) by application of boundary conditions for the top layer (eqn. 3.5b).

Therefore, eqn. (3.46) in conjunction with eqn. (3.48) can be used to evaluate P,(A) and, thereby,

A,(A) or B,(A) in a recursive fashion.

3.4.2 HYDRAULIC POTENTIAL IN MULTILAYERED AQUIFER SYSTEMS

Since A,(A) and Bj(A) are rational functions in which the numerator and the denominator are

polynomials in e"2\ these functions can be expressed as approximate exponential series [Hamming

1962] with a finite number of terms, m as

aA.(k) - Zfe-'J
7-1

-e X5(A) = \Zg]e >

(3.49)

(3.50)

where f and g are coefficients in the respective expansions and ^ detennines the position of

approximating functions along the abscissa.

Now, substitution of A,(A) and B,(A) by equations (3.49) and (3.50) in eqn. (3.4) followed

by application of the Integral ofLipschitz (eqn. 3.3) will facilitate solution of the integral equation

for hydraulic potential. Thus, we get the expression for hydraulic potential in any layer, i as:

§£r,z)
2tiK, y ♦ z2y

£ f> +£
8

j- [r2+(z+e/]lw ja [rMz-e/]
(3.51)

Eqn. (3.51) may be used to compute the hydraulic potentials in the respective layers of the

multilayered aquifer systejBJ^flajvided that the coefficients fj and g are ascertained.
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When the hydraulic conductivities of various layers in a multilayered aquifer system are the

same, then it becomes a homogeneous aquifer. As a result, the coefficients fj and g, in eqn. (3.51)

become zeroes. Then, the expression for hydraulic potential reduces to: 4>i=q/{2'n;K|(r2 + z2)"2},

which is nothing but the exact solution for steady state potential in a homogeneous aquifer.

3.4.2.1 Determination of Coefficients fj and gj

In the eqn. (3.51), the coefficients fj and g, needto be evaluated. The following procedure has

been framed to determine the coefficients £ and g^:

If the rational functions Aj(A) and Bf(A) are known at discrete values A, (t = 1, 2, . . . ., s for

s>m or s<m), then eqns. (3.49) and (3.50) can be rewritten as:

m

At(X) - Zfe'^' (3.52)

and

e.A.,B((k) - Ege "e'A< (3.53)
7=1

Now, equations (3.52) and (3.53) form 5 equations each with Aj(At) and Bj(At) which can be

used to evaluate 2m unknowns in each set, (fj, ej) and (g ex). But, eqns. (3.52) and (3.53) are

obviously nonlinear system of equations in ep and solution is rather difficult. However, mvalues of

ej can be assigned as per some criterion to convert those equations to over-determined linear system

(s>m) of equations in fj and gj and to get a solution.

Therefore, let us consider eqn. (3.52) where (fj, e,) are to be evaluated. Replacing the

functions Aj(A,) and f, by vector quantities (column matrices) and the exponential term by an (s*m)

matrix yields,

[A,] - [Aiax),Al{X2),....,Ai{Xs)]T (3.54)
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[E] = \e'€jkr for r=\,s & j =1, w; s>m (3.55)

[F] - \yy.-..jj (3.56)

Therefore, eqn. (3.52) can be rewritten as a matrix equation

[A,] - [E] • [F]
(5x1) (sxm) (mx\) (3-57)

The least-square solution [Morrison 1969] of eqn. (3.57) is given by

[F] - [Els)-' • [A,] (3.58)

where [E.J'1 is the least-square inverse of matrix [E]. It is established that

[E,X - [ET-E]1 [ET] (3.59)

Therefore, combining eqns. (3.58) and (3.59) we get,

[F] - [ET-E]1 [ET] [A.] (3.60)

Now, eqn. (3.60), consisting of a set of linear equations, can be solved by appropriate

methods. An arithmetic progression hasbeen chosen to assign values of e- in the solution procedure.

The 6j values are thus assigned by the expression

ej - J'eo (3.61)
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where e0 is a certain base value which is approximately equal to the total thickness of the first (n-1)

layers. The best set of coefficient for f can then be evaluated for a given set of corresponding e,

values in order that the equations are satisfied within an accepted range of error.

3.4.3 STREAM FUNCTION IN MULTILAYERED AQUIFER SYSTEMS

The stream function, i|/; (r,z) for the ith layer can be obtained from the hydraulic potential

function [Harr 1962] by application of the Cauchy-Riemann equations given by eqn. (3.30) and eqn.

(3.31) as:

„ d<b (r,z)
i|r,(r,z) = -Kt[ *'K dz (3.62)

'J dr

Now, the expression for the stream function in any ith -layer of the multilayered aquifer

system can be obtained by following a procedure described in section 3.3.2 of this chapter, in two

steps: the first being the evaluationof the derivatived$/dr with eqn. (3.51) and then substitution of

the derivative into eqn. (3.62), followed by integration. Thus, we obtain:

qK

2tzKx

™ (z+e)f ™ (z-e)g

r{7y2 M rpyjTy? J'1 r^/r2 +(z-ep2
(3.63)

Equation (3.63) is the required expression for the stream function that can be used to obtain

streamlines in a multilayered aquifer system.

3.4.4 COMPUTATIONAL ALGORITHM FOR MULTILAYERED AQUIFER

SYSTEM

A computational algorithm, NLPNT has been devised using the developed analytical solution

procedure to simulate steady state hydraulic potentials and streamlines in a multilayered aquifer
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system with infinite extent. Numerical examples of multilayered aquifer models of three, four, and

five layers respectively have been designed to demonstrate simulations by NLPNT. The hydraulic

potentials and streamlines computed using NLPNT have been reproduced in the form of contour

plots, in vertical sections.

The corresponding results, for the chosen aquifer models, obtained by using the three-

dimensional groundwater flow model MODFLOW [Mc Donald and Harbaugh 1984] have been

utilised to compare the NLPNT results. Towards quantifying the comparison of analytical and

numerical results, a mean relative difference (mean error) and a maximum relative difference

(maximum error) between the corresponding values of hydraulic potentials have been calculated.

The mean relative difference and the maximum relative difference, respectively between the

analytical and numerical results are expressed as a percentage of the hydraulic potential at the

central node (the base-value) of the respective MODFLOW solution.

3.4.4.1 Description of the Model

A point source of strength, q=0.01 m3/s is placed at the centre of the aquifer surface to

recharge the aquifer. The hydraulic potentials and streamlines have been computed in the central

section of the aquifer system at the nodes of a rectangular grid with a lateral extent of 400 m each

towards either side of the point source. At the boundaries of the aquifer system, the hydraulic

potential tends to vanish. The thickness of each layer in these aquifer models has been taken as

100m.

To enable comparison, the steady state hydraulic potentials have also been simulated using

MODFLOW with identical grid set-up and boundaries. Near-zero values for the hydraulic potential

have been assigned as boundary conditions at large distances in the MODFLOW domain to conform

with the assumptions in the NLPNT solution procedure. A recharge well (with q=0.01m3/s) has been

introduced at the central node for the point source. All the required parameters are assigned cell-wise

in the model. MODFLOW simulations employed an iterative solution procedure, SIP to compute

hydraulic potentials.
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3.4.5 NUMERICAL EXPERIMENTS

Different hydraulic conductivity values have been assigned to the aquifer layers in several

cases, to design different types of aquifer systems. The types of aquifer systems with relevant details

where simulation experiments have been performed is presented in Table 3.4. For all the cases, the

layer thickness is 100m each. The aquifer model with three layers is of the type K, > K2 >K3 with

a depth of 300m. The hydraulic potentials obtained from NLPNT as well as MODFLOW are plotted

as equipotential lines in Fig. 3.14. The equipotentials are spaced uniformly with 0.004m. The

dashed-horizontal lines in the plots represent the interfaces between aquifer layers. It may be noticed

that the analytical (NLPNT) and numerical (MODFLOW) solutions are in good agreement. The

streamlines for the three layered case is shown in Fig. 3.15.

Table 3.4 Types of aquifer systems (3-layer, 4-layer and 5-layer) with patterns of respective
layer conductivities simulated using NLPNT.

AQUIFER TYPE K,(m3/s) K2 (m3/s) K3(m3/s) K4(nr7s) K5(m3/s)

K,>K2<K3 le-03 le-05 le-04 — —

K,>K2<K3>K4 le-03 le-05 le-03 le-05 —

K,>K2<K3>K4<K5 le-03 5e-04 le-03 5e-04 le-03

K,>K2>K3>K4>K, le-03 5e-04 le-04 5e-05 le-05

The four-layered aquifer system is 400 m deep with a repetitive layer design such that

K,>K2<K3>K4. The equipotentials for this aquifer model is depicted in Fig. 3.16. The corresponding

equipotentials (dashed-contours) obtained from MODFLOW have been superimposed on to the plot

to enable visual comparison. A very good match between the results obtained from the analytical

model and the MODFLOW can be noticed. The streamlines have also been computed by NLPNT

for the four-layered case and presented in Fig. 3.17.

Hydraulic potentials and streamlines have been computed in a five-layered aquifer system

also. The aquifer depth is 500 m with layers of 100 m thickness each. The hydraulic conductivity

values for the layers have been assigned in a diminishing pattern, starting with the top layer to form
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NLPNT/ MODFLOW POINT SOURCE: K1>K2<K3
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Fig. 3.14 Equipotential contours in the vertical section of a layered aquifer system with three
layers (K,>K2<K3) computed by NLPNT (solid contours) and MODFLOW (dashed
contours); the dashed horizontal lines represent the layer interfaces.
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Fig. 3.15 Equipotential contours (solid contours) and streamlines (dotted contours) in the
vertical section of a layered aquifer system with three layers (K,>K2<K3) computed
by NLPNT; the dashed horizontal lines represent the layer interfaces.
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NLPNT/ MODFLOW POINT SOURCE: Kl>K2<K3>K4
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Equipotential contours in the vertical section of a layered aquifer system with four
layers (K,>K2<K3>K4) computed by NLPNT (solid contours) and MODFLOW
(dashed contours); the dashed horizontal lines represent the layer interfaces.
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Fig. 3.17 Equipotential contours (solid contours) and streamlines (dotted contours) in the
vertical section of a layered aquifer system with four layers (K,>K2<K3>K4)
computed by NLPNT; the dashed horizontal lines represent the layer interfaces.

57



SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY

the aquifer type K,>K2>K3>K4>K5. Equipotentials for the five-layered aquifer model obtained by

both analytical and numerical methods are plotted in Fig. 3.18. The analytical results compare well

with the MODFLOW results. To elaborate further, the depth-wise plots of hydraulic potentials have

been given in Fig. 3.19. Thedistributions of the hydraulic potentials (for analytical and numerical)

are compared at two sections in the vertical plane, one at the centre and the other at a distance of

200m away from thepoint source. Also, the corresponding streamlines are shown in Fig. 3.20.

Finally, the equipotential lines and streamlines in another five-layered aquifer model of the

type K,>K2<K3>K4<K5 is plotted in Fig. 3.21.

The mean and maximum relative differences (mean error and maximum error) between the

analytical simulationsand MODFLOWsimulations have been estimated to assess the closeness of

these results. Figure 3.22 indicates that the mean error is less than 2%. Similarly, the maximum error

between NLPNT and MODFLOW solutions can be discerned from Fig. 3.23. The maximum error

is less than 2%in most of the aquifer domain, barring the points near the source where it is around

6%. The slightly larger deviation near the point source can be attributed to singularity effects. The

comparisons ofNLPNT results with that ofMODFLOW validate the correctness ofthe analytical

solution procedure for multilayered aquifer systems.

3.5 RESULTS AND DISCUSSION

Based on the geoelectrical sounding theory, analytical expressions for the solution ofsteady-

state hydraulic potentials and streamlines have been derived for multilayered aquifer systems. An

alternate solution procedure has also been developed when the number of layers in a stratified

aquifer system are less than or equal to three. The analytical solutions assume that the stratified

aquifer is of infinite extent. Also, there is cylindrical symmetry around the source kept on the air-

earth interface.

The analytical simulations have been found to be very fast compared to the corresponding

MODFLOW simulations in terms of computing time. In terms of CPU time, theanalytical model
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NLPNT/ MODFLOW POINT SOURCE: K1>K2>K3>K4>K5
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Equipotential contours in the vertical section of a layered aquifer system with five
layers (K!>K2>K3>K4>K5) computed by NLPNT (solid contours) and MODFLOW
(dashed contours); thedashed horizontal lines represent the layer interfaces.
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59



SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY

POINT SOURCE: K1>K2>K3>K4>K5

-400

Fig. 3.20
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Equipotential contours (solid contours) and streamlines (dotted contours) in the
vertical section of a layered aquifer system with five layers (K,>K2>K3>K4>K5)
computed byNLPNT; the dashed horizontal lines represent the layer interfaces.
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Fig. 3.21 Equipotential contours (solid contours) and streamlines (dotted contours) in the
vertical section of a layered aquifer system with five layers (K,>K2<K3>K4<K5)
computed by NLPNT; the dashed horizontal lines represent the layer interfaces.
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is found to be about twenty five times faster thanMODFLOW simulations when executed in a 32-bit

Pentium Pro personal computer. Besides, the analytical methods require only very few input

parameters, whereas for the MODFLOW simulations detailed data preparations are necessary.

Further, comparison was made between the analytical solutions and a finite-difference

solution using MODFLOW to check the veracity of the developed solution techniques. The

equipotentials obtained through 3LPNT and MODFLOW matched well, there by establishing the
computational effectiveness of the analytical solution. It has been observed that the streamlines

follow the tangent law ofincidence and refraction [Hubbert 1940], in all the cases. However, the

small deviations exhibited between the results of the analytical models and that of theMODFLOW

can be attributed to inaccuracies arising outof assigning finite boundaries with non-zero values for

the hydraulic potentials in the MODFLOW simulations. It may be recalled that the analytical

solutions, in the strict sense, are applicable to an infinite aquifer system with hydraulic potentials

equal to zero at infinity. Further, there may besome rounding-off errors inMODFLOW simulations

because of the iterative solutionprocedures.

3.5.1 THREE-LAYERED AQUIFER SYSTEMS

The simulation algorithm, 3LPNT requires only a few input parameters such as source

strength, layer conductivities, layer thicknesses and grid information for computation. Therefore,

when steady state hydraulic potential/ stream function is to be determined in alayered aquifer like
the one described, these analytical solutions provide a means for easier computation. An added

advantage lies in the straight computation ofstreamlines using the analytical expressions, unlike

many numerical flow models. Further, thesolution procedure hasbeenextended to thecases of a line

source and an areal source byincorporating appropriate convolution techniques.

3.5.2 MULTILAYERED AQUIFER SYSTEMS

Based on the analytical solution, an analytical computational procedure (NLPNT) has been

developed and demonstrated with numerical examples in selected multilayered aquifer systems.
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Since the proposed procedure requires only a few input parameters, it provides a means for easier

and fast computation when steady state hydraulic potentials and streamlines are to be determined

in a multilayered aquifer system. An added advantage is the straight computation of streamlines

using the analytical expressions, unlike many numerical flow models. Further, it is possible to

extend the given solution procedure for multilayered aquifer systems with apoint source ofrecharge

using the convolution procedure to the cases when a finite-line source or a an areal source acts as

the recharging source.
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CHAPTER 4

ANALYTICAL SOLUTIONS FOR HYDRAULIC
POTENTIAL IN HOMOGENEOUS ANISOTROPIC

AQUIFER SYSTEMS

4.1 GENERAL

Anisotropy is the property by virtue of which the hydraulic conductivity values exhibit

variations with the direction of measurement at a given point whereas variations through space

within ageologic formation is termed heterogeneity. Generally, theoretical analyses ofgroundwater

flow problems assume the porous medium to be isotropic and homogeneous with respect to

hydraulic conductivity. But, field experience indicates that most aquifer systems are anisotropic to

some deeree Layered earth formations like sedimentary rocks and/loess)exhibit anisotropic

behaviour. Stratification, due to particle orientation, in such rock formations causes anisotropy.

Two attributes of the hydraulic conductivity viz., heterogeneity and anisotropy, are required

to define the nature of an aquifer. The directions in space at which the hydraulic conductivity, K

attains its maximum and minimum values are termed as theprincipal directions of anisotropy and

they are always orthogonal to one another [Freeze and Cherry 1979J. The effect of anisotropy on

groundwater flow through such geologic formations has been of concern to groundwater

hydrologists as the directions offlow and ofthe hydraulic gradient in an anisotropic porous medium

are not parallel [Marcus 1962].

Generally, numerical groundwater flow models have been designed with the assumption that

principal axes of anisotropy coincide with the reference coordinate axes. As such, popular

groundwater flow models like theMODFLOW [McDonald and Harbaugh 1984] may notbe able

to simulate hydraulic potentials in an anisotropic porous medium with theplanes of stratification of
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the rock bedding are inclined with the ground surface. Alternately, in numerical groundwater

modelling practices, coordinate rotations are effected so that the off diagonal components of the

hydraulic conductivity tensor go to zero within grid elements or cells. This is accomplished by

defining a global coordinate system for the entire problem domain and local coordinate systems for

each cell in the grid [Anderson and Woessner 1991]. It is possible to derive equations relating the

principal components of hydraulic conductivity defined in the local coordinate system to the

components ofhydraulic conductivity tensor defined in the global coordinate system [Bear 1972].

Sometimes, for simplicity, approximate answers for an equivalent isotropic situation are sought in

the case ofan anisotropic aquifer system. However, in approximating an anisotropic porous medium

with anisotropic one introduces some degree oferror in the computation ofhydraulic potentials, and

thereby in the flow. Therefore, alternate solution techniques may be desirable in the computation of

hydraulic potentials/ flow in an anisotropic porous medium with inclined soil strata.

In thiscontext, thepossibility of translating some of the analytical formulations available in

the theory ofexploration geophysics for modelling hydraulic potentials in a stratified anisotropic

porous medium has been explored. Therefore, the study presented herein considers homogeneous

anisotropic aquifer simulations with different levels ofstratification and dipping ofbedding planes.

The recharging of a stratified anisotropic aquifer system due to a point source and also, due to a

finite-length line source of known strength has been contemplated. Analytical solutions for the

hydraulic potential in the respective aquifer systems have been developed for the purpose. Suitable

computational algorithms have also been formulated to facilitate demonstration of the developed

techniques in several hypothetical homogeneous anisotropic aquifer systems, using numerical

examples.

4.2 THEORETICAL FRAMEWORK

The theory of flow of fluids through anisotropic porous medium can be found in the literature

[Scheiddegger 1957, Polubarinova-Kochina 1962, Harr 1962, and Marcus 1962]. Further,

methodologies exist for the transformation of an anisotropic medium into an equivalent isotropic

domain [Mishra 1972, and Strack 1989]. Further, principles of the geoelectrical sounding render
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analytical methods for the computation of electric potentials at the earth surface (surface potentials)
in layered earth medium [Parasnis 1965, and Bhattacharya and Patra 1968].

In groundwater problems soil body is considered to be a continuous medium of many
interconnected openings which serve as the fluid carrier. Fluid flow in such porous media is

governed by the Darcy's law which is represented as [Han- 1962]:^-, ^^JU^J- * ?^—

a . _K2± *$JUL^*^ H *V (4.1)
Hx * dx ^

where qx [LT1] is the specific discharge, d$>/d\ is the hydraulic gradient.dueto-ehange in hydraulic
petefttiaL.4 [L] over adistance, x[L], and K[LT1] is the hydraulic conductivity. It is afunction of
the intrinsic permeability of the medium k[L2], fluid density p[ML3], dynamic viscosity of the fluid

u[ML'T1], and acceleration due to gravity g[LT2] and is related by [Freeze and Cherry 1979]:

K - AM (4.2)

4.2.1 HYDRAULIC CONDUCTIVITY TENSOR

In a homogeneous aquifer the hydraulic conductivity, K [LT1] is same in all directions.

However, homogeneous aquifers in the true sense are rare and in practice, the soil often is layered

with the hydraulic conductivity being different in the directions parallel and normal to the layers as

illustrated in Fig. 4.1. The hydraulic conductivity parallel to the layer, K, (parallel to the X*Y*-

plane) being larger in magnitude than that perpendicular to the bedding plane, K2 (in the direction
of Z*-axis). Let, a be the angle of dip of the soil bedding plane in the rectangular Cartesian

coordinate system. Let, also, (y, z) and (y*, z*) be the Cartesian coordinates ofan arbitrary point,

P in the actual plane, and in the rotated (through anangle a) plane, respectively.

Referring to Fig. 4.1, the following relationship holds good:

y = y* cos a - z *sin a
(4.3)

z = ^'sina + z'cosa
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Let qy, qz and q*y, q*z be the corresponding specific discharge vectors in the actual and the

rotated planes. Then, the expressions for qy and qz in terms of q*y and q*z are similar to eqn. (4.3):

Jl
z

7/

-> Y

f

&
<y

y

o<V

Fig. 4.1 Scheme ofthe homogeneous anisotropic aquifer system (YZ-plane) of infinite extent
with a point source, Qlocated centrally on the surface. Dotted lines represent
bedding planes ofsoil strata with angle ofdip, a.

q = # cosa - ^'sina

qz = q sina + ^z'cosa
(4.4)

Now, application ofDarcy's law in terms of Y*Z* coordinate system yields:

(.7
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dy

<lz - ~K2 —
dz

where K, and K2 are the principal values of the hydraulic conductivity.

Using eqn.(4.5) in eqn.(4.4), we get:

v 9d> v d$ „:a = -K,—— cosa + a,—— since
Hy V 23z-

„ 8d> „ Scj)
q = -K,—?-sma - A.,—1-cosa

9>> oz

By application of the chain rule with eqn.(4.3) yields:

d<b d<b dy dd> dz d<b d<b
— coscc + —— since

dy' dy dy' dz dy' dy dz

9(J) 9c!) dy . 94) dz_ d±s.ma + d±cQsa
dz' dy dz' dz dz' dy dz

(4.5)

(4.6)

(4.7)

Combining eqn.(4.6) and eqn.(4.7), the Darcy's law for anisotropic hydraulic conductivity

for two-dimensional flow is obtained [Strack 1989]:

q - -K i± -K 2+
Hy yy dy yz dz

y 9(j) K 94)
zy dy zz dz

(4.8)
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where,

K = A., cos2a +AT2sin2a

K
yz

K = (Kx - £.) since cosa
-y

(4.9)

Kzz = A.jSin a + A^cos a

In a similar fashion, for the general case of three-dimensional flow in (x,y,z) coordinate

system, it can be shown that Darcy's law takes the form [Strack 1989]:

v d$ v 9(J) v 9(J)
K-~d~X ' K>»ly- ' K"Tz

y 9^ y dfy_ y 9(})
' yx dx » dy yz dz

y d§_ y 94> y d<$>
zx dx * dy Z1 dz

(4.10)

The coefficients K^ (i =x,y,z; j = x,y,z) in eqn. (4.10) are known as the coefficients of the

hydraulic conductivity tensor, represented by:

K

K K K
xx xy xz

Kyx Kyy Kyz
K K K

zx zy zz

(4.11)

Eqn. (4.11) isa symmetric matrix with the diagonal elements Kxx, Kyy and Kzz and K;, = K,

i for i = x,y,z; j = x,y,z. Thus, in an anisotropic mediumthe hydraulic conductivitytensor is, in fact,

characterised by six components.
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4.3 HYDRAULIC POTENTIALS DUE TO A POINT SOURCE

The computation ofhydraulic potentials in a homogeneous anisotropic aquifer system due

to apoint source of strength Q[L3T"'] is presented. The plane of stratification of the soil bedding can Ĵ T
either beparallel to the ground surface orbe inclined with an angle ofdip, a. It is assumed that the

dimensions of the aquifer system extend to infinity. A procedure has been devised based ori\>

analytical results translated from the geoelectrical sounding theory [Bhattacharya and Patra 1968]

to compute hydraulic potentials. It is assumed that the major principal direction of anisotropy is \

along the plane ofthe soil strata while the other is perpendicular to it. aA)

It is possible to orient the coordinate axes along the principal axes of anisotropy such that

Kxy = Kyz = Kzx = 0. If ( x\y*,z*) is the rotated (through an angle, a) coordinate system, then the

resulting governing equation for steady state groundwater flow in a homogeneous anisotropic porous

medium reduces to:

K1*. +K *± ♦ K **- = 0 (4.12)
rr ^ w -» ZZ i v 'XX a • 2 ^3-2 ZZ3-2dx dy dz

Now, if we choose a new system of coordinates with the transformation relationships,

** = y\f^xx

y - nv^ (4-13^

then eqn. (4.12) transforms to the Laplace's form:

§t± +l±^§_± . o (4.14)
9y2 9r,2 d(2
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The solution ofwhich can be obtained in a manner similar to that reported in the literature

relevant to the geoelectrical sounding principles [Bhattacharya and Patra 1968]. Thus, we have:

*
C

vV ♦ y ♦ c2 ..2

N K

C

.2
y_
K

vv

.2
Z

IF
(4.15)

Now, consider the plane of stratification as the X*Y*-plane in the homogeneous anisotropic
porous medium. Being very small, in most practical cases, the anisotropy in the plane of
stratification can be neglected. Thus, let the longitudinal hydraulic conductivity be: Kxx = K =
K, (parallel to the plane of stratification) and the transverse hydraulic conductivity be: Kzz = K

(normal to the plane ofstratification). Therefore, eqn. (4.15) can be rewritten as:

*
C

N K,
y

K,

..2

£,

(4.16)

Let, the coefficient ofanisotropy (p) and the equivalent isotropic hydraulic conductivity (KJ
be two parameters of the anisotropic medium, defined such that:

N

fi

(4.17)

Km - ]fKy2

By virtue of eqn. (4.17), eqn. (4.16) takes the form:

*
CM

A'2 +y'2 +(P^)2
(4.18)
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By comparison with eqn. (4.15), it can be shown that the hydraulic potential given by eqn.

(4.18) also satisfies the Laplace's equation in terms of the variables x\ y*, and pz*. Therefore, the
specific discharge components can be obtained by taking the respective derivatives ofeqn. (4.18)

as:

KxV2Cx'
..2 ...2[x-' *yl ♦ (Pz-n2t3/2

TS 3/2 n .
K\ Cy

..2[x-' ,yl ♦ (Pz*)12i3/2

KxV2Cz'
-2 ...2[x'z ,yl t (pz-)12n3/2

Therefore, the resultant specific discharge, q can be given by:

r3/2rr 2 .2 _•2-11/2
,2 .2 .2 Kx L [\ + y + z \

qx + Vy + <lz =
[X'2+y2+ pV2]3'2

(4.19)

(4.20)

(4.21)

(4.22)

In order to evaluate the constant of integration C, let us consider the total flow through a

hemisphere of radius R below the surface with the source as the centre (point A in Fig. 4.1).

Obviously, this total outflow should be equal to the total input, Q (the strength of the recharging

point source). Therefore, with reference to the spherical coordinate system (R, 0, co), we have:

2n n/2 ^f
Q - fqds - f fqR2smQdddu

o o

(r-

\SAV

{ a ^H"
(4.23)
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Since,

x'2+y'2 - tf2sin20 (4-24)

and

z'2 - *2cos2e (4-25)

eqn. (4.22) becomes,

KXV2 C
i?2[l+(p2-l)cos20]3/2

and

Q- CK™}d«l *™i*° 2-^- (4.27)
{ {[U(V2-\)cos2Qf2 P

(4.26)

Therefore,

2PC - -^ (4.28)
2nKx

Replacing the constant C in eqn. (4.18) with eqn. (4.28), we get:

Q4> = (4.29)
2ti Kjx'2 +y'2 ♦ P2z'2

Now, eqn. (4.29) is the expression for the hydraulic potential due to a point source (of

strength, Q) at any point ina horizontally stratified (that is the plane ofstratification isparallel to
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the ground surface) porous medium.

Ifthe planes ofstratification makes an angle ofdip a, then the above expression for hydraulic

potential can be generalised by considering arotation of the coordinate axes (x,y,z) through an angle
a. Let the rotated coordinate axes be (x\y*, z). Let the strike ofthe bed x be along x* ofthe new

(rotated) coordinate system. Then, it follows from simple trigonometric considerations that:

y* = y cos a +zsin a ' ' '

z' = -y sin a + z cos a

Incorporating the relationship given by eqn. (4.30) into equation (4.29) yields the required
solution for hydraulic potentials in ahomogeneous anisotropic medium with inclined planes of

stratification as:

4> = ~ — = (4.31)
2-nK \[x-- * (ycosa +zsince)2 ♦ p2 (-v since ♦ z cosa)

4.4 HYDRAULIC POTENTIALS DUE TO A FINITE-LENGTH

LINE SOURCE

Ifa line source offinite length isused [Fig. 4.2] instead ofthe point source to recharge the

homogeneous anisotropic aquifer system, then the analytical solution for hydraulic potentials can

be developed by applying appropriate domain transformation techniques. In order to develop the

required analytical expression for the hydraulic potential, we start from an expression for the case

ofahomogeneous isotropic medium. Subsequently, by application ofsuitable domain transformation

techniques the equivalent analytical solution for the anisotropic medium can be formulated.
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Fig 4.2 A finite line-source of strength QL (m2/s) is centrally placed at air-earth interface
along the strike of the bedding plane in: [a] the reference coordinate plane (R); [b]
the transformed domain (T) to facilitate the analytical solution.
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4.4.1 SOLUTION FOR HOMOGENEOUS, ISOTROPIC AQUIFER

In the case of an infinite homogeneous, isotropic porous medium recharged with apoint
source of strength Q, the expression for the steady state hydraulic potential (4>) in the porous medium
at adistance, r from the source in the YZ-plane can be given as [Parasms 1965, and Bhattacharya

and Patra 1968]:

4> . % (4-32)
fy^T72uK{y2

where K (m/s) is the isotropic hydraulic conductivity.

Now, let us consider the hydraulic potential in ahomogeneous porous medium due to aline
source of finite length, 2b and strength, QL (m2/s) per unit length [a set up similar to Fig. 4.2]. The
finite-length line source can be thought to be consisting ofanumber of infinitesimal point sources.
The line source is located along the Y-axis symmetrically with the origin ofthe coordinate system.

It is required to find the hydraulic potential at an arbitrary point P in the YZ-plane.

Let dX be an infinitesimally small element ofthe finite-length line source at adistance Xfrom

the centre. Without loss ofgenerality, dX may be deemed to be apoint source ofstrength QL dX

(m3/s). Ifthe porous medium be homogeneous and isotropic, then from eqn. (4.32), it follows that
the steady state hydraulic potential at any point P in the YZ -plane would be:

</* . Q^dX (4.33,
2-xKsJx2 + (X-z)2

Integrating Eqn. (4.33) between the limits ofthe line source, (-b, +b) yields the hydraulic

potential due to the line source of length, 2b and strength, QL (m2/s) in the homogeneous, isotropic

porous medium:
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4>
2nK

sinh"
b-y

sinh"
b+y

(4.34)

4.4.2 SOLUTION FOR HOMOGENEOUS, ANISOTROPIC AQUIFER

An existing methodology [Strack 1989] has been adapted with some modifications to

develop the analytical solution for the hydraulic potential in the vertical section of the

homogeneous anisotropic aquifer system. The procedure involves three steps viz., (i) a

transformation of the anisotropic medium into an isotropic domain, (ii) computation of the

hydraulic potentials in the fictitious (isotropic) domain and (iii) finally, transformation of the

fictitious hydraulic potentials back to the actual physical domain, yielding the required anisotropic

hydraulic potentials.

Referring to Fig. 4.2a, letusconsider a stratified anisotropic porous medium with principal

directions of anisotropy oriented along the Y* and Z* axes with hydraulic conductivities K, (parallel

to the plane of stratification) and K2 (normal to the plane of stratification). Let the Cartesian

coordinates in the physical plane be (Y, Z). The major principal direction of the hydraulic

conductivity tensor makes an angle cc with the Y-axis. Also, let the Cartesian coordinates of a

rotated plane be (Y\ Z* ), such that the Y* -axis is inclined at an angle a with the Y-axis. Now, the

Cartesian coordinates (Yt\ Zt* ) in a transformed domain [Fig. 4.2b] are chosen such that they

correspond tothe coordinates (Y\ Z*) in the physical plane. Finally, the Cartesian coordinate system

(Y„ Zt) is introduced in the transformed domain such that the Y, -axis corresponds to the Y -axis.

Let Km, as given in eqn. (4.17), denotes the equivalent isotropic hydraulic conductivity of the

medium in the transformed domain, (Y„ Zt). Further, in the fictitious domain, let the angle between

the Yt* and Yt -axes be Q.

It can be shown that the angle of dip, a in the physical domain and that in the transformed

domain, Q are related by:
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tan Q = P tan a (4.35)

The hydraulic potential due to the finite-length line source would be isotropic with reference

to the transformed domain, (Y„ Z,) and can be expressed by virtue of eqn. ( 4.34) as:

4>(y,.z,)
Qi

2-szK
sinh"

t b-y,\

\ z< /

+ sinh
( b.y\

V z< /

(4.36)

Based onthe theoretical aspects already presented in thecase of hydraulic potentials due to

apoint source, the following transformation relations have been applied between the two domains:

y; r
(4.37)

Z; PZ- , where p « y[KxIK2

Now, from trigonometric considerations, the relationship between the physical domain (Y,Z)

and the transformed domain (Yt, Zt) can be established as:

y, - y \/cos2a + p2sin2a

and,

z, . z P

\/cos2 a + p2sin2a

+ z
(1- P2) sina cosa

ycos2a + p2sin2a
(4.38)

(4.39)

Substituting eqns. (4.38) and (4.39) for y, and z,, respectively in eqn. (4.36) results in the

required analytical expression for the hydraulic potential, due to the line source of finite length, 2b
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and strength QL, in the YZ -plane of the homogeneous anisotropic aquifer system as:

4>0,z)
Qi

2tiK
sinh

where,

B - G
s s

Pz )
B ♦ G

s s

Pz )

Bs = b\/cos2ce +p2sin2cc

Gs = ^[cos2a +p2sin2a] +z(l -p2) sinacosa

(4.40)

(4.41)

4.5 NUMERICAL SIMULATION ALGORITHMS

Two algorithms, HANI-P and HANI-L have been devised based on the analytical expressions

developed in the preceding sections and coded in FORTRAN77 in order to simulate the hydraulic

potentials due to apoint source as well as a finite-length line source, respectively in hypothetical

homogeneous anisotropic porous media with tilted strata. The input information for the computation

of hydraulic potentials include source strength, hydraulic conductivity values in the principal
directions, angle of dip of the strata, and grid-node details.

The bedding planes ofthe rock layers in the hypothetical aquifer system make an angle a

with the horizontal (XY) surface. As indicated earlier, the major principal direction ofanisotropy,
K, is uniform in the bedding plane ofthe strata and the minor principal direction ofanisotropy, K2

is perpendicular to the plane ofthe strata. The recharging source (point source, Q[ L3T"' ] or finite-

length line source, QL [ L2T"' ] as the case may be) is located centrally on the earth surface. The

boundaries of the hypothetical aquifer system are assumed to be at large distances from the source

(i.e., a homogeneous anisotropic aquifer system of infinite extent). Simulations of hydraulic

potentials have bee carried out with several levels of anisotropy of theaquifer system as well as for

different orientations (a), varied between zero and n/2, of the strata.
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4.5.1 AQUIFER SIMULATIONS WITH POINT SOURCE

The aquifer parameter values used for the simulation ofhydraulic potentials due to point

source and the various sets ofsimulations performed using the algorithm HANI-P are given inTable

4.1 and Table 4.2, respectively.

Table 4.1 Aquifer Parameter values used for the numerical simulations ofhydraulic potentials
due to a point source.

Model Parameters Numerical Values

Source strength, Q 0.1 m3/s

Hydraulic conductivity in the major direction, K, 0.001 m/s

Dip angle of the strata, a 0, it/12, n/4, rc/2

Coefficient of anisotropy, p 1,2,4 7, 10

Ratio of hydraulic conductivity values, K,/K2 1,4, 16,49, 100

Grid dimensions Y= (-500 m, +500 m), Z= (0, -250 m)

AY= 10 m, AZ=10m

Table 4.2 Set of cases where hydraulic potentials due to a point source have been simulated
with different combinations of angle of dip, a and coefficients of anisotropy, p.

Hydraulic Potentials due to Point Source in Homogeneous Anisotropic Aquifer Systems

Parameters a=0 CC=7l/12 cc=rc/4 a=ru/2

p=l / - - -

p=2 / / / /

p=4 / / / /

p=7 / / / /

p=10 / / / /
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Equipotential lines are drawn for the vertical section of the aquifer system. In Fig. 4.3

comparison of the hydraulic potentials in a homogeneous isotropic aquifer [Fig. 4.3a] with that in

ananisotropic aquifer system [Fig. 4.3b] with horizontal stratification (shown as solid lines) is made.

The horizontal hydraulic conductivity, K,= 0.001 m/s, in both the cases. The coefficient of

anisotropy, p= 1 for the isotropic aquifer and p= 10 for the anisotropic case. Since K, and K2 are

equal for the isotropic case [Fig. 4.3a], the equipotentials assume semi-circular pattern in thevertical

section with the source at its centre, and uniform radial flow occurs. However, the orthogonal

hydraulic conductivity, K2 is smaller than K, by two orders of magnitude in the case of the

anisotropic medium. Consequently, the shape ofequipotentials in the anisotropic case [Fig. 4.3b]

is semi-elliptical, indicating the tendency for the flow to follow the least resistive path.

Fig. 4.4 depicts several plots of equipotentials in the anisotropic aquifer systems with

different orientations (solid lines) of the strata when the coefficient of anisotropy, p= 2. The

hydraulic conductivity values in the principal directions are common for all these plots. The changes

inthe pattern ofhydraulic potentials and flow gradients with changing orientation of the strata are

obvious from the plots.

Fig. 4.5 shows theequipotentials in the anisotropic aquifer system with different coefficients

ofanisotropy. The bedding planes ofthe strata have been kept horizontal, as indicated by the solid

lines. The coefficient ofanisotropy used are p=2, p=4, p=7 and p=10, respectively for the various

cases in Fig. 4.5a, Fig. 4.5b, Fig. 4.5c and Fig. 4.5c. The shape of equipotentials flatten as the

degree ofanisotropy increases. Similar kinds ofplots have also been presented for a few other cases

with the dip ofthe soil bedding planes as, a=Ti/4, and a=n/2, respectively in Fig. 4.6 and Fig. 4.7.

Again, the coefficient of anisotropy applicable to these cases are p=2, p=4, p=7 and p=10,

respectively.

In Fig. 4.8,distribution of hydraulic potentials due to a point source in the vertical section

of the anisotropic aquifer system with cc = ti/4 and p= 10 is shown. The hydraulic potential

declines with increasing distance from the source. It can be noticed that the distributions of

hydraulic potentials at -500m (notated by a, towards the left ofthe source) and +500m (notated by
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Q, towards the right of the source) are different. Therefore, unlike the an isotropic aquifer, there is

no symmetry of radial flow exhibited by the anisotropic aquifer system.

4.5.2 AQUIFER SIMUUATIONS WITH FINITE-UENGTH UINE SOURCE

The aquiferparameter values used for the simulation of hydraulic potentials due to a finite-

length line source and the various sets of simulations performed using the algorithm HANI-L are

given in Table 4.3 and Table 4.4, respectively.

Table 4.3 Aquifer Parameter values used for the numerical simulations of hydraulic potentials
due to a finite-length line source.

Model Parameters Numerical Values

Source strength, QL 0.01 m2/s

Length of the line source, 2b 400 m

Hydraulic conductivity in the major direction, K, 0.001 m/s

Dip angle of the strata, a 0, it/12, tc/4, it/2

Coefficient of anisotropy, p 2,4 7, 10

Ratio of hydraulic conductivity values, K,/K2 4, 16,49, 100

Grid dimensions Y= (-500 m, +500 m), Z= (0, -250 m)

AY= 10 m, AZ= 10 m

The variation in the pattern of the hydraulic potentials due to the finite-length line source

with different orientations of the strata are illustrated in Fig. 4.9. The equipotentials (dotted lines)

are plotted for different angles of dip of the strata viz., a=0, a=7r/12, a=rc/4 and a=Tt/2, when the

coefficient of anisotropy, p=4.

When the stratification is perfectly horizontal, the pattern of recharge due to a finite-length

line source in the homogeneous anisotropic aquifer system with varying anisotropy levels can be

inferred from Fig. 4.10. A similar set ofplots are also given [Fig. 4.11] for the case when the aquifer
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Table 4.4 Set ofcases where hydraulic potentials due to a finite-length line source have been
simulated with different combinations of the angle of dip, a and the coefficients of
anisotropy, p.

Hydraulic Potentials due to Line Source in Homogeneous Anisotropic Aquifer System

Parameters a=0 CC=Tt/12 a=rc/4 cx=tc/2

P=2 / - / -

P=4 / / / /

P=7 / - / -

p=10 / - / -

strata is sloping at an angle of 45° with theearth surface. The coefficients of anisotropy applicable

to the cases presented in Fig. 4.10 and Fig. 4.11 are p=2, p=4, p=7 and p=10, respectively.

For all these simulations, the finite-length line source had been oriented along the strike of

the bedding planes. Further, the plots have been depicted in a vertical plane through the lengthof

the line source. The plots across the finite-length line source have not been shown as the pattern of

those are similar to that of the point-source presented earlier, except for the magnitude of the

potential.

4.6 RESULTS AND DISCUSSION

The study encapsulated in the present chapter renders a broad profile on the theory of

anisotropic flow in porous media and provides analytical solutions, in the context of advancements

made in the theory of exploration geophysics, for computing the hydraulic potentials. Numerical

simulation procedures, HANI-P and HANI-L have been devised, using the analytical results

developed, to compute the steady state hydraulic potentials in homogeneous anisotropic aquifer

systems due to a point source as well as that due to a finite-length line source, respectively.
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The hypothetical aquifer systems in which simulations have been carried out are presumably
formed by numerous soil strata inclined with the surface. The input to the analytical simulation

model includes the source strength, the length ofthe line source, the hydraulic conductivity values

along the principal directions ofanisotropy, the angle ofdip ofthe strata and grid dimensions. The

various plots presented are representative in nature from a spectrum ofpossible combinations of

coefficient of anisotropy and orientation of bedding planes of the soil strata in homogeneous
anisotropic aquifer systems. These illustrations enable to visualise the pattern ofdistribution ofthe

respective hydraulic potentials (due to apoint source or finite-length line source) and behaviour of
groundwater flow in the aquifer systems.
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CHAPTER 5

RECHARGING IN AN AQUIFER-AQUITARD-
AQUIFER SYSTEM: INFLUENCE OF A
CONTINUOUS AQUITARD

5.1 GENERAL

The hydrogeological set-up of an aquifer system can influence the seepage from surface water

bodies like lakes, recharge-ponds and percolation-tanks to the porous medium. Groundwater flow-

barriers/ semi-flow barriers like clay lenses and sedimentary layers areknown to exist in alluvial aquifer

systems or sedimentary basins. Adept planning and implementation of artificial recharge schemes for

such aquifer systems might require knowledge of seepage characteristics and role ofhydrogeological

controls on recharging. It is perceived that analyses and results based on studies formulated on the

recharge in an aquifer-aquitard-aquifer system can be useful in getting insight in identical field

situations.

5.2 SCOPE OF THE ANALYSIS

In view of the above, the numerical simulation-analyses have been carried out to bring about

dimensionless relationships/ results pertaining to the hydraulic potential distributions and groundwater

flow characteristics. The groundwater flow regime, characterised by the hydraulic head/ potential

distribution and aquifer parameters, in the aquifer system beneath a recharging surface waterbody has

been studied. Descriptions on the hydrogeological set-up of the layered aquifer system, source/ sink,

the boundary set-up, discretisations, methodology as well as the groundwater flow model used are
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provided subsequently.

Thus, the hydraulic head/ potential distribution and discharge characteristics for the aquifer-

aquitard-aquifer system have been investigated in relation to:

(i) the positioning of the aquitard at different depths in the aquifer-aquitard-aquifer system and

(ii) the depth/ the vertical dimension (thickness) of the aquitard.

5.3 METHODOLOGY

The well-known USGS modular three dimensional finite difference groundwater flow model

[McDonaldand Harbaugh 1984] has been employed for simulating hydraulic heads/groundwater flow.

The dimensional matrix arrays have been augmented to accommodate the grid points in the system.

5.3.1 GOVERNING EQUATION

The three dimensionalunsteady groundwater flowthrough heterogeneous and anisotropicporous

earth material is given by the partial differential equation:

dx ™dx dy "dy dzy zzdz s dt y J

where,

Kxx, K^, Kzz : hydraulic conductivities along the major axes of anisotropy

h : potentiometric head/ hydraulic potential

W : volumetric flux per unit volume and represents sources and or sinks

Ss : the specific storage of the aquifer

t : time
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In general, Ss, Kxx, Kyy and K/z are functions ofspace, whereas hand Ware functions ofspace

and time. Thus, the above equation describes groundwater flow under non-equilibrium conditions in a

heterogenous and anisotropic medium. Hence this equation together with specification ofgroundwater

flow conditions at the boundaries of an aquifer system and specification of initial head conditions,

constitutes a mathematical model of groundwater flow.

Generally, analytical solutions of the equation referred above are rarely possible. So various

numerical methods may be used to arrive at approximate solutions. The well known finite difference

method is one such approach. With this method, the continuous system is replaced by a system of

simultaneous linear algebraic difference equations and their solution yields values ofhead at specific

points and time. These constitute an approximation to the time varying head distribution that would be

given byan analytical solution of the groundwater flow equation.

5.3.2 MODEL DESCRIPTION ;J

Development of the groundwater flow equation in finite difference form follows from the

application ofthe continuity equation: the sum ofall flows into and out of; acelfmust be equal to the

rate ofchange in storage within the cell. The finite difference approximation for any cell (i,j,k) in the

grid may be obtained as:

CRij.14* (Vi* "hio.«) +CRij+Wc (hw+u -M +CC,/4k (h„,,k - hio,k) +CCi+l/4J>k (hi+Ij,k - hijik)
+ CV,JiW4 (hiJik., - hiJik) + CViJik+1/4 (hiJik+1 - hiJik) +PiJJt h,0,k + Qu,k

= SSiikCAljACiAvjAhuk/At (5-2)

where,

CRjj-i/,k : the conductance in row i and layer kbetween nodes i,j-l, kand i,j,k
CQ.vy.k : the conductance in column j and layer kbetween modes i-l,j,k and i,j,k
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h,j,k : the head in cell i,j,k

CVijkJ/2 : the conductance in row i and column j between modes i,j,k-l and i,j,k

P,,j,k : certain constant for cell i,j,k

SSijk : specific storage of cell i,j,k

Qij.k : groundwater flow rate into cell i,j,k

ArjACjAVfc : volume of cell i,j,k

At : increment in time

The above equation can be rewritten in backward-difference form by specifying flow terms at
tm, end of the time interval, and approximating the time derivative ofhead over the interval tm., to tm as:

CRy-^v.* -hv) +cv#v,k -hm,,k) +cc,y^(h\liM -hmid,k) +cci+/20,k(hmi+lj, -hmiJik) +
CVi0,k.,(hm,0,k, -hmijik) +CV^ChVn -hm,,k) +P,J,kh-J,k, +Qid,k
=SSi0,k(ArjACiAvk) {(hm,d,k -h%,k) / (tm -tm,) } (5 3)

If an equation of this type is formulated for each of the Vcells in the gridded system, then we
are left with a system of 'n' equations in 'n' unknowns and the set of equations can be solved for
obtaining the unknown head values for each of the cells. In the finite difference method, the continuous
system described by the governing equation is replaced by afinite set of discrete points in space and
time and the partial derivatives are replaced by differences between functional values at these points.
This requires discretisation of the aquifer system into grids forming rows, columns and layers. To
conform with computer array conventions an i, j, k, coordinate system is used where i is the row index

j is the column index and kis the layer index. Nodes represent cell within which the hydraulic properties
are constant. Hence, any value associated with anode is distributed over the extent ofthe cell. The width

of the cells along row is designated as Arj for the jlh column and that along the column is ACj for the ith
row. Now, the volume ofthe grid cell located at (i,j,k) is ArjACiAvk, where Avk is the thickness ofthe
layer k.
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The block-centred formulation is used for defining the configuration of cells for the present

study, wherein the cells are formed by parallel lines and the mid-points are the nodes. For each block,

the hydraulic properties are uniform over the extent of a cell.

5.3.3 BOUNDARY CONDITIONS

In the discretised aquifer system, the number of equations is equal to the number of'variable-

head' cells; variable-head cells are those inwhich head may vary with time. Cells that are not variable-

head cells may be either 'constant head' or 'no-flow' cells. Constant head cells are those inwhich head

remains constant with time and no-flow cells are those to which there is no flow from adjacentcells.

Thus, the type of boundaries that may be imposed in the model include, constant head, no-flow,

constant-flow and head-dependent flow.

5.3.4 SOLUTION PROCEDURE

An iterative method known as the Strongly Implicit Procedure (SIP) has been used to obtain the

solutions. An interim solution is obtained and it becomes the new trial solution and the procedure is

repeated until aspecified 'closure criterion' is met. For the present simulations, a closure criterion is set

so that the difference between two successive iterative solutions is less than 10"4 m.

5.4 MODEL CONCEPTUALISATION

The scheme of the layered aquifer system considered for the investigation is depicted in plan

[Fig. 5.1] as well as cross-section [Fig. 5.2]. Arectangular-shaped water body (the source) ofsize, 2w

x 2wis located at the centre of the plan areaof an isotropic aquifer system having dimensions, 2L x 2L.

The bottom of the aquifer system conforms to an impermeable bed atdepth, D. An aquitard, positioned

within the aquifer system, partitions the porous medium into an unconfmed top-aquifer and a semi-
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Fig. 5.1 Plan-view ofthe aquifer-aquitard-aquifer system with arecharging-source.
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Fig. 5.2 Vertical cross-section (through AA' of Fig. 5.1) of the aquifer-aquitard-aquifer
system with the recharging-source.
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confined bottom-aquifer. The lateral boundaries of the aquifer system are fully penetrating constant head

rivers (the sinks) on two sides while the other two sides are no-flow boundaries. These boundaries have

been located at sufficiently large distance, L from the source. The sides and bottom of the water body

areassumed to have a layer of sediments of low permeability. Difference between thehead in thesource

and that in the sink (Hb), the headcausing-flow (AH) is adequate to inducegroundwater flow through

the aquifer system. Appropriate parameter values have been assigned for theaquitard so as it to act like

a groundwater flow barrier between the top and bottom aquifers.

5.4.1 DISCRETISATION

The domain discretisation has been done with the half-width, L=4000m and the depth, D=100m

for the aquifer system. The water levels of the source and the constant head boundaries have been so

maintained thata head-causing-flow, AH=9m is effected for the simulations. The area in plan [Fig. 5.1]

is nearly 700 times that of the surface area of thewater body. Thus, the respective ratio of their lateral

sides is about 26. To facilitate the finite difference applicationof the groundwater flow equations of the

model, the aquifer system has been discretised into 51 rows, 51 columns and 10 model layers, resulting

in 26,010 rectangular grids. Variable grid spacing has been adopted appropriately to enable detailed

information from finer grids beneath and surrounding the source.

Aquifer parameters thatarewell within the naturally permissible range [Freeze andCherry 1979]

have been assigned suitably for the aquifers and the aquitard. For simplicity, uniform hydraulic

conductivitiesare assigned for both the horizontaland vertical directions in a layer. Aquifer parameters,

however, may vary from one layer to another. For the simulations presented in this chapter, hydraulic

conductivity for the aquitard and that for the aquifer differs by two ordersof magnitude (0.0003m/s and

0.000003m/s respectively). A specific yield of 15%has been assigned for the unconfmed layers above

the aquitard. Storage coefficientvalues for the aquitard and the bottom aquifer are 0.001 and 0.000001,

d to hav(respectively. The wetted-surface (sides and bottom) of the water body, presumed to have a layer of

vyy-> J- l> -yy-. ' /* ~~



y
sediments of lowpermeability. Thewaterlevels in the source and the sinks arekeptconstant during the

stress period of the simulation.

Transient simulation of groundwater flow has been carried out. A stress period of 500 days

consisting of 50 time-steps has been chosen for the simulations to attain steady-state. The hydraulic

head/ potentials at the nodes of the medium and volumetric details have been obtained at the end of

selected time steps during the stress period for further analysis. The cumulative volume of water

discharged from the aquifer system at different time-steps during the stress period is found toberising

with increasing simulation time [Fig. 5.3]. It is noticed that rate of change in outflow tends to zero as

the length of the simulation period approaches 500 days [Fig. 5.4], an indication of steady state

condition. Further, the hydraulic heads tend to approach steady state as the time-step advances [Fig. 5.5].

5.5 ANALYSIS AND DISCUSSION

/Ti\f tallowing (general/assumptions fhold goodlfor-the-simulation ofhydraulic potentialsjafiL
£ groundwater flow due to therecharging source in theaquifer-aquitard-aquifer system:

(i) The layers are parallel to the ground surfaceand are continuous,

(ii) The hydraulic parameters vary from layer to layer only, (i.e., distinct layers are homogeneous

and isotropic in itself),

(iii) Uniform horizontal and vertical hydraulic conductivities in distinct layers,

(iv) Aquifer system is of finite dimensions with boundaries specified for all the sides,

(v) Groundwater flow is predominantly towards the constant-head river boundaries,

(vi) Uniform seepage from the source during simulations,

(vii) No change in the properties of the fluid during simulations,

(viii) Darcian flow of groundwater,

(ix) Transient simulations for different time-steps until steady state condition,

SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY
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Fig. 5.3 Cumulative discharge from the aquifer system for various time steps.
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Fig. 5.4 Progress of transient simulations with length of the stress period, eventually
approaching steady-state condition.
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Fig. 5.5 Absolute values of hydraulic head approaching steady state with progress of time-
steps at two sections in the aquifer system.
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Fig. 5.6 Effect of the aquitard at different depths: Aquitard Depth Ratio (ATDR) versus
Aquifer Head Ratio (AFHR) at different Normalised Distances (X/L)
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5.5.1 TERMINOLOGY

The following dimensionless quantities have been defined to facilitate the analyses:

(i) Aquifer Head Ratio (AFHR): The ratio of hydraulic potential in the unconfined aquifer above

the aquitard to that in the semi-confined aquifer below the aquitard (bottom aquifer),

(ii) Aquifer Thickness Ratio (AFTR): The ratio of the thickness of the top aquifer to the thickness

of the bottom aquifer. /) r "' '<• "~

(iii) Aquitard Depth Ratio (ATDR): The ratio of depth of the top surface of the aquitard to the

thickness of the aquitard.

(iv) Aquitard Head Ratio (ATHR): Theratio of hydraulic potential in the unconfined aquifer above

the aquitard (top aquifer) to that in the aquitard.

(v) Discharge Ratio (DISR): Theratio of average discharge perunitwidth of the top aquifer to that

of the bottom aquifer,

(vi) Normalised Distance (X/L): The distance from the centre of the source to anyarbitrary point in

the X-direction (X) normalised with respect to the half width (L) of the system.

;

5.5.2 EFFECT OF DEPTH-WISE POSITIONING OF THE AQUITARD ON

RECHARGING

It has been observed that there is no significant change between hydraulic head values of

consecutive nodes beyond a normalised distance, X/L=0.5. Thus, the groundwater flow regime under

the present set-up is unaffected by any boundary effects. Table-5.1 lists the different cases for which

simulation-analyses have been carried out. All diagrams are depicted in the vertical section through the

source.

h
f)f TR -
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Table 5.1 Aquitard Depth Ratios (ATDR) and Aquifer Thickness Ratios (AFTR) used.

Cases 1 2 3 4 5 6 7 8 9

ATDR 1.20 1.40 1.65 1.90 2.15 2.40 2.65 2.90 3.10

AFTR 0.40 0.50 0.70 0.80 1.10 1.40 1.80 2.30 3.00

Simulations are carried out with the aquitard positioned at various depths. This is facilitated by
changing the thicknesses of the model layers in the top aquifer and/or thicknesses of the model layers
in the bottom aquifer while preserving the original dimensions of the aquifer system.

Figure 5.6 depicts the variation of average values of hydraulic heads in the top aquifer and
bottom aquifer as aresult of locating the aquitard at different depths in the aquifer-aquitard-aquifer
system. The ratio of average hydraulic potentials in the top and bottom aquifers are plotted against the
aquitard depth ratios (ATDR) to visualise the influence ofpositioning of the aquitard in the system. The
ratio ofheads has also been plotted for various normalised distances (X/L) reflecting the behaviour with
respect to distance from the centre of the system.

It may be observed that as the aquitard depth ratio (ATDR) increases the hydraulic potential in
the top aquifer and that in the one below the aquitard steadily approaching the same value. Beyond
ATDR=3.0, the difference is negligibly small. In fact, with increasing aquitard depth ratios (ATDR),
the aquitard of constant thickness is being placed at deeper depths. In other words, when the aquitard
is nearer to the source it transmits groundwater flow due to potential build-up above compared to that
below the aquitard. At depth ratios higher than 3.0 the influence of the aquitard is apparently
diminishing and no vertical flow is taking place as the hydraulic potentials stabilise throughout.

The maximum difference in the head values for all aquitard depth ratios (ATDR) have been
plotted [Fig. 5.8] for different normalised distances (X/L). Further, difference of hydraulic potentials
in the top and bottom aquifer is waning as one moves away from the centre (X/L =0) and eventually
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becomes insignificant beyond normalised distance, X/L = 0.5 [Fig. 5.8]. This behaviour has been

verified by examining the ratio ofheads in the top aquifer and aquitard also [Fig. 5.7].

Head ratios approach unity beyond aquitard depth ratio, ATDR=3.0 and also beyond normalised

distance, X/L=0.5. Nonetheless, there is a marked reduction in the magnitude of the head ratios

signifying higher potentials in the aquitard compared to the bottom aquifer. Accordingly, the hydraulic

potential distribution in the vertical plane is one which is gradually decreasing from top aquifer to

bottom aquifer through aquitard as well as from centre to boundaries when the aquitard is nearer to the

source. This hydraulic potential difference results in a vertical gradient sustaining groundwater flow

toward the bottom aquifer through the aquitard. Precisely, the hydraulic potentials tend to be uniform

everywhere in the aquifer-aquitard system for aquitard depth ratios (ATDR) and normalised distances

(X/L) larger than certain critical values, thereby nullifying the influence of aquitard present.

The aquifer head ratios (AFHR) and the aquitard head ratios (ATHR) have been traced [Figs.

5.9a - 5.9c] against the normalised distances (X/L) for different aquifer thickness ratios (AFTR). It may

be noticed that theAFHR and ATHR aregradually decreasing whenthe aquifer thickness ratio (AFTR)

increases. Also, thedifference between these head ratios is diminishing andapproaching unity for higher

values of AFTR, marking uniform potentials everywhere in the system [Figs. 5.9b&5.9c].

Thus, if the top aquifer is deeper by three times or more the depth of the bottom aquifer, then

the influence of the aquitard on seepage is not manifested in the system. The same is true when the

aquitard is located at a depth greater than three times its thickness.

5.5.3 EFFECT OF AQUITARD THICKNESS ON RECHARGING

The effect of vertical dimension (thickness) of the aquitard on the groundwater flow has also

been investigated. The aquitard depth ratio (ATDR) has been retained while changing the aquitard
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Fig. 5.7 Aquitard Depth Ratio (ATDR) versus Aquitard Head Ratio (ATHR) for different
Normalised Distances (X/L).
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Fig. 5.8 Normalised Distance (X/L) versus Aquifer Head Ratio (AFHR) for different
Aquitard Depth Ratios (ATDR).
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Fig. 5.9a Normalised Distance (X/L) versus Aquitard Head Ratio (ATHR) as well as Aquifer
Head Ratio (AFHR) for a given Aquifer Thickness Ratio, AFTR=0.40.

I i i i i i i i i i j i i i j i i
.10 0.20 0.30

X/L RATTO

~I I I I I | Ml

0.40 0.50

Fig. 5.9b Normalised Distance (X/L) versus Aquitard Head Ratio (ATHR) as well as Aquifer
Head Ratio (AFHR) for a given Aquifer Thickness Ratio, AFTR=1.10.
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Fig. 5.9c Normalised Distance (X/L) versus Aquitard Head Ratio (ATHR) as well as Aquifer
Head Ratio (AFHR) fora given Aquifer Thickness Ratio, AFTR=3.0.
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Fig. 5.10 Aquifer Thickness Ratio (AFTR) versus Average Discharge (DISR) in the top
aquifer andbottom aquifer for a given Aquitard Depth Ratio, ATDR=2.15.
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thickness.

Table 5.2 Discharge Ratios (DISR) for different Aquifer Thickness Ratios (AFTR) for a fixed

Aquitard Depth Ratio, ATDR=2.15 while changing the aquitard thickness.

Cases 1 2 3 4 5 6 7

AFTR 0.40 0.58 0.79 0.95 1.08 1.51 2.22

DISR 0.98 0.97 0.98 0.98 0.97 0.97 0.98

In order to examine the effect of aquitard thickness on the groundwaterflow, several cases have

been simulated with different aquitard thicknesses [Table-5.2]. The aquitard depth ratio (ATDR) has

been kept constant while changing the thickness of the aquitard. The average discharge perunit width

for the top and the bottom aquifers have been computed.

The average discharge values are plotted against the aquifer thickness ratios (AFTR) inFig. 5.10.

The average discharge ofthe bottom aquifer is slightly more than that of the top aquifer for all the cases.

However, the groundwater flow tends to stabilise inboth the aquifers when the influence ofthe aquitard

gradually diminishes at larger aquifer thickness ratios (AFTR).

5.6 RESULTS

An aquifer-aquitard-aquifer system recharged with a static water body has been subjected to

investigation for different hydrogeological set-ups. The analysis leads to the following inferences:

(i) The influence of the aquitard onthe recharging of the aquifer system is not significant when the

thickness of the top aquifer is more than three times that of the bottom aquifer. Also, the

influence of the aquitard on the recharging is found to be negligible when the aquitard is

positioned below a certain depth.
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(ii) The average discharge from the bottom aquifer is slightly more than that of the top aquifer for

constant aqnitard depth ratios (ATDR). \#~, M"^ »<^f^M ^L ,
(iii) The groundwater flow tends to become uniform in both the top andbottom aquifers when the

influence of aquitard startsdiminishing for larger aquifer thicknesses ratios(AFTR) andaquitard

depth ratios (ATDR).
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CHAPTER 6

RECHARGING IN AN AQUIFER-AQUITARD-
AQUIFER SYSTEM: INFLUENCE OF A

DISCONTINUOUS AQUITARD

6.1 GENERAL

Existence ofvery low permeable layers within an aquifer system can influence the recharging

of the aquifer system as they can act as partial barriers to groundwater flow. In continuance with the

previous investigation (of Chapter 5), the present study aims at evaluating the influence of a

discontinuous aquitard in a layered aquifer system on the seepage from a static recharge source.

Here, the influence of location of an aquitard discontinuity (an opening in the aquitard which is

presumed to be packed with the same porous material as that of the aquifer) as well as the depth-wise

position of the discontinuous aquitard within the aquifer-aquitard-aquifer system on the recharging

of the aquifer system are investigated. Often, the term discontinuity in the aquitard has been

synonymously referred to as opening in the descriptions.

6.2 SCOPE OF THE ANALYSIS

The issue ofheterogeneity pertaining to hydraulic conductivity has been in focus in research.

However, the storage coefficient is an equally important parameter in transient groundwater flow

systems. The time scale response of a groundwater system is dictated by its diffusivity (hydraulic

conductivity divided by specific storage coefficient) and the dynamics of groundwater systems

cannot be understood without paying attention to storage coefficient [Narasimhan 1998]. An attempt

has been made to study the combined effect of storage coefficient and transmissivity on the

hydraulic potential (h) distribution due to seepage from a recharge source in an aquifer-aquitard-

aquifer system with a discontinuous aquitard. Hydrogeological conditions similar to the one
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postulated in the present study can be found in parts of the basaltic terrain of India [Singh 1998]. As

such, the studies contemplated in the present chapter are:

(i) the effect of aquitard discontinuity (opening) of different dimensions on the seepage from

the source (thereby recharging of the aquifer) for different aquifer parameter combinations,

(ii) the influence ofthe location (with respect to the source) ofthe discontinuity in the aquitard

on the recharging of the aquifer system, and

(iii) the influence ofpositioning ofthe discontinuous aquitard at various depths in the aquifer

system on the recharge characteristics of the aquifer system

6.3 METHODOLOGY

The USGS modular three dimensional finite difference groundwater flow model [Mc Donald

and Harbaugh 1984] has been used for effecting the simulations. Descriptions on the governing

equations, flow model, boundary conditions and solution procedure are already given in Chapter 5.

Also, the general assumptions applicable to the simulation studies are the same as that

detailed in Chapter 5.

6.4 CONCEPTUALISATION

The conceptualisation ofthe aquifer domain is similar to that ofthe study reported in Chapter

5. However, different sets ofaquifer parameter combinations have been used with very low aquitard

permeability values. Further, provision is provided in the domain discretisation scheme to

accommodate discontinuity (opening/ discontinuous-zone) at desired locations in the aquitard, and

also toplace theaquitard at different depths in the aquifer system. A cross-sectional scheme of the

aquifer-aquitard-aquifer system with the discontinuous aquitard is shown in Fig. 6.1; a plan-view

of the same is already depicted in Fig. 5.1 of Chapter 5. Simulation of hydraulic potential (h)/

groundwater flow in the aquifer system is carried out for different sets of parameter values and

differentdimensions of discontinuity in the aquitard.
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The discontinuity in the flow barrier of the present set-up allows hydraulic connection

between the aquifer above and below the barrier. Further, the discontinuity is assumed to be filled

with the porous aquifer material so as to maintain continuity between the top and bottom aquifers

at the discontinuity. The hydraulic conductivity and storage coefficient assigned for the model cells

belonging to the opening portion of the aquitard are the same as that for theaquifer portion. Thus,

Darcy's law would be applicable to the groundwater flow regime in the aquifer system with the

discontinuous aquitard. Appropriate parameter values have been assigned for the discontinuous

aquitard so as it to act like a total flow barrier between the top and bottom aquifers except at the

discontinuity.

6.5 TERMINOLOGY

To facilitate the analysis ofvarious cases investigated, certain terms have been used as per

the following definitions: Ou* l*C*£-*H *~2-tjt-hvtrto **/ u$+.L-a%

(i) Fractional Seepage, Fsb: The seepage contribution from the source to the bottom aquifer

expressed as a fraction of the total seepage to the system,

(ii) Head Causing Flow, AH: The difference between the head in the source and that in the sink,

which induces the seepage into theporous medium andsustains groundwater flow,

(iii) Head in the Boundary, Hb: Elevation ofwater column in the constant head river boundary,

(iv) Hydraulic Head/ Potential, h: The variable representing hydraulic head/ potential in the

aquifer system,

(v) Normalised Distance (X/L): The distance from the centre ofthe source to any arbitrary point

in the X-direction (X) normalised withrespect to the halfwidth(L) of the system,

(vi) Normalised Hydraulic Potential, h,=(h - HJ/AH: The ratio ofdifference between hydraulic

potential at any point in the aquifer system and that in the boundary to the head causing flow,

(vii) Percentage Opening, Op: The dimension of the discontinuity in the aquitard expressed as

a percentage of the dimension of the source water body in the X-direction.

(viii) Percentage Shift/ Shift, Mp: The location of the discontinuity expressed (as percentage) in

terms of shifting/movement from the centre of the aquifer system to the lateral edge of the
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water body. Thus, Mp=0% when the discontinuity is placed below the centre of the water

body (i.e., X/L=0) and Mp=100% when the discontinuity is placed below the lateral edge of

thewater body (i.e., at X/L ~0.04). Shift is also expressed in terms of X/L points when the

discontinuity is moved beyond the source,

(ix) Positioning Depth/Positioning, Pd: The position of thediscontinuous aquitard in the aquifer

system expressed as a ratio between the depth to the aquitard and the total depth of the

aquifer system,

(x) Reversal Point, XR: A point on the X axis between the source and the sink at which the

hydraulic potentials are the same for both the top and the bottom aquifers,

(xi) S/TRatio: The ratio of storage coefficient to transmissivity value of the aquifer; (the reverse

of this ratio namely, T/S is known as the hydraulic diffusivityof the medium).

6.6 ANALYSIS AND DISCUSSION

In conformitywith the objectives, the analysespresented in this chapter deal with the effect

of the following aspects on the recharging of the aquifer system:

(i) different dimensions of the aquitard discontinuity (opening) in a centrally placed aquitard,

(ii) different locations of the discontinuity in the aquitard, and

(iii) different depth-wise positions of the discontinuous aquitard in the aquifer system.

An aquitard of very low permeability is positioned within the aquifer system. Had the

aquitard been perfect without any discontinuities, essentiallyno flow would have passed through it.

If a discontinuity (an opening) is introduced in the aquitard, groundwater flow can enter the bottom

aquifer through it. The resulting detached space in the aquitard which defines the discontinuity is

assumed to be filled with the same porous material as that of the top aquifer. The discontinuities

have been quantified as percentageopening (Op) with respect to the width of the source body.

Simulation of groundwater flow has been carried out in the aquifer-aquitard-aquifer system

with different sets of parameter values, aquitard discontinuity dimensions and their locations. The
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simulation ofgroundwater flow/ potentials in the aquifer system and the analyses are subjected to

the assumptions stipulated in Chapter 5. The hydraulic heads/ potentials (h) in the aquifer system

and volumetric details have been obtained at the end ofeach simulation period. The seepage from

the source to the top and the bottom aquifers as well as the discharge to the constant head boundaries

have been computed using the aquifer parameters and the hydraulic gradients.

Instead ofhydraulic potential (h), its normalised value \(h -HJ/AH] with respect to the head
causing flow (AH) and head in the boundary (Hb) has been used in the analyses. Also, the seepage
per unit width to the bottom aquifer has been normalised as afraction of the total discharge from the
aquifer system and this fractional seepage (Fsb) is found to be useful in the analyses followed.

6.6.1 EFFECT OF DIMENSION OF THE AQUITARD DISCONTINUITY ON
RECHARGING

Adiscontinuity (quantified as percentage opening, Op) symmetrical with respect to the
source, has been provided in the aquitard through which seepage from the source enters the bottom

aquifer. For this case, the aquitard exists at midway down in the aquifer system [Fig. 6.1] and the
discontinuity is located at the centre of it (i.e., along the Y-axis). While maintaining the physical
setup of the aquifer system unaltered, simulation of hydraulic potential (h)/ groundwater flow has
been carried out for several cases ofpercentage opening (Op) and aquifer parameter combinations
[Table-6.1].

The seepage from the source to the top aquifer and that to the bottom aquifer has been
computed. For a specified value of the storage coefficient (S), the seepage bears a direct
proportionality with respect to hydraulic conductivity (K). However, for a given value of the
hydraulic conductivity, there seems to be an inverse relationship between the seepage and the storage
coefficient. Evidently, the seepage per unit width being steadily progressing with larger values of
the hydraulic conductivity for aconstant storage coefficient [Fig. 6.2]. Whereas, the seepage per unit
width is receding with increasing values of the storage coefficient for a constant value of the

hydraulic conductivity [Fig. 6.3], Thus, the seepage into the aquifer system is regulated by the
hydraulic conductivity (expressed in terms of the transmissivity,T for the vertically averaged
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Fig. 6.3 Hydraulic Conductivity (K) versus Seepage per unit depth in the aquifer system for
a given value of Storage Coefficient, S=0.001.
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Fig. 6.4 Percentage Openings, 0P versus Fractional Seepage, Fsb for two different
Transmissivity values (T) while S/T ratio being kept constant.
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groundwater flow) and the storage coefficient (S).

Table 6.1 Matrix table of parameter combinations used in different cases

S/T Ratio Percentage Opening [Op]

0.0 0.003 0.01 0.02 0.03 0.04 0.2 0.5 1.0 4.0 7.0 30.0 100.0

0.0540 / / / / / / / / / / / / /

0.1081 / / / / / / / / / / / / /

0.1500 / / / / / / / / / / / / /

0.2162 / / / / / / / / / / / / /

0.3027 / / / / / / / / / / / / /

0.4000 / / / / / / / / / / / / /

0.5045 / / / / / / / / / y / / /

0.6000 / / / / / / / / / / / / /

To facilitate further analyses, the seepage per unit width occurring in the top as well as the

bottom aquifers respectively has been normalised as a fraction of the total. It has been noticed that

this fraction, termed as the fractional seepage Fsb, bears certain relationship with the ratio ofstorage

coefficient to transmissivity (S/T). Obviously, the quantity S/T represents the reverse ofthe process

commonly known as the hydraulic diffusivity (T/S) ofthe aquifer system. Precisely, the fractional

seepage, Fsb is found to be invariant with respect to the ratio, S/T even while specific values of the

hydraulic conductivity and/or the storage coefficient vary [Fig. 6.4]. It is observed that the actual

discharge from the aquifer system is sensitive to S/T ratio even while the fractional seepage (Fsb) is

invariant. Thus, all physical parameters being the same and with aconstant S/T value, the seepage

from the source to the bottom aquifer expressed as a fraction ofthe total seepage to the system (Fsb)

remained unaltered even when definite values ofS and T are varied. Therefore, fractional seepage

(Fsb) and S/T ratio are of value in the analyses in addition to the other parameters mentioned earlier.

The equipotential plots for the aquifer system have been drawn for several percentage

openings (Op) and for different values ofS/T ratio. Fig. 6.5, Fig. 6.6, Fig. 6.7 and Fig. 6.8 depict the

potential distribution in the central section for percentage openings, Op=0.2%, 1%, 30% and 100%
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Fig. 6.5 Distribution of Hydraulic Potential (h) in the aquifer system when S/T = 0.0540 for
Percentage Openings, 0P = 0.2%, 1%, 30% and 100%..
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Fig. 6.6 Distribution of Hydraulic Potential (h) in the aquifer system when S/T= 0.2162 for
Percentage Openings, 0P = 0.2%, 1%, 30% and 100%.
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Fig. 6.7 Distribution of Hydraulic Potential (h) in the aquifer system when S/T = 0.4000
for Percentage Openings, 0P = 0.2%, l%, 30% and 100%.
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Fig. 6.8 Distribution of Hydraulic Potential (h) in the aquifer system when S/T
for Percentage Openings, 0P = 0.2%, 1%, 30% and 100%.
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when S/T=0.0540, 0.2162, 0.4 and 0.5045, respectively. For smaller discontinuities, a definite

groundwater flow down to the bottom aquifer is indicated by the cluster of potential lines. It can be
seen that as the percentage opening (Op) increases, the equipotentials are being more spread with

larger slopes indicating more groundwater flow towards the boundaries.

Similarly, equipotential lines are drawn for S/T = 0.0540, 0.2162, 0.40 and 0.5045 with

percentage openings, Op=30% and 100%, respectively [Fig. 6.9 and Fig. 6.10]. Comparing the
sequence of plots, it can be seen that with larger values of S/T the seepage to the bottom aquifer is

also more.

Graphs have been constructed between the normalised distance, X/L and the normalised
hydraulic head, (h -Hb)/AH for different S/T ratios as well as several percentage openings, Op. Thus,
Fig. 6.11 to Fig. 6.14 show normalised hydraulic potentials (hn) in the top as well as in the bottom

aquifers for percentage openings, Op=0.2%, 1%, 30% &100%, respectively when S/T =0.0540. It

is clear that when the percentage opening, Op is small [Fig. 6.11 and Fig. 6.12], the hydraulic

potential in the bottom aquifer is smaller than that in the top aquifer. However, for a percentage

opening, Op=30% the potential in the bottom aquifer exceeds that of the top aquifer after acertain
distance from the source [Fig. 6.13]. Further, the hydraulic potential ishigher than that ofthe top

aquifer throughout the system when the percentage opening (Op) becomes 100%. [Fig. 6.14].

Similar plots have been made for the case ofa larger value ofS/T (= 0.5045) to demonstrate

the influence ofaquifer properties on the above aspects [vide Fig. 6.15, Fig. 6.16, Fig. 6.17 and Fig.

6.18]. Though the pattern appears the same, it can be seen that the exceedence ofhydraulic potential

in the bottom aquifer occurs even for the smaller percentage openings, Op [Fig. 6.15 and Fig. 6.16].

Another interesting feature the analysis reveals is that in the top aquifer the hydraulic head

distribution seems invariant with respect to percentage openings, Op for a specific S/T value [Fig.

6.19]. Nevertheless, for larger values ofS/T, the rate ofchange ofhead in the top aquifer is steeper.

This indicates that as S/T value increases the distance of influence of the source decreases. However,

in the bottom aquifer, for a given S/T value the hydraulic potential isrising with increased dimension

of the discontinuities [Fig. 6.20 and Fig. 6.21]. Unlike the top aquifer, the percentage opening, Op
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Fig. 6.9 Distribution of Hydraulic Potential (h) in the aquifer system when Percentage
Opening, 0P = 30% for S/T = 0.0540, 0.2162, 0.4000 and 0.5045.
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Fig. 6.10 Distribution of Hydraulic Potential (h) in the aquifer system when Percentage
Opening, 0P = 100% for S/T = 0.0540, 0.2162, 0.4000 and 0.5045.
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S/T = .0540

OPENINO - 0.2 *

0.1 0.6

NORMALISED DISTANCE. X/L

Fig. 6.11 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifer system (vertical section) when Percentage Opening,
OP=0.2%andS/T=0.0540.

Fig. 6.12 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifer system (vertical section) when Percentage Opening, 0P=1%
and S/T=0.0540.
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Fig. 6.13 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifersystem(vertical section) whenPercentage Opening, OP=30%
and S/T=0.0540.
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OPENING = 100 •

0.1 0.6

NORMALISED DISTANCE. X/L

Fig. 6.14 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifer system (vertical section) when Percentage Opening,
OP=l00% and S/T=0.0540.
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S/T -- .S015
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0.1 0.6

NORMALISED DISTANCE. >

Fig. 6.15 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifer system (vertical section) when Percentage Opening,
OP=0.2% and S/T=0.5045.
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Fig. 6.16 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary ofthe aquifer system (vertical section) when Percentage Opening, 0P=1%
and S/T=0.5045.
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x 0.1 —

NORMALISED DISTANCE. X/L

Fig. 6.17 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary ofthe aquifer system (vertical section) when Percentage Opening, OP=30%
andS/T=0.5045.

S/T » .5045

OPENING « 100 *

NORMALISED DISTANCE, X/L

Fig. 6.18 Distribution of Normalised Hydraulic Potentials (hn) between the Centre and the
Boundary of the aquifer system (vertical section) when Percentage Opening,
OP=100% and S/T=0.5045.
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»• 4 0.6

NORMALISED DISTANCE. X/L

Fig. 6.19 Distribution ofNormalised Hydraulic Potentials (hn) in the top aquifer between the
Centre and the Boundary of the aquifer system (vertical section) for different
Percentage Openings (0P) and S/T ratios.

NORMALISED DISTANCE. X/L

Fig. 6.20 Distribution of Normalised Hydraulic Potentials (hn) inthe bottom aquifer between
the Centre and theBoundary of the aquifer system (vertical section) for S/T=0.0540
and Percentage Openings, 0P = 0.2%, 1%, 30% and 100%,.
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NORMALISED DISTANCE, X/L

Fig. 6.21 Distribution of Normalised Hydraulic Potentials (hj inthe bottom aquifer between
the Centre and the Boundary of the aquifer system (vertical section) for S/T=0.5045
and Percentage Openings, 0P = 0.2%, 1%, 30% and 100%.
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Fig. 6.22 Distribution of Normalised Hydraulic Potentials (hj in the bottom aquifer between
the Centre and the Boundary of the aquifer system (vertical section) for several
Percentage Openings (Op) and S/T ratios.
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also affects the distribution of the hydraulic potentials there; larger the discontinuity, steeper is the
slope ofhydraulic potential change [Fig. 6.22].

In view of the discussion preceded, it is clear that there exists some point, XR on the X-axis
between the source and the sink for which the hydraulic potential is the same for both the bottom
as well as the top aquifers [vide Fig. 6.11 to Fig. 6.18]. With reference to this point, the bottom
aquifer has a lower hydraulic potential towards the source-side and higher hydraulic potential
towards the sink-side on comparison with that of the top aquifer. In other words, this is apoint, XR
where reversal of hydraulic potential takes place between the top and bottom aquifers.

But for the existence of the flow barrier which separates the aquifer system into atop and a
bottom aquifer, the direction of groundwater flow also would have been reversed. These points of
reversal (Xr) ofhydraulic potential vary with the degree ofdiscontinuity (Op) in the aquitard as well
as the ratio S/T, as discernible from the graphs. Fig. 6.23 displays the reversal points, XR for
hydraulic potentials for different percentage openings (Op) in the case ofone small and one large S/T
value. For aspecified discontinuity, it is observed that the reversal points (XR) are comparatively
closer to the source when the aquifer system is assigned with alarger S/T value. However, when the
discontinuity is sufficiently large (say, 80%and above) the sensitivity with respect to S/T ratio is
apparently vanished [Fig. 6.23]. This point is further revealed in the difference curve of Fig. 6.24.

The quantities of seepage for both the top and bottom aquifers have been computed for
several percentage openings, Op as well as S/T values [Fig. 6.25]. The plot indicates that for the top
aquifer the quantity of seepage is unaffected by the percentage openings (Op). Nevertheless, the
quantity of seepage to the top aquifer is found to be reduced with higher S/T values [Fig. 6.25].
Unlike the top aquifer, the seepage quantities admitted to the bottom aquifer is varying with
percentage openings (Op) as well as S/T ratio [Fig. 6.25]. Evidently, this variation is more
pronounced when the percentage openings (Op) are smaller.

The values of fractional seepage (Fsb) to the bottom aquifer (Fsb) are plotted against S/T ratios
for selected percentage openings, Op [Fig. 6.26]. The graphs indicate increased contribution to the
bottom aquifer with increased dimension of the discontinuity (Op) as well as for larger values of S/T
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PERCENTAGE OPENING. 0,

Fig. 6.23 Percentage Opening (0P) versus Reversal Points (XR) of hydraulic potentials
(expressed in terms ofNormalised Distance, X/L) for S/T=0.1081 and 0.5045.

PERCENTAGE OPENING

Fig. 6.24 Difference curve of Reversal Points (XR) of hydraulic potentials (expressed as
percentage variance) corresponding to S/T = 0.0540 and 0.5045 plotted against
Percentage Opening (Op).
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PERCENTAGE OPENING.

Fig. 6.25 Percentage Opening (Op) versus specific seepage to the top as well as the bottom
aquifer, respectively for several values of S/T ratio.

S-ORAGE COEFFICIENT/ TRANSMISSIVITr. S/T

Fig. 6.26 S/T ratio versus Fractional Seepage, Fsb to the bottom aquifer for Percentage
Openings, Op = 0.2%, 1%, 30% and 100%.
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ratio. It is significant to note that even for avery small percentage opening (Op) in the aquitard (say,

1%), the contribution ofseepage to the bottom aquifer is remarkably high [Fig. 6.26]. Further, as the

100% discontinuity curve almost matches with that of30% discontinuity, the quantities offractional

seepage (Fsb) to the bottom aquifer are nearly the same for percentage openings, Op=30% and

O=100%. Thus, values ofOp greater than 30% do not seem to have contributing additionally to the

fractional seepage (Fsb). In other words, apercentage opening (Op) ofjust 30% (i.e., a discontinuity

ofonly one-third the width ofthe source) in the flow-barrier can suffice optimum recharging ofthe

underlying aquifer. This aspect may be of importance in the practice of artificial recharging by

means of hydraulic connectors.

Also, from Fig. 6.26 it is clear that for larger values ofS/T the relevance of Op on fractional

seepage (Fsb) diminishes. For instance, when S/T= 0.5 fractional seepage, Fsb attains a maximum

(nearly 1.0) irrespective of the dimension of the discontinuity. In short, there is optimum recharge

taking place to the aquifer below the discontinuous aquitard for a large S/T ratio even when the

dimension of the discontinuity is very small.

It is fascinating tonote that even a very small discontinuous zone (apercentage opening like

Op=0.2%) in an aquitard can induce substantial quantities ofseepage down to the bottom aquifer for

the range ofS/T ratios used. On the other hand, replenishment ofan aquifer below a flow-barrier can

be accomplished through an artificially created minute discontinuity, as in the case of hydraulic

connectors.

6.6.2 EFFECT OF LOCATION OF THE DISCONTINUITY IN THE

AQUITARD ON RECHARGING

Four sets of cases have been designed and simulation of groundwater flow/ hydraulic

potentials (h) in the aquifer system has been carried out to study how the location of the

discontinuity in the aquitard influences the seepage from the source to the aquifer system. The

aquitard is positioned approximately in the middle of the aquifer system. Investigations comprise

of several combinations of the percentage opening (Op) and its location at different points on the

aquitard. Sensitivityof the results with regard to different aquifer parameter combinations has also
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examined. Following are the aspects dealt with in this section:

(i) Effect of shifting of the discontinuity (along the X-axis, in terms of X/L values) on the

recharging ofthe aquifer system, for a specific value of the S/T ratio, for a certain position

ofthe aquitard and for several percentage openings (Op).

(ii) Effect ofshifting ofthe discontinuity on the recharging ofthe aquifer system for the case of

a small percentage opening (Op), for a certain position of the aquitard and for several values

ofthe S/T ratio (i.e., for different aquifer parameter combinations).

(in) Effect ofmoving a large discontinuity close to the sink on the recharging ofthe aquifer
system, for a fixed position of the aquitard and for several values of S/T ratio.

(iv) Effect ofshifting ofaspecified discontinuity to several X/L points on the recharging ofthe
aquifer system, for a certain position of the aquitard.

6.6.2.1 Effect ofShifting of the Discontinuity on Recharge for a Specified
Value of S/T Ratio and Several Percentage Openings

The effect ofshifting ofthe aquitard discontinuity on the recharging ofthe aquifer system

has been analysed for several percentage shifts (Mp) ofthe discontinuity with the position ofthe

aquitard at a depth of about D/2. Theset of cases studied is illustrated in the Table-6.2.

Table 6.2 Matrix table ofvarious cases with the position ofthe aquitard at 0.53 and S/T=0.1081

Percentage

Opening (Op)

Percentage Shift (Mp) ofOpening from the centre

0 10 20 30 40 50 60 70 80 90 100

5 / / / / / / / / / S /

15 / / / / / / / / / / /

25 / / / / / / / / / / /

35 / / / / / / / S / / /

45 / /
'

/ / / /
'

/ / /

The percentage shifts (Mp) of the discontinuity in these cases have been restricted to the half-

width of the source (i.e., the shift is between X/L=0 and X/L= 0.04). Thus, a shift, M =100% of the
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discontinuity implies that the discontinuity being located at adistance equal to w/2 (half-width of
the source) from the centre. Cases pertaining to shifting of discontinuity to larger extent being

discussed under separate sections.

The distribution ofhydraulic potential, h (as equipotential lines) in the aquifer system for

three locations ofthe discontinuity beneath the source is shown in Fig. 6.27. The vertical sections

of the aquifer system displayed are for the cases with the percentage opening (Op) equals 5%. Since
the aquitard is of very low permeability, groundwater flow is to take place mainly through the
discontinuity only. As such, the change in the distribution ofhydraulic potentials can be noticed as

the discontinuity shifts. Apparently, the discontinuity in the aquitard attracts flow towards it and

transmits down to the bottom aquifer.

The equipotential lines in the aquifer system as seen in Fig. 6.28 is obtained when

discontinuities ofdifferent dimensions have been located midway between the centre and edge of

the source (Mp=50%). The dimensions of the discontinuity vary between 5% and 45%o. Comparison
ofequipotentials in the bottom aquifer reveals that the hydraulic potential in the aquifer builds up
with widening ofthe discontinuity as there will be reduced resistance to groundwater flow with
wider discontinuity. Therefore, seepage (of water^wr^to the bottom aquifer is more for alarger
discontinuity even when it is located away from the centre.

The above observations are further elaborated using Fig. 6.29, Fig. 6.30 and Fig. 6.31. These

graphs show the normalised values of hydraulic potential for the bottom aquifer plotted against the
normalised distance (X/L) for three discontinuities with their different locations respectively. When

the dimension of the discontinuity increases, the hydraulic potentials ^also found to be raising.

Another feature evident from the plots isthe reduction inthe hydraulic potentials, especially the peak

values, as the discontinuity shifts away from the centre. Consequently, reduction of groundwater

flow to the bottom aquifer can be expected with shifting ofthe discontinuity. It may, therefore, be

concluded that to effect optimum seepage dowjjHo the bottom aquifer, the discontinuity, irrespective

of its dimension, should be located centrally below the source. Comparison of hydraulic potentials

obtained with percentage openings, Op=5%, 25% and 45% at two locations ofthe aquitard (X/L=0

and X/L=0.1081) confirms the fact that hydraulic potentials in the bottom aquifer is higher for a
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Fig. 6.27 Distribution of hydraulic potentials (h) in the aquifer system for three locations
(Shift, Mp=0%, 50% and 100%) with Percentage Opening, Op=5% when the
discontinuous Aquitard Position, Pd=0.53.
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Fig. 6.28 Distribution of hydraulic potentials (h) in the aquifer system for several Percentage
Openings (Op) with the aquitard discontinuity located mid-way between the centre
and the fringe of the source (Shift, Mp=50%) when the discontinuous Aquitard
Position, Pd=0.53.
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Normalised Distance (X/L) versus Normalised Hydraulic Potentials (h ) in the
bottom aquifer for three locations (Mp) of the aquitard discontinuity (Percentage
Opening, Op =5%) below the source.
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Fig. 6.30 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for two locations (Mp) of the aquitard discontinuity (Percentage
Opening, Op=25%) below the source.
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Fig. 6.31 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for two locations (Mp) of the aquitard discontinuity (Percentage
Opening, Op=45%) below the source.
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Fig. 6.32 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different Percentage Openings (Op) with a Shift, Mp=0 %and
S/T = 0.1081.
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larger discontinuity inspite its location [Fig. 6.32 and Fig. 6.33]. Though the pattern appears to be

similar inthese two plots, the peak is shifted towards the location ofthe discontinuity inFig.6.33.

The nature of hydraulic potentials in the bottom aquifer vis-a-vis the location of the

discontinuity can be understood from Fig. 6.34 for several percentage openings (O ). The peak

values ofhydraulic potentials corresponding to different locations ofthe discontinuity are plotted

therein for several dimensions ofthe discontinuity. Reduction in the peak potential values is evident

in all the cases regardless of the dimension of discontinuity, as the discontinuity moves away from
the centre of the aquifer system. However, as discussed earlier, higher hydraulic potentials are
registered with larger dimension of the discontinuity. Moreover, the peak values ofnormalised

hydraulic potential (hn) plotted against the percentage openings (Op) as shown in Fig. 6.35 verify
these observations.

The drop in the hydraulic potentials as the discontinuity shifts away from the centre is

depicted in Fig. 6.36. The normalised hydraulic potentials (hn) just below the discontinuity at its
shifted locations and that at X/L=0 are compared for two cases with different percentage openings
( Op). The difference between the hydraulic potentials at these two points (at the centre and at the

discontinuity) gradually increases as the discontinuity shifts away form the centre. This is expected
as the transmission of groundwater flow down to the bottom aquifer is predominantly through the
discontinuous zone only.

The effectiveness of recharging of the bottom aquifer against various locations of the

discontinuity has also been evaluated. The fractional seepage (Fsb) to the bottom aquifer has been
computed for various cases with different percentage openings (Op) and percentage shifts (Mp) for
the purpose. Locations of the discontinuity (Mp) versus fractional seepage (Fsb) shown in Fig. 6.37
reveals the nature ofseepage to the bottom aquifer. Reduction in fractional seepage (Fsb) with
shifting ofthe discontinuity away from the centre is clear. Further, there is quantitative increment
in fractional seepage (Fsb) for a larger discontinuity.

From the discussions it is obvious that when the discontinuity, irrespective ofits dimension,

is shifted away from the centre there ought to be areduction ofgroundwater flow taking place down
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Fig. 6.33 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different Percentage Openings (Op) with a Shift, Mp=50 %and
S/T = 0.1081.
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Fig. 6.34 Location (Mp) of the aquitard discontinuity below the source versus maximum
values of Normalised Hydraulic Potentials (hn-max) in the bottom aquifer for
several Percentage Openings (Op).
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Fig. 6.35

Fig. 6.36

SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY
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Percentage Opening (0p) versus maximum values of Normalised Hydraulic
Potentials (hn-max) in the bottom aquifer for several locations (M.) of the aquitard
discontinuity below the source.
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hydraulic potentials at the centre (solid line) and that at the discontinuity (dashed
line) are compared.
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Fig. 6.37 Location (Mp) of the aquitard discontinuity below the source versus Fractional
Seepage (Fsb) to the bottom aquifer for several Percentage Openings (Op) when
S/T=0.1081.

QODQO ^/

<f(r<ttr<r 3/T
.2167

.5045

20 40 60

LOCATION OF OPENING AS X SHIFT

80

Fig. 6.38 Location (Mp) of the aquitard discontinuity below the source versus maximum
values of Normalised Hydraulic Potentials (hn-max) in the bottom aquifer for two
S/T ratios with Percentage Opening, Op=5%.
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to the bottom aquifer. Thus, for attaining optimum recharging of the bottom aquifer the (opening

(discontinuity) must be centrally located below the source. 4* -H~t A ***-*< A1-* ^ ^

6.6.2.2

\Li Uv^*-t/

Effect of Shifting of the Discontinuity on Recharge for a Specified
Discontinuity of the Aquitard and Several Values of the S/T Ratio

The effect of shifting of a small discontinuity (Op=5%) on the recharging of the aquifer
system having distinct parameter values has been analysed. The sensitivity with respect to the
aquifer parameters is looked into. The inventory ofcases examined with different S/T ratios and
percentage shifts (Mp) of the discontinuity is presented in the Table-6.3.

Table 6.3 Matrix table of various cases simulated with position of the aquitard at Pd=0.53 and
Percentage Opening, Op=5 %.

1 ^

S/T Ratio Percentage Shift (Mp) ofOpening from the centre

0 20 40 60 80 100

0.1081 / / / / / /

0.2162 / / / / / /

0.3027 / / / / / /

0.4000 / / / / / /

0.5045 /
7

/ / / /

Afew representative cases have been selected from this list for discussion. Locations ofthe

discontinuity versus normalised hydraulic potentials (hn) in the bottom aquifer is plotted in Fig. 6.38
for two S/T ratios of the aquifer. It may be noticed that the normalised hydraulic potential (hn) in
the bottom aquifer is higher at all the locations ofthe discontinuity for the small S/T ratio. This

suggests that aspecific aquifer system may develop higher hydraulic potentials due to recharging
when the storage coefficient value is low and/ or the hydraulic conductivity is high while all other
factors remaining the same.
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Fig. 6.39 depicts S/T ratio versus fractional seepage (Fsb) for two locations of the

discontinuity, one below the centre and the other below the periphery ofthe source. The fractional

seepage (Fsb) to the bottom aquifer is high for an aquifer system with alarge S/T value. Hence, for
a given set-up, an aquifer system with large S/T ratio may transmit higher fractions of the total

discharge to the bottom aquifer irrespective ofthe location ofthe discontinuity. However, ithas been

noticed that only the fraction of the total discharge which being transmitted to the bottom aquifer

is high for a large S/T ratio, whereas the total discharge from the aquifer system is in fact

quantitatively smaller for a large S/T ratio.';, XtrW Ae*^>^ ** eJA^k»- X* " /

6.6.2.3 Effect of Shifting of the Discontinuity on Recharge for a Specified
Position of the Aquitard and Several Values of the S/T Ratio

The previous analyses (of Sections-6.6.2.1 and 6.6.2.2) havebeenpertaining to caseswhere

the locations of the discontinuity confined within the extent of the source. Consequently, the

dimension of the discontinuity could never exceed 50%o of the source width in those cases. However,

in this section a generalised simulation analysis has been presented with complete coverage of the

aquifer system using a larger dimension of the discontinuity and its locations anywhere between the

centre of the aquifer system (source) and theboundary (sink). Table-6.4 shows thecases studied with

two locations of the discontinuity, one at the centre and the other far away from the centre, for

different parameters aquifer systems.

Table 6.4 Matrix table of various cases studied with position of the aquitard at Pd=0.53 and

Percentage Opening, 0=117%

X/L S/T Ratio

0.1081 0.2162 0.3027 0.4000 0.5045

0.00 / / / / /

0.43 / / / / /

Two locations of the discontinuity, one in the middle of the aquitard and the other at a

distance approximately halfway between the centre and the boundary of the aquifer systerri>have
y~f y

been considered for evaluating, effect of location of the discontinuity on the recharging. The

/J/
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Fig. 6.39

SIMULATION OF FLOW IN MULTILAYERED AQUIFER SYSTEM WITH AND WITHOUT DISCONTINUITY
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S/T ratio versus Fractional Seepage (Fsb) to the bottom aquifer for two locations
(Shift, Mp=0% and 100%) of the aquitard discontinuity with Op=5%.

149

>.



CHAPTER 6: DISCONTINUOUS AQUITARD

equipotentials in the aquifer system with locations of the discontinuity at X/L =0and at X/L =0.43,
respectively are shown in Fig. 6.40 for two representative S/T ratios. When the discontinuity is
located at the centre ofthe aquitard, the equipotential lines are well distributed in the bottom aquifer.

However, as the discontinuous zone shifted away from the source and located at a large distance

(X/L =0.43), the potential distribution in the bottom aquifer is sparse or even absent. This indicates
that the flow ofwater down to the bottom aquifer is meagre ornon existent when the discontinuity

is located about mid-way between the centre and the boundary.

When the discontinuity is centrally located, the normalised distance (X/L) versus normalised

hydraulic potential (hn) in the bottom aquifer for several S/T ratios is given in Fig. 6.41. This graph
may be compared with the one shown in Fig. 6.42 for which the discontinuity is located halfway
between the source and the boundary ofthe aquifer system. Higher hydraulic potential isobserved

for smaller S/T values when the discontinuity is far away from the source. Though higher hydraulic

potentials are observed for smaller S/T values when the discontinuity is located at the centre, a
reverse trend can be noticed in a small region below the source. This can be attributed to the

stagnation of groundwater flow in the vicinity of the source by virtue of the assigned aquifer

parameters.

Fig. 6.43 superimposes the hydraulic potentials for the two locations of the discontinuity at
X/L =0 and X/L =0.43. It follows that the hydraulic potential in the bottom aquifer is much lower

when the discontinuity is located at X/L =0.43. On the sensitivity ofhydraulic potentials with regard

to the aquifer parameters, it is noticed that the hydraulic potential build-up in the bottom aquifer is
weaker for an aquifer system with large S/T value corroborating the distributional pattern of

hydraulic potentials discussed already.

Further, the fractional seepage (FJ to the bottom aquifer is maximum when the discontinuity

is located at the centre (below the source) compared to any other location. Also, irrespective ofthe

location ofthe discontinuity, the fractional seepage (Fsb) is found to behigher for an aquifer system

with high S/T value. These facts are illustrated in Fig. 6.44 wherein fractional seepage (Fsb) for two

locations of the discontinuity is plotted against the S/T ratios. Therefore, in the case of an aquifer

system with a small S/T ratio, more ofthe groundwater flow may be discharged through the top
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Fig. 6.40 Distribution of hydraulic potentials (h) in the aquifer system with the aquitard
discontinuity located at X/L=0 and X/L=0.43 in the aquitard for S/T=0.1081 and
S/T =0.5045 when the discontinuous Aquitard Position, Pd=0.53.
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Fig. 6.41 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different S/T ratios when the aquitard discontinuity
(Op=117%) is located at X/L=0.
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Fig. 6.42 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different S/T ratios when the aquitard discontinuity
(Op = 117%) is located atX/L=0.43.
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Fig. 6.43 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for two S/T ratios when the aquitard discontinuity (Op= 117%) is
located at X/L=0 and X/L=0.43.
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Fig. 6.44 S/T ratio versus Fractional Seepage (Fsb) to the bottom aquifer when the aquitard
discontinuity (Op= 117%) is located at X/L=0 and X/L=0.43, respectively.
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aquifer without contributing towards the recharging of the bottom aquifer. This conforms with the

observations made in the previous Sections.

However, from a plot of maximum values of normalised hydraulic potential (hn) in the

bottom aquifer for different S/T ratios [Fig. 6.45], it may be seen that there is a reduction in the

maximum value of the hydraulic potential for large S/T ratios. This is more pronounced when the

discontinuity is located away from the source. Therefore, for an aquifer system with low hydraulic

diffusivity (T/S) the discharge would also be less eventhough the fractional seepage (Fsb) is more.

Besides, the recharging of the bottom aquifer is found to be very less, regardless of the aquifer

parameters, when the discontinuity is located at normalised distance, X/L>0.5.

6.6.2.4 Effect of Shifting of the Discontinuity to Several X/L Points on
Recharge for a Specific Position of the Aquitard

The simulation studies carried out in this section have been formulated with uniform model

grids of theaquifer system so as to enable thediscontinuity of theaquitard to be located successively

at regular intervals. The dimension of the discontinuity for the various cases has been fixed to be

equal to the width of the water body (Op=100%). Table-6.5 gives the cases simulated with several

locations of the discontinuity between the centre and the boundary of the aquifer system for a given

aquifer set-up. This helps to provide a continuous scenario for analysing the effectof the location

of the discontinuity on the recharging of the aquifer system.

Table 6.5 Matrix table of various cases studied with position of the aquitard at Pd=0.53 and

Percentage Opening, Op=100 %.

X/L 0.00 0.15 030 0.45 0.60 0.75 0.90

S/T= 0.1081 / / / / / / /

The distribution of hydraulic potentials (h) when the discontinuity being located

progressively towards the boundary at three locations, X/L=0, X/L=0.15 and X/L=0.30, respectively

is presented [Fig. 6.46]. The distribution patterns of the hydraulic potentials are different for

different locations of the discontinuity. Fading of the hydraulic potential field in the bottom aquifer
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Fig. 6.45 S/T ratio versus maximum values ofNormalised Hydraulic Potentials (hn-max) in
the bottom aquifer when the aquitard discontinuity (Op=117%) is located at
X/L=0andX/L=0.43.
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Fig. 6.46 Distribution of hydraulic potentials (h) in the aquifer system for three locations (at
X/L=0, 0.15 and 0.30) of the aquitard discontinuity (Op=100%) when the
discontinuous Aquitard Position, Pd=0.53.
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can be noticed as the discontinuity moves away from the source. However, the distribution of

hydraulic potentials in the top aquifer is apparently less susceptible to the location of the

discontinuity as evident from Fig. 6.47, wherein the hydraulic heads for the three locations of the

discontinuity are plotted. Normalised distance (X/L) versus normalised hydraulic potential (hn) in

the bottom aquifer for several locations of the discontinuity is shown in Fig. 6.48. The hydraulic

potential in the bottom aquifer influenced by the shifting of location of the discontinuity is quite

clear. It can be noticed that when the discontinuity is placed at halfway between the centre and the

boundary of the system, the hydraulic potential in the bottom aquifer is considerably low suggesting

the inadequacy of the discontinuity to transmit water to the bottom aquifer. Thus, locating the

discontinuity beyond a normalised distance, X/L=0.5 has no significance, as observed earlier.

The maximum values of normalised hydraulic potentials (hn) for various locations of the

discontinuity is also plotted [Fig. 6.49]. A near-exponentially decreasing pattern emerges as the

discontinuity moves away from the source. More than 50% reduction in the maximum value of the

hydraulic potential, compared to that corresponding to the location of the discontinuity at X/L=0,

is observed even when the discontinuity is shifted to a point at X/L=0.1. Further, the maximum value

of hydraulic potential corresponding to the location of the discontinuity at X/L=0.5 is found to be

much smaller. This supports the fact that the discontinuity located at farther points are not efficient

in transmitting water to the bottom aquifer. The fractional seepage (Fsb) values corresponding to

various locations of the discontinuity also show a diminishing contribution associated with the

shifting of the discontinuity away from the centre [Fig. 6.50]. The fractional seepage (Fsb) reduces

to half of its value (corresponding to that at X/L=0) when the discontinuity is shifted to X/L=0.5.

The preceding discussions reveals that the hydraulic potentials in the bottom aquifer as well

as the fractional seepage (Fsb) tends to reduce as the discontinuity in the aquitard shifts towards the

boundary. Hence, in the context of artificial recharging, a recharging pond or percolation tank needs

to be located accordingly to effect optimum recharging of an underlying aquifer.
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Fig. 6.47 Normalised Distance (X/L) versus Normalised Hydraulic Heads (hn) in the top
aquifer when the aquitard discontinuity (Op=100%) is located at different X/L
points.
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Fig. 6.48 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer when the aquitard discontinuity (Op= 100%) is located at different
X/L points.
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Fig 649 Location (Mp) of the aquitard discontinuity (in terms of Normalised Distance, X/L)
versus maximum values of Normalised Hydraulic Potentials (hn) in the bottom
aquifer when Percentage Opening, Op=100%.
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Fig. 6.50 Location (Mp) of the aquitard discontinuity (in terms of Normalised Distance, X/L)
versus Fractional Seepage (Fsb) to the bottom aquifer when Percentage Opening,
Op =100%.
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6.6.3 EFFECT OF DEPTH-WISE POSITIONING OF THE DISCONTINUOUS
AQUITARD ON RECHARGING

The effect of the location of the aquitard discontinuity on the recharging of the aquifer

system has been discussed,/in the preceding sections/for a fixed position of the aquitard at a depth

of about D/2. The effect of depth-wise positioning of the discontinuous aquitard in the porous

medium on the recharging of the aquifer system is analysed in this section. The location of the

discontinuity (of 5%) is fixed at X/L=0. The discontinuous aquitard is placed at several depths

without disturbing the general setup ofthe aquifer system. The position ofthe aquitard is indicated

by the positioning depth, Pd (ratio of the depth of the aquitard to the total depth of the aquifer

system). By this convention, positioning depth, Pd=0.5 implies that the aquitard is exactly placed

in the middle of the aquifer system.

6.6.3.1 Effect of Positioning of the Aquitard on the Recharge for Several
Depth-wise Positions and Values of S/T Ratio

Several cases formulated with a combination ofS/T ratios and positioning depths (Pd) for a

specific discontinuity at the centre of the aquitard are given in the Table-6.6.

Table 6.6 Matrix table of various cases studied with different positions of the aquitard for

Percentage Opening, Op=5%.

S/T Ratio Position of the Aquitard (Pd)

0.68 0.63 0.58 0.53 0.48 0.43 0.38

0.1081 / / / / / / /

0.2162 / / / / / / /

0.3027 / / / / / / /

0.4000 / / / / / / /

0.5045 S / / / / / /

The distribution of hydraulic potentials (h) in the vertical section for several S/T ratios of the

aquifer system for a positioning depth, Pd=0.53 is presented [Fig. 6.51]. Also, the equipotentials in

the aquifer system for several positions of the discontinuous aquitard is depicted in Fig. 6.52.
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Fig. 6.51 Distribution of hydraulic potentials (h) in the aquifer system for several S/T ratios
for a Percentage Opening, Op = 5% when the discontinuous Aquitard Position,
Pd=0.53.
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Fig. 6.52 Distribution of hydraulic potentials (h) for several Aquitard Positions (Pd) when
S/T=0.1081 and Percentage Opening, Op=5%.
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Apparently, the hydraulic potentials in the bottom aquifer tend to increase when the discontinuous

aquitard is positioned nearer to the lower boundary.

The normalised hydraulic potentials (hn) in the top and bottom aquifer, respectively have

been plotted for selected positioning depths (Pd) of the discontinuous aquitard [Fig. 6.53 and Fig.

6.54]. It isobserved that the hydraulic head/ potential ison the rise with increasing positioning depth

(Pd) of the aquitard. Positioning of the discontinuous aquitard deeper in the aquifer system is

associated with deepening of the top aquifer as the overall setup has been preserved. Now, a thicker

top aquifer can receive more seepage from the source to build up higher hydraulic heads. This, in

turn, may result in increased recharging of the bottom aquifer thereby raising the hydraulic potential

there.

The sensitivity ofhydraulic heads/ potentials with regard to aquifer parameters has also been

elaborated [Fig. 6.55 and Fig. 6.56]. Higher hydraulic heads/ potentials (for top as well as bottom

aquifer) are observed in the case of aquifer systems with smaller S/T ratios.

Further, the behaviour of maximum values of normalised hydraulic potential (hn) in the

bottom aquifer has been examined vis-a-vis the positioning depths (Pd) ofthe discontinuous aquitard

[Fig. 6.57]. The linearly increasing trend of the graph suggests that the hydraulic potential in the

bottom aquifer builds-up as the discontinuous aquitard moves closer to the lower boundary.

However, the fractional seepage (Fsb) exhibited a reverse trend [Fig. 6.58]; it reduces with increased

positioning depths (Pj) of the aquitard. This suits to the logic as the bottom aquifer becomes thinner

with increased positioning depths (P^ of the aquitard resulting in reduced holding capacity, thereby

limiting the fractional seepage (Fsb). The sensitivity of fractional seepage (Fsb) with respect toaquifer

parameters can be judged from Fig. 6.59.

The analysis shows that the behaviour of hydraulic heads/ potentials in the top/ bottom

aquifer is identical. Thehydraulic potentials are found to be higher whenthe discontinuous aquitard

is closer to the impermeable lower boundary (i.e., when the top aquifer is thicker than the bottom

aquifer). However, the fractional seepage, Fsb (fraction of the total seepage from the source that

reaches the bottom aquifer) decreases for larger positioning depths (Pd).
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Normalised Distance (X/L) versus Normalised Hydraulic Heads (hn) in the top
aquifer for different Aquitard Positions (Pd) when S/T=0.1081 and" Percentage
Opening, Op =5%. 5

OPENING

'POSITION • 0.68
•POSITION = 0.53
rPOSITION = 0.38

0.4 0.6 0.8
NORMALISED DISTANCE. X/L.

Fig. 6.54 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different Aquitard Positions (Pd) when S/T=0.1081 and
Percentage Opening, O =5%.
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Fig. 6.55 Normalised Distance (X/L) versus Normalised Hydraulic Heads (hn) in the top
aquifer for several S/T ratios when the Aquitard Position, Pd=0.53 and Percentage
Opening, Op = 5%.
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Fig. 6.56 Normalised Distance (X/L) versus Normalised Hydraulic Potentials (hn) in the
bottom aquifer for different S/T ratios when the Aquitard Position, Pd=0.53 and
Percentage Opening, Op=5%.
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Fig. 6.57 Aquitard Position (Pd) versus maximum values of Normalised Hydraulic Potentials
(hn-max) in the bottom aquifer for a Percentage Opening, O =5%.
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Fig. 6.58 Aquitard Position (Pd) versus Fractional Seepage (F5b) to the bottom aquifer for a
Percentage Opening, Op =5%.
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Fig. 6.59 S/T ratio versus Fractional Seepage (Fsb) to the bottom aquifer for the Aquitard
Position, Pd=0.53 and a Percentage Opening, Op=5% .
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6.7 RESULTS

The preceding analyses dwell onthe recharging characteristics^ due toa surface water source,

of an aquifer-aquitard-aquifer system in which the aquitard is discontinuous. The simulation studies

pertain to the effect of the following aspects on the recharging of the aquifer system:

(i) Dimension of the aquitard discontinuity in a centrally positioned aquitard,

(ii) Location of the discontinuity in the aquitard with respect to the source, and

(iii) Depth-wise position of the discontinuous aquitard in the aquifer system.

The important findings/ results from these investigations have been enumerated in the

following sections:

^n^ /^^t^ry^J

6.7.1 DIMENSION OF THE AQUITARD DISCONTINUITY

Results from the analysis on the effect of dimension of the aquitard discontinuity in a

centrally positioned aquitard on the recharging of the aquifer system are:

(i) The fractional seepage, Fsb is found to be invariant to changes in storage coefficient or

hydraulic conductivity values for a constant ratio of S/T.

(ii) For the aquifer above the discontinuous aquitard, the aquitard discontinuity influences the

head distribution only in the vicinity of the source,

(iii) For the aquifer below the discontinuous aquitard, the head distribution (thereby recharge) is

influenced by the aquitard discontinuity and is sensitive to S/T ratio,

(iv) Even for a very smallpercentage opening (Op), it is observed that the contribution of seepage

to the bottom aquifer (responsible for its recharge) is significantly high. Further, the

recharging of the bottom aquifer is facilitated with large ratios of S/T.
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6.7.2 HORIZONTAL LOCATION OF THE AQUITARD DISCONTINUITY

Investigation on the effect of the location of the aquitard discontinuity on the recharging of

the aquifer system has yielded results relevant to artificial recharge practices.

i) The hydraulic potential in the aquifer below the discontinuous aquitard (bottom aquifer)
tends to reduce as the aquitard discontinuity shifts away from the source. The maximum

seepage to the bottom aquifer occurs when the aquitard discontinuity, irrespective of its

dimension, is located centrally below the rechargingsource.

ii) The maximum hydraulic potential in the bottom aquifer is always directly below the

discontinuity, even when the aquitard discontinuity is shifted away from the source.

iii) The fractional seepage, Fsb to the bottom aquifer gets reduced with the shifting of the

aquitard discontinuity.

iv) For a given location ofthe aquitard discontinuity, the extent ofinfluence on recharging of

the aquifer system is found to be high for smaller discontinuities. For larger aquitard

discontinuities the influence of their location on recharging tends to reduce.

6.7.3 POSITIONING DEPTH OF THE DISCONTINUOUS AQUITARD

The cases analysed with several depth-wise positions ofthe discontinuous aquitard reveal

that the positioning ofthe aquitard within aquifer system has aregulatory role on the recharging of

the bottom aquifer. It is found that:

i) When the discontinuous aquitard is positioned nearer to the source, the hydraulic potential

field in the top and bottom aquifers is less effective compared to that for adeeper position

of the aquitard.

ii) Though the aquifer system has developed higher potentials with the discontinuous aquitard

positioned closer to the impermeable boundary (implying a reduced thickness ofthe bottom

aquifer), the fractional seepage (Fsb) to the bottom aquifer is found to be reduced

quantitatively.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 GENERAL

Studies have been carried out on the hydraulic response^of recharging due to surface water

sources inmultilayered as well as anisotropic aquifer systems in the backdrop ofartificial recharge

practices. Analytical and numerical methods have been employed in performing the studies

presented in the thesis. Based on the advances made in the theory of geoelectrical sounding,

analytical models have been developed and validated for aquifer simulation in multilayered/

homogeneous anisotropic aquifer systems. Further, numerical simulation analyses have been

performed with the application ofMODFLOW in the case ofan aquifer-aquitard-aquifer system to

infer useful results. The important contributions^conclusions of these studies are enlisted below.

7.2 SUMMARY OF RESULTS AND CONCLUSIONS

1. Analytical solutions have been developed for the computation of steady-state hydraulic

potentials and streamlines, due to surface water sources, inmultilayered aquifer systems.

2. Using the developed analytical solutions, computational algorithms for the hydraulic

potentials and streamlines have been devised for the case of a three-layered aquifer system

(3LPNT- for the case ofa point source, 3LLIN- for the case ofa finite length line source and

3LARL- for the case of an areal source).

3. A generalised computational algorithm for the hydraulic potentials and streamlines due to

a pointsource has also beendevised in thecase of a multilayered aquifer system (NLPNT).
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4. The working of the developed models has been demonstrated with numerical examples.

Also, a validation of the developed models has been performed using MODFLOW.

5. The developed analytical models require fewer input data and are computationally very

efficient. For instance, a five layer aquifer system simulated with 41x41x25 grid points using

the analytical algorithm NLPNT was found tobeabout twenty five times faster than that of

acorresponding MODFLOW simulation with the same number ofgrid points when executed

on a 32-bit Pentium (300MHz) Personal Computer.

6. Analytical solutions have been developed for computing the hydraulic potentials due to a

point source and that duo to a finite-length line source ina homogeneous anisotropic aquifer

systems with dipping beds. Computational algorithms, HANI-P (for the case of a point

source) and HANI-L (for the case ofa finite-length line source) have been devised using the

developed analytical solutions to enable demonstration ofthese models. Besides, the validity

of the developed analytical expressions has been verified for isotropic assumptions.

7. Following conclusions are deduced from the analyses concerning the recharging of an

aquifer-aquitard-aquifer system:

a) When the depth-wise position ofthe continuous aquitard in the aquifer system is at

a depth greater than three times its thickness, the influence of the aquitard on the

recharging of the aquifer system is found to be insignificant.

b) For a constant ratio of storage coefficient and transmissivity (S/T), the fractional

seepage (fraction of the total seepage from the source contributed to the top aquifer

as well as the bottom aquifer) is found to beinvariant with changes in either storage

coefficient or hydraulic conductivity.

c) For the aquifer below the discontinuous aquitard, the head distribution is governed

by the S/T ratio as well as the dimension of the aquitard discontinuity.

d) Even for a very small percentage opening (of the aquitard), the quantitative

contribution of seepage to thebottom aquifer (responsible for its recharging) is found
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to be quite significant. For instance, a 1% opening can contribute nearly as much as

that of a 30% opening. ' *>

e) The maximum hydraulic potential in the aquifer below the discontinuous aquitard is

found to be directly below the discontinuity, and need not be below the source.

Further, optimum recharging of the bottom aquifer occurs when the aquitard r^

discontinuity is located centrally below the recharging source. jr^
f) For a given location of the aquitard discontinuity, the extent of influence on

recharging is found to be high for smaller discontinuities; as the discontinuity

becomes larger the influence of its horizontal location on the recharging tends to

reduce.

g) When the aquitard is positioned (depth-wise) nearer to the source, the recharging of

the aquifer system is found to bereduced compared to that for a deeper position of

the aquitard.

7.3 FURTHER PERSPECTIVES

In continuation to the present effort, the following topics constitute future work:

1. Formulation ofanalytical solutions for the case ofburied sources in multilayered aquifer
systems.

2. Formulation ofanalytical solution for stream function in the case ofan anisotropic aquifer
system

3. Formulation ofanalytical solutions for athree-dimensional anisotropic aquifer system with
an arbitrary orientation of the finite-length line source.
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CORRIGENDUM
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No.

Line

No. Printed in the thesis as: Corrected, and may be read as:

i 4 ...the hydraulic properties, flow
parameters of the porous
medium and...

...the hydraulic properties,
parameters oftheflow domain and...

i 9 ...groundwater models can be
of great use.

...groundwater models can be of
significant value from a practical
point of view.

i 13 ...developing new analytical
approaches...

...developing better analytical
approaches...

i 16 ...analytical models render
faster techniques to simulate
flow...

...analytical models are
computationally faster to simulate
flow...

1 2 ...in the form of ice, and does
not...

...in theform ofice does not...

2 1 ...hydraulic connectors; among
these, ...

...hydraulic connectors. Among
these, ...

2 4 ...the expected recharging
rates, the hydraulic response...

expected recharging rates,
hydraulic response...

2 19 ...and extractions for the

aquifer...
...and extractionsfrom the aquifer...

3 1 studies, generalised
methodologies/ results on...

studies; generalised
methodologies and discussion on
results on...

3 2 So, it has been... Therefore it has been...
3 4 ...flow in the context of... ...flow involving the...
3 8 Further, they offer... Further, these models offer...
3 16 So, here attempts are made

towards the...

Therefore attempts are made in the
present study towards the...

4 14, 15 ...aquifer system by use of
analytical methods as well as
numerical modelling
techniques, leading to valuable
results.

...aquifer system using analytical
methods as well as numerical

modelling techniques.

5 2 These studies covered: ... These studies involve:...

5 7 ...each chapter being devoted
to a particular...

...each chapter covers a particular...

5 22 It deals with a study on the
recharging in an aquifer-....

It deals with recharge to the aquifer-

5 25,26 Investigations on the
recharging in an aquifer-
aquitard-aquifer system with a
discontinuous aquitard is
presented.

Recharge investigations on an
aquifer-aquitard-aquifer system with
a discontinuous aquitard are
presented.



6 4 ...further perspectives for
future investigations in
continuation to the present
effort are given...

...further perspectives for future
investigations are given...

7 2 However, this necessitates a
sound background of...

However, this necessitates an
adequate background of...

35 11 ...in the RZ-plane [vide Fig.
3.2]...

...in the RZ-plane[Fig. 3.2J...

37 Table

3.1

K, (m3/s) K2 (m3/s)
K3 (m3/s)

Ki (m/s) K2 (m/s) K3 (m/s)

43 Table

3.2

K,(m2/s) K2(m2/s)
K3 (m2/s)

Kj (m/s) K2 (m/s) K3 (m/s)

66 Eqn.
(4.1) qx = -K —

dx
*X X •—i

ox

66 7/8 ...the hydraulic gradient due to
change in hydraulic potential,...

...the hydraulic gradient that causes
the flow,...

79 2
*(>,z) = _£i__ sinh M + — -

1"K. { P' J { P' J
®(y,z) = -^i-

2xKm
"sinh-[*'-G<] , Sinh-'[S' +G']j

100 24 ...of the water body presumed
to have...

...of the water body is presumed to
have...

101 4 ...consisting of 50 time-steps
has been chosen...

...consisting of 50 time-steps
(At = 10 days) has been chosen...

101 12 The following general
assumptions hold good for the
simulation of hydraulic
potentials and groundwater
flow...

Following assumptions are
consideredfor the conceptual model
to compute the hydraulic potentials
simulating groundwaterflow...

105 15 ...flow due to potential build
up above compared to that...

...flow due to potential build-up
above it compared to that...

138 16 Therefore, seepage of water
down to the bottom...

Therefore, seepage to the bottom...

138 21 ...the hydraulic potentials also
found to be raising.

...the hydraulic potentials are also
found to be rising.

138 25 ...optimum seepage down to
the bottom aquifer,...

...optimum seepage to the bottom
aquifer,...

147 1,2 Thus, for attaining optimum
recharging of the bottom
aquifer the opening
(discontinuity) must be
centrally located below the
source.

Thus, for attaining optimum
recharging of the bottom aquifer the
source should be located right above
the aquitard discontinuity.

148 22,23 ...the aquifer system, have been
considered for evaluating
effect of location of the

discontinuity on the
recharging.

...the aquifer system have been
considered for evaluating the effect
oflocation of the discontinuity on the
aquifer recharge.

159 4 ...has been discussed, in the
preceding sections, for a...

...has been discussed in the

preceding sectionsfor a...



167 2 ...characteristics, due to a
surface water source, of an...

...characteristics due to a surface
water source ofan...

167 8 ...these investigations have
been enumerated in the...

...these investigations are
summarised in the...

168 11 ...of the aquitard discontinuity. ...of the aquitard discontinuity from
the centre ofthe source.

169 1 ...the hydraulic responses of... ...the hydraulic response of...
169 8 ...contributions/ conclusions of

these studies...

...contributions and conclusionsfrom
these studies...

170 9 ...point source and that due to a
finite-length...

...point source and afinite-length...

171 1 For instance, a 1% opening can
contribute nearly as much as
that of a 30% opening.

For instance, an opening of 1% can
contribute nearly as much seepage
as thatfor an opening of30%.

171 5,6 Further, optimum recharging of
the bottom aquifer occurs when
the aquitard discontinuity is
located centrally below the
recharging source.

Further, optimum recharging of the
bottom aquifer occurs when the
recharging source is located right
above the aquitarddiscontinuity.

Figure with reference to Section "5.3.2 MODEL DESCRIPTION" on Page: 96

Cell n,j-l,kl Cell[i,j,kl

Flow into the grid cell [i,j,k] from cell [i,j-l,k] with reference to the MODFLOW
discretisation convention (afterMcDonaldandHarbaugh, 1984).



Index of notations of the parameters used in the analysis of the cases of continuous
aquitard (Chapter: 5, page: 104) and discontinuous aquitard (Chapter: 6, page: 115 &116)

Parameter/ Notation Description of the term

D Depth to the lower boundary of the aquifer system
Hs Hydraulic head in the source
Hb Hydraulic head in the boundary
du Thickness of upper aquifer
dm Thickness of aquitard
db Thickness of bottom aquifer
hu Hydraulic potential in the upper aquifer
hm Hydraulic potential in the aquitard
hb Hydraulic potential in the bottom aquifer
qau Average discharge per unit width in upper aquifer
qab Average discharge per unit width in bottom aquifer
quu Seepage per unit thickness of the upper aquifer
qUb Seepage per unit thickness of the bottom aquifer
Id Length of the aquitard discontinuity in the X direction
Xd Distance of the location of the discontinuity from the centre
AFHR = hu/ hb Aquifer head ratio
AFTR = d„/ db Aquifer thickness ratio
ATDR = du/ dm Aquitard depth ratio
ATHR = hu/ hm Aquitard head ratio
DISR =qau/qab Discharge ratio
Fsb = qub/ (quu + qut>) Fractional Seepage
AH = Hs - Hb Head Causing Flow

H Hydraulic Potential
X/L Normalised Distance

hn » (h h- Hb)/ AH Normalised Hydraulic Potential
Op =(ld*100)/2w% Percentage Opening
Mp=(Xd*100)/2w% Percentage Shift
Pd=du/D Positioning Depth
Xr Reversal Point (distance at which hu = hb )
S/T Ratio of Storage Coefficient to Transmissivity



Typical parameter index for the MODFLOW simulations for the case of Discontinuous
Aquitard described in Chapter 6 (w.r.t. Page: 114)

Parameter Description Value

du Thickness of top aquifer 43 m

dm Thickness of aquitard 20 m

db Thickness of bottom aquifer 37 m

Kt Hydraulic conductivity for top aquifer 2.5E-4m/s

Km Hydraulic conductivity for aquitard 2.5E-10m/s

Kb Hydraulic conductivity for bottom aquifer 2.5E-4m/s

L Half-width of the aquifer system 4000m

D Depth to the lower boundary of the aquifer system 100 m

w Half-width of the source body 150 m

Hb Head in the boundary 90 m

ho Initial head 90 m

AH Head Causing Flow 9m

Sy Specific yield 0.15

S Storage coefficient 1E-9 (foraquitard),
1E-3 (bottom aquifer)

T Transmissivity 1.08E-2 ((for top aquifer),
5E-9(for aquitard, 9.25E-3
(for bottom aquifer)

ij, k Model Grid 51 rows x 51 cols. X 10

layers
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