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MANUALS AND REPORTS ON
ENGINEERING PRACTICE

(As developed by the ASCE Technical Procedures Committee, July 1930,
and revised March 1935, February 1962, and April 1982)

A manual or report in this series consists of an orderly presentation of
facts on a particular subject, supplemented by an analysis of limitations
and applications of these facts. It contains information useful to average
engineers in their everyday work, rather than the findings that may be
useful only occasionally or rarely. It is not in any sense a “standard,”
however; nor is it so elementary or so conclusive as to provide a “rule of
thumb” for nonengineers.

Furthermore, material in this series, in distinction from a paper (which
expressed only one person’s observations or opinions), is the work of a
committee or group selected to assemble and express information on a
specific topic. As often as practicable the committee is under the direction
of one or more of the Technical Divisions and Councils, and the product
evolved has been subjected to review by the Executive Committee of the
Division or Council. As a step in the process of this review, proposed
manuscripts are often brought before the members of the Technical Divi-
sions and Councils for comment, which may serve as the basis for improve-
ment. When published, each work shows the names of the committees by
which it was compiled and indicates clearly the several processes through
which it has passed in review, in order that its merit may be definitely
understood.

In February 1962 (and revised in April 1982) the Board of Direction
voted to establish

a series titled “Manuals and Reports on Engineering Practice,” to
include the Manuals published and authorized to date, future
Manuals of Professional Practice, and Reports on Engineering Prac-
tice. All such Manual or Report material of the Society would have
been refereed in a manner approved by the Board Committee on
Publications and would be bound, with applicable discussion, in
books similar to past manuals. Numbering would be consecutive
and would be a continuation of present manual numbers. In some
cases of reports of joint committees, bypassing of journal publica-
tions may be authorized.

A list of available Manuals of Practice can be found at http://www
.asce.org/bookstore.
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During the past few decades a large number of papers in the ground-
water realm were presented at the annual conferences of the Hydraulics
Division of the ASCE. From these presentations and resulting discus-
sions, it became very clear that greater reliance is being placed on the
extraction and utilization of groundwater resources for domestic and
commercial water supplies. However, it also became apparent that there
is no single document available in the market that addresses the prob-
lems facing the water well industry with regard to securing safe water
supplies from groundwater resources and protection of water wells and
pumping equipment. It was felt that design professionals were limited
regarding reference material concerning the complete water well system
design including the design of hydraulic parameters and deterioration
caused by corrosion, incrustation, and poor maintenance. Also, there was
a definite need for reliable information for repair and replacement of
well materials and pumping equipment, as well as for testing procedures
to design well discharge rates, total dynamic head, plant efficiency, and
power parameters.

To achieve the desired objectives of worldwide economical supplies of
groundwater, in August 1998 a Task Committee on Hydraulics of Wells
of the future Environmental and Water Resources Institute (EWRI) of the
American Society of Civil Engineers (ASCE) was formed under the stew-
ardship of the parent Groundwater Hydrology Technical Committee. The
following are the members of the Control Group of the Task Committee
on Hydraulics of Wells.

Nazeer Ahmed, Chair and Secretary
Tom W. Anderson, Vice Chair I
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PREFACE

Groundwater is a vital resource in cultures and climates of all countries
around the world. In the United States, for example, approximately half
of the nation’s drinking water supply is derived from groundwater
resources. Because of its relatively high quality and dependability, ground-
water frequently is used for drinking water supply, and demand is
expected to rise worldwide as populations expand and technologies prog-
ress to accommodate all current and anticipated future growth.

Reasons for reliance on groundwater are many, including the ubiquity
of groundwater reserves, its high quality, and the relatively low level of
infrastructure required for storage and transmission. Groundwater,
although reliable and readily accessed, is not free from costs and limita-
tions, however. Aging wells and pumping equipment, as well as storage
and transmission infrastructure, must be maintained to preserve the func-
tion of the well, as well as the quality of water produced. Well capacity
and water quality also may be threatened by a variety of physical, chemi-
cal, biological, and environmental factors, such as pollution, overdraft, or
dry periods, to name a few. Although lost capacity may be regained
through renovation of equipment and well rehabilitation, sometimes it
also may prove less costly and more advantageous to install new wells.
Further, considering the expected energy shortages coupled with high
maintenance and operational expenses, it may become prohibitively
expensive to utilize this natural resource in the future. It is, therefore,
necessary by all means to refine standard practices in the water well
industry continually in order to improve current technology and to evolve
cost-effective methodologies for the identification, development, and pro-
curement of groundwater resources in the future.

XVii



Xviii PREFACE

To focus on the development and management of worldwide economi-
cal supplies of groundwater, in August 1998 the Task Committee on
Hydraulics of Wells of the future Environmental and Water Resources
Institute (EWRI) of the American Society of Civil Engineers (ASCE) was
assembled under the stewardship of the parent committee, the Ground-
water Hydrology Technical Committee. Members of the Task Committee
on the Hydraulics of Wells have contributed their expertise in various
aspects of the water well industry to produce this international manual
on hydraulics of wells. Also, it may be reiterated here that this manual
was originally initiated, reviewed, and approved under the auspices of
the then Watershed Council in charge. However, at a later date, it also was
resubmitted for a fresher look and second review to the newly formed
Groundwater Council. Additionally, all their review comments have been
incorporated into the manual, and finally, it was approved by the Ground-
water Council as well.

From the detailed contents of the manual, it is apparent that a large
number of individuals have worked hard on its development and have
provided useful technical information for the design professionals, state
and federal executives, field supervisors, office managers, and private and
corporate owners in the water well industry for public and private use
and consumption. On behalf of EWRI-ASCE, I would like to thank all
the authors, reviewers, advisors, Blue Ribbon Committee members,
Watershed Council members, Groundwater Council members, ASCE
Publications Committee members, EWRI Technical Executive Committee
members, EWRI/ASCE editorial and technical staff members, and other
private advisors, benefactors, and patrons for their enthusiasm, hard
work, and professional contributions. They are the ones who have made
the publication of this manual possible with their ingenuity, talents, sac-
rifices, experience, technical know-how, dedication, patience, persever-
ance, and kindness. Personally and professionally I am greatly indebted
to all of them.

For future developments and improvements of the manual, please send
your comments, recommendations, and published references to the Chair
of the Task Committee on the Hydraulics of Wells. Thank you very kindly
for your continued support and interest, as well as for all your selfless
and zealous efforts.

Nazeer Ahmed, Editor
Las Vegas, Nevada



INTRODUCTION

The scope of Hydraulics of Wells was designed in a manner so as to
familiarize the reader with the subject matter of hydraulics of wells as
related to the production of groundwater for multipurpose usages. The
potential topics, which were considered useful and pertinent to the water
well industry for public and private consumers, were researched thor-
oughly and included in the text material. The following sections sum-
marize the technical material presented in the manual through eight
chapters and six appendices.

Chapter 1 provides basic information on groundwater as related to the
hydrologic cycle, physical character of porous media, aquifer systems,
ability of aquifer to store water, the Darcy equation (as applicable to
flow in porous media), three-dimensional groundwater flow, anisotropy,
groundwater flow equations, initial and boundary conditions, confined
and semiconfined aquifers, and unconfined aquifers. Solved design exam-
ples demonstrate the fundamental concepts of flow in porous media.

Chapter 2, in general, outlines the determination process of total
dynamic head consisting of different components of head loss, plus the
static head as the groundwater flows from the outer limits of the cone of
depression to the extraction well and the pumping equipment, which, in
turn, moves the pumped groundwater to its final destination. The head
loss components are studied thoroughly pertaining to the aquifer forma-
tion, damage zone, filter pack, well screen, wellbore, well casing, and
suction and delivery pipes. The difference in the static water level and the
pumping water level is designated as the total drawdown in the well.
From a practical point of view, the design concept of total dynamic head
is detailed for three different, real life situations: the groundwater dis-
charge into the free atmosphere, service main, and overhead tank. To

Xix



XX INTRODUCTION

develop the total dynamic head in a pumping-plant configuration, the
application of two independent, physical means of power supply—the
electric motor and the internal combustion engine—is presented. This
chapter, however, also describes three different types of pumping plant
efficiency terms based on the concept of head loss, static head, well dis-
charge, and power supply requirements as well efficiency at the level of
total drawdown, wire-to-water efficiency at the level of electric motor, and
the overall efficiency at the level of internal combustion engine. Solved
design examples are provided to illustrate the application of the head
losses, total drawdown, total dynamic head, and different efficiency
terms.

Chapter 3 is devoted to the design considerations of water wells and
pumping equipment on the basis of a number of criteria derived from
different disciplines, such as flow in porous media, hydraulics, and eco-
nomics. Design of boreholes, casing and screen pipes, filter packs, forma-
tion stabilizers, and the pumping units are described in detail. A number
of flow equations and general information are provided to determine the
dimensions of water wells and pumping equipment parameters. Because
emphasis is placed on the economic considerations in the designing
process, various cost-effective analyses are conducted, and actual test
results are used for the determination of optimum well discharge and the
selection of economical sizes of water wells and pumping equipment.
Solved design examples are presented to explain various designing pro-
cesses for water wells.

Chapter 4 deals with the well construction methods, installation of
pumping equipment, well development, and testing for design of
optimum discharge rate and pump settings. Specifically, it deals with the
potential site assessment for a water well and commonly used drilling
methods, such as the cable tool, direct circulation rotary drillings, and
reverse circulation rotary drillings. The chapter describes a number of
borehole logs as geophysical borehole logs, single-point resistivity logs,
normal resistivity logs, guard resistivity (laterologs), spontaneous poten-
tial logs, acoustic/sonic logs, natural gamma logs, induction logs, and
caliper logs. Isolated aquifer zone testing, water quality, and yield are
described as well. The chapter also discusses destruction of old wells,
placement of sealing materials, mechanical grading analyses, and litho-
logic description of formation materials. Installation of casing, screen, and
filter pack; gravel feed pipes; sounding tubes; camera access tubes; cen-
tralizer installation; tremie pipes; compression sections; di-electric cou-
pling sections; and interaquifer seals are portrayed in detail. Utilizing a
number of techniques, principles of well development for artificially filter-
packed and naturally developed wells are explained. Well and aquifer
pumping tests are described utilizing the step-drawdown and constant-
rate pumping techniques along with methods for analysis of pumping



INTRODUCTION XXI

test data and collection of water quality samples. Finally, flowmeter and
video surveys, plumbness and alignment surveys, and well disinfection
are presented. For the benefit of the design professional, several field
testing depictions of water wells are described. And, of course, a report
summarizing the construction, development, and testing procedures of
water wells then is required to be completed.

Chapter 5 describes the corrosion of pumping equipment and water
well materials. It begins with a simple theory of corrosion by outlining
the descriptions of electrode reactions, anode, cathode, passivity, and
polarization. It presents a basic introduction of types of corrosion includ-
ing electrochemical, microbial, galvanic, mechanical erosion, stray current,
and crevice corrosions. Further, corrosive properties of water are explained
in terms of dissolved ions, oxygen content, carbon dioxide, hydrogen
sulphide, water discharge, pH, temperature, and scale deposits. Corrosion
of well casings and screens is expanded by defining and describing dif-
ferent well zones with specific characteristics contributing to potential
corrosion, such as external casing zone, atmospheric zone, splash zone,
and submerged casing zone. In addition, the chapter provides detailed
discussion of corrosion on pumping equipment, specifically by explaining
the material selection, sand and gas contents, surface of pump impellers,
cavitation, and general wear and tear on pumping equipment. To aid in
the design of pumping equipment, prediction of corrosion rates are given
in terms of scaling indexes, such as the Langelier Saturation Index and
the Ryznar Stability Index. It is recommended that information on corro-
sion rate data be collected through laboratory, field, and service tests, as
well as through electrochemical measurements, ASTM standards, and
Internet resources. Evaluation of corrosion rate data can be computed in
terms of weight loss and the length of time-exposure period. Corrosion
protective measures include well screen placement and casing and well
screen material selection. Protective measures are summarized, including
materials, operation, protective coating, cathodic protection, and trouble-
shooting techniques for corrosion prevention. Finally, an example is pre-
sented based on field tests to determine the corrosion potential of various
water well casing and screen materials. Analysis of corrosion rates and
well life are analyzed for various materials.

Chapter 6 provides the fundamental definition of the theory of incrus-
tation. It describes the chemical and bacterial analyses of groundwater
responsible for causing the incrustation of pumping equipment and water
well components, such as well screens. It describes the forms of incrusta-
tion and cites that water quality, dissolved solids, and the bacterial pres-
ence in water are main causes for the development and growth of
incrustation. Also, it elaborates the effects of temperature, pressure, veloc-
ity changes, and thermodynamics of groundwater on the buildup
of incrustation in the water-well systems. It enumerates forms of
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incrustation as chemical, physical, and biological. It elaborates chemical
incrustation in the form of carbonate deposits, calcium sulfate, and metal
oxides, such as iron oxide. Physical and biological incrustations and the
character of iron oxide deposits are explained thoroughly. It emphasizes
the field-testing of incrustation and critically reviews the timely mainte-
nance of pumping equipment and components of water wells as a signifi-
cant measure to arrest the further increase of incrustation. In addition, it
narrates the methodologies of acid treatment, chlorine treatment, and
polyphosphate treatment for incrustation and the extent of their benefits
and advantages. Further, the concepts of chemical and bacterial incrusta-
tions are elaborated through two solved design examples.

Chapter 7 describes the wellhead protection concepts and EPA guide-
lines pertaining to the protection and quality control of groundwater for
public consumption. It provides information about the fundamentals of
groundwater flow, contaminant transport, wellhead delineation methods
for the wellhead protection area including the arbitrary fixed radius, cal-
culated fixed radius, standardized variable shapes, analytical methods,
hydrogeologic mapping, and numerical flow and transport models. It
provides a case study for a well site supported with numerical data for the
protection of wellhead area comprising the wellhead delineation tech-
nique, hydrologic models, and vertical contaminant transport concepts.
Further, it details a comparison between the wellhead protection area
(WHPA) model and the analytical method. For this case study, after the
field assessment is carried out, an actual contaminant inventory from the
collected field data is compiled. This information then is used to implement
and enforce the necessary precautions in the field to delineate the WHPA
as mandated by U.S. EPA regulations to safeguard the groundwater
resources. Solved design examples and other material presented illustrate
the procedures for the determination of the wellhead protection areas.

Chapter 8 is devoted to the maintenance of operating water wells. It
emphasizes the understanding of the usage of corrosion and incrustation
preventive materials, design, and rehabilitation treatment choices to avoid
well performance degradation and failure modes that may result during
operation of water wells. In particular, it describes the prevention of cor-
rosion, incrustation, and well fouling, as well as provides information
for well cleaning chemicals, their handling, and safety features. Also
discussed are preventive maintenance well treatment, well monitoring
methods, records of well performance and well-component materials,
troubleshooting guidance, and well maintenance schedules. It also details
the importance of record keeping and computer software for preventive
maintenance monitoring. It provides information about the economics of
well maintenance, field and laboratory research on well maintenance, and
emphasizes the importance of well maintenance through two solved
design examples.
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Several appendixes have been added as additional aids to the technical
text material of the manual to advance the reader’s understanding and to
illuminate further the scientific and engineering field applications.

Appendix A offers an example of a complete water well system design
that explains in detail the required information about well site investiga-
tions and sources of required data; geologic setting for drilling equipment;
existence, quality, and availability of groundwater for its commercial
exploitation; contamination potential, and remedial measures; compli-
ance of groundwater laws and regulations; well construction, geologic
logging, and aquifer zone testing; well design, filter pack design, and slot
size selection procedure; pumping tests, optimal discharge, video survey,
plumbness and alignment of wells; and rehabilitation, operation, and
maintenance of water wells.

Appendix B provides detailed information about technical specifica-
tions for location, depth of well and other dimensions; hydrogeology,
permits, certification, laws and ordinances; drilling methods and equip-
ment; constructing and testing of water wells; geophysical borehole logs,
yield, and water quality; design of casing, screen, and filter pack; casing
and screen installation and alignment; development of the water well;
well testing for yield and drawdown; step-drawdown test and constant
rate pumping test; spinner and video surveys; well disinfection; well
completion report; and bidding schedule.

Appendix C presents definitions and numerical data for the conve-
nience of design computations, as well as testing, rehabilitation, mainte-
nance, and operational procedures for water wells.

Appendix D includes a glossary with explanations of important terms
used in the area of hydraulics of wells.

Appendix E lists SI unit prefixes, and Appendix F provides a conver-
sion table for SI and U.S. customary unit systems, and numerical values
of useful constants to help determine the solutions of practical design
problems.
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CHAPTER 1

FUNDAMENTAL CONCEPTS OF
GROUNDWATER FLOW

Bruce L. Jacobs

1.1 GENERAL

Groundwater is a valuable source of water because of its high quality,
availability, and the minimal requirements for storage and transmission
infrastructure. Today, in the United States, for example, approximately
half of the nation’s drinking water supply is derived from groundwater.
Globally speaking, groundwater use is likely to increase in the future as
groundwater is utilized at an increasing rate to serve rapidly expanding,
worldwide suburban and exurban populations. Groundwater generally
is a reliable, high-quality resource, but as with any natural resource, care
must be taken to prevent pollution while at the same time maintaining
the aging infrastructure. Well production may be limited by the aquifer
yield and contamination, as well as environmental, economic, legal, and
political factors. In addition, normal wear and tear of equipment, defects
in manufacturing, material fabrications, and chemical and biological
factors all tend to reduce well efficiency over time.

This first chapter introduces the fundamental concepts of groundwater
flow needed to support the more focused chapters in the remainder of this
Manual of Practice. The intent is to introduce basic principles and concepts
with enough mathematical background to serve the reader in understand-
ing the complex mathematical aspects of well hydraulics. The discipline
of well hydraulics is by convention the mathematical analysis of flow in
aquifers and water wells. The findings of this branch of well hydraulics
have transformed the profession, providing a scientific basis for quantita-
tive analysis and prediction of the behavior of aquifers and water wells
subject to future stresses. A more expansive use of the term well hydraulics

1



2 HYDRAULICS OF WELLS

is used in this text to include both the far-field description of flow to a well,
as well as the near-field flow, through the gravel pack and well screens.
The text integrates the discussion of aquifer-well hydraulics with discus-
sions of well design, and maintenance and rehabilitation.

Also, this chapter presents a broad summary of topics covered in
greater detail in common textbooks and references that have educated the
profession. Of necessity, many of the discussions herein are borrowed—
consciously and unconsciously—from these other sources, including
Hydraulics of Groundwater (Bear 1979), Groundwater (Freeze and Cherry
1979), Basic Ground-Water Hydrology (Heath 1983), and Quantitative Hydro-
geology (de Marsily 1986). Another useful introductory text on groundwa-
ter flow is Groundwater Hydraulics and Pollutant Transport (Charbeneau
2000). In this chapter, equation numbers from Charbeneau’s reference are
provided for the convenience of the reader.

1.2 HYDROLOGIC CYCLE

Groundwater is a component of the hydrologic cycle mediating the
circulation of water between the atmosphere and the land surface. A
schematic representation of principal components of the hydrologic cycle
is shown in Fig. 1-1. Water vapor in clouds condenses to form precipitation
that falls on both water bodies and land areas. Near-surface permeability
and moisture conditions will determine whether water that falls on the

Rain & Snow
(
Evapotranspiration 44 L(
i s

R;:‘:oﬁ - .- 1

Fig. 1-1. A schematic representation of principal components of the hydrologic
cycle

Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA
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land surface will infiltrate into the ground or discharge as overland flow
into streams and oceans. Some portion of rainfall will infiltrate downward
through the vadose zone, eventually recharging aquifers. Groundwater
flow is principally horizontal, with discharge occurring into down-
gradient surface water bodies. Evaporation from moist land surfaces,
vegetation, and surface water bodies completes the hydrologic cycle.

The volume of fresh water stored in aquifers greatly exceeds the volume
of fresh water stored as surface water (Lvovitch 1973). Global groundwa-
ter storage, if spread evenly over the land surface, would reach a depth
of approximately 47m, whereas fresh water in lakes and reservoirs, if
spread over the same land surface area, would amount to a depth of only
1m. The large groundwater volume and its relatively slow velocity are
reflected in long groundwater detention times relative to surface water
bodies. Based on estimated volumes and flow rates, the average global
groundwater residence time is 500 years compared to a surface water
residence time of only 5 years.

The direction of groundwater flow generally follows descending
surface topography and surface water flow. Groundwater typically
recharges in upland regions and discharges into streams and other water
bodies in low-lying portions of the watershed. On the basis of mass
balance considerations, the vertical component of flow is downward in
recharge areas and upward in regions discharging to surface waters. Con-
sequently, upland regions contribute infiltrating flows to the deepest por-
tions of the aquifer. This also affects the residence time of flowing
groundwater such that groundwater originating as recharge in upland
portions of the aquifer has significantly longer subsurface residence times.

During and immediately after large storms, streams receive surface
runoff; however, these direct overland inflows dissipate quickly following
the end of the storm. In temperate climates, streams continue to flow
between rainstorms because of groundwater discharges that continue
over far longer time scales than the surface runoff.

Typically, streams lose water to groundwater in upstream portions of
a watershed and gain water from aquifers farther downstream. Seasonal
fluctuations in surface water elevation may cause transient changes in the
relation between groundwater and surface water. Temporarily elevated
surface water elevations, for instance, may cause a stream or certain
reaches of a stream to lose water to aquifers, whereas in other times of
the year the stream is gaining.

1.3 POROUS MEDIA

Porous media are any number of solid substances that contain pores. In
the context of this chapter the porous media of interest are unconsolidated
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deposits, consisting of mixtures of clay, silt, sand, and gravel. Although
most of the topics covered in this manual may be applied (with caution)
to wells completed in consolidated rock aquifers (e.g., limestone, sand-
stone, or basalt), the emphasis of the manual is with respect to wells
completed in materials having primary porosity (e.g., sand and gravel).
Fractures, fissures, and cavernous features associated with consolidated
rocks are termed as secondary porosity.

Therefore, for purposes of this manual, the term porous media is used
to denote groundwater flow through primary pore spaces (i.e., interstices)
between individual grains.

A medium’s total porosity, n, is defined as the fraction of the media
volume occupied by pores (Charbeneau 2000, Eq. [1.3.1]):

Yy (1-1)

n=—
Vi

where

n = total porosity, (dimensionless)
V, = pore volume, (m?)
V, = total volume, (m°).

A total porosity of 0.3, for instance, indicates that 30% of the medium
by volume is occupied by pores.

Some portion of the total porosity consists of disconnected pore volumes
or dead end pores. The interconnected, continuous pore space available
for flow is somewhat less than the total porosity and is known commonly
as the effective porosity. It is generally represented by the symbol, 6. The
reader should be warned that the effective porosity sometimes is equated
incorrectly to the specific yield, which is that portion of the total porosity
that drains under gravity in an unconfined aquifer.

Fig. 1-2 shows a three-dimensional, X-ray image of the pore structure
of a sample of sandstone. As is apparent from inspection of this figure,
the pore volume is highly complex, with water pathways following a
tortuous path through the media. While remaining aware of the presence
of the small-scale pore space complexities and tortuous flow paths, the
engineering applications discussed here are relevant at soil volumes aver-
aged over many pores. The measurement of porosity—and most other
properties of porous media—requires averaging over a finite representa-
tive elementary volume (REV) that encompasses multiple pores.

The porosity of unconsolidated deposits is largely a function of grain
size uniformity. Porosity generally is lower in deposits with a range of
grain sizes, because the small grains fill the intergranular spaces formed
between the larger grains. The electrostatic charge on some clay minerals
also may reduce the packing efficiency and increase porosity. Porosity is
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Fig. 1-2. A three-dimensional image of sandstone pore-structure
Source: Ferreol and Rothman (1995); reproduced with permission from
Springer Science and Business Media

not a direct function of the diameter of the particles grains. Consider, for
instance, the rectangular packing of spherical grains as shown in Fig. 1-3.
The porosity of this type of “deposit” is 0.48 regardless of whether the
grain diameters are 1um or 1mm.

1.4 AQUIFER SYSTEMS

Aquifers are bodies of consolidated or unconsolidated deposits that
store and transmit water in usable quantities. From a practical standpoint,
aquifers are underground deposits with sufficient transmissivity and
volume to serve as a water source for residential, commercial, or indus-
trial purposes. Principally aquifers are found in one of the four categories
of geological formations:

1. Unconsolidated sand and gravels,
2. Permeable sedimentary rocks (sandstones),
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Fig. 1-3. Rectangular packing of spherical grains

3. Carbonate rocks (limestone and dolomite), or
4. Igneous rocks (heavily fractured volcanic and crystalline rocks).

The most productive aquifers are found in unconsolidated deposits
generated in fluvial or glacial settings. Lacustrine deposits generally are
finer grained and have relatively low hydraulic conductivity, limiting
their viability as water sources. Aquifers also may be found and utilized
in weathered or fractured bedrock, where water is conducted within the
secondary porosity that is generated after the original formation of the
rock. Clayey fine-grained soils generally have very low hydraulic conduc-
tivities; however, they are able to store water and release it slowly because
of their relatively high porosities.

Aquitards are formations that have relatively low permeabilities but
that are still capable of storing water. Frequently, aquitards consist of fine-
grained soils, such as silt or sandy clay. Aquicludes are similar in nature
to aquitards but with even lower permeabilities such that flow through
aquicludes generally can be assumed to be negligible. Aquifuges—
generally made up of solid rock—do not contain any interconnected pore
space and thus are impermeable to flow. See Figs. 1-4 and 1-5.

Aquifers may be identified as confined, unconfined, or semiconfined,
depending on the nature of their upper surface or boundaries. The three
basic aquifer types are shown schematically in Fig. 1-6. Aquifers that are
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Aquifer, Aquitard, Aquiclude, Aquifuge

Formations Sufficiently Permeable To

S
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b Quantities
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Aquitard “ Which Could Transmit

Water Under Vertical Gradients
Aquiclude Impermeable Materials Containing
Water But Do Not Transmit Water
; Impermeable Materials Which
AGRRIDe Do Not Contain Water
Fig. 1-4. Aquifer, aquitard, aquiclude, and aquifuge

Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA
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Fig. 1-5. Primary and secondary porosities
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

bounded from above and below by an aquifuge or aquiclude are referred
to as confined aquifers. Typically, the upper confining layer contains clay
or other fine-grained deposits. By definition, in a confined aquifer, the
elevation of the hydraulic head exceeds the top of the aquifer (Fig. 1-7).
In an artesian aquifer, the hydraulic head exceeds the elevation of the
ground surface. The water level elevation recorded in a piezometer pen-
etrating a confined aquifer defines the piezometric or potentiometric surface.
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Typical Alluvial Ground Water Basin

PRESSURE AREA FOREBAY AREA

Confined And Semi-Confined Aquifers Unconfined Aquifers

Fig. 1-6. A typical alluvial groundwater basin
Source: Courtesy of Dennis E. Williams, Geocience Support Services, Inc.,
Claremont, CA

Land Surface

Piezometric Surface

onfined Aquifer

Bedrock

Fig. 1-7. A typical confined aquifer
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

In an artesian aquifer where the piezometric surface exceeds the land
surface, flowing wells may result.

Unconfined or phreatic aquifers have an upper surface, known as the
water table or phreatic surface, which is at atmospheric pressure (Fig. 1-8).
Immediately above the water table of an unconfined aquifer the porous
media remains saturated due to capillary action, but the water pressure
is less than the ambient air pressure. Above the capillary fringe, the pores
are saturated only partially, with decreasing saturation with distance
above the water table. The region above the capillary fringe is referred to
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Water Table (Phreatic) Aquifer |

Land Surface

Water Table

Unconfined
Aquifer

Bed roék

Fig. 1-8. A water table (phreatic) aquifer
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

Saturated And Unsaturated

Vadose Zone
(unsaturated)

Capillary Fringe

Unconfined Phreatic Zone
(saturated)

Aquifer

Bedrock

Fig. 1-9. Saturated and unsaturated aquifers
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

as the vadose or unsaturated zone (Fig. 1-9). The water is retained within
the pores by the capillary forces exerted within the small-radii pore throats
despite the fact that the gravitational forces would tend to drain the
aquifer. A special case of an unconfined aquifer lying above the main
water table (i.e., in the vadose zone) is shown by the perched aquifer in
Fig. 1-10.

Semiconfined or leaky aquifers result when the upper or lower confin-
ing layer is sufficiently permeable to allow flow of water between it and
overlying or underlying aquifers. In Figs. 1-11 and 1-12, water is depicted
leaking out of and back into a semiconfined aquifer. Flow among aquifers
occurs when the piezometric head in one unit is either higher or lower
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Perched Aquifer |

Land Surface
Perched Water Table

Water Table

Unconfined

Aquifer

Bedrock

Fig. 1-10. A perched aquifer
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

Leaky Aquifer
Upward Leakage Land Surface

Piezometric Surface

{  Aquitard (Silt) “

Semi-confined Aquifer

Bedrack

Fig. 1-11. A leaky aquifer with upward leakage
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

than the head in an adjacent unit. This interaquifer flow, or leakage, may
represent a significant portion of aquifer recharge or loss. Leakage is
usually a transient phenomenon, as in the case of leakage induced by
pumping or natural fluctuations in recharge. In Fig. 1-11, the head in the
upper unit has been reduced by pumping, as reflected by the depression
in the water table. The hydraulic head measured in the water table aquifer,
therefore, is lower than the head in the lower unit inducing upward
leakage through the aquitard. In Fig. 1-12, the reverse occurs. Water levels
in the deeper aquifer are less than in the shallow zone, inducing down-
ward leakage. Long-term leakage also may occur as part of the natural
flow pattern where unconfined aquifers receive recharge, leak to the
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Leaky Aquifer

|Downward Leakage| LA ST

I I Water Table

Piezometric Surface

Aquitard (Silt)

Bedrock

Fig. 1-12. A leaky aquifer with downward leakage
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,

Claremont, CA

underlying semiconfined unit, and then receive water back from the semi-
confined aquifer in low-lying areas.

Assuming vertical flow among units and relatively small changes in
aquitard water storage, the leakage may be approximated using a modi-
fied form of the Darcy equation:

(1-2)

where

g = Darcy velocity, bulk velocity, or specific discharge through the
aquitard, (m/s)
K’ = hydraulic conductivity of the aquitard, (m/s)
Ah = head differential between confined and unconfined aquifers, (m)
b’ = thickness of aquitard, (m)

’

% = Leakance, (1/s).

Fig. 1-13 gives a simple example of quantifying leakage.

1.5 AQUIFER STORAGE

Moisture content is defined as the liquid volume within a porous
medium per unit volume of the medium. For a fully saturated porous
medium, where the pores are filled completely with water, the moisture
content is equivalent in magnitude to the porosity.
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Fig. 1-13. A vertical leakage configuration
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

In principle, there are two mechanisms by which the water volume in
storage in a porous medium may change. Both of these are responses of
the aquifer to changes in hydraulic head. The first mechanism, which
occurs in unconfined aquifers, is by simple gravity drainage of water from
the pore volume. This might occur in the drainage of water near the upper
surface of an unconfined aquifer in response to nearby pumping. The
second mechanism, which occurs in confined and semiconfined aquifers,
is a reduction in hydraulic head, which leads to expansion of the water
and compaction of the aquifer. As might be anticipated, relatively small
amounts of water typically are derived from this second process.

Capillary forces tend to retain water in small pore spaces, resulting in
the sequential drainage of the largest pores followed by the smaller pores.
These same capillary forces and the presence of isolated pores cause some
portion of water to be retained within the media after gravity drainage is
complete. Fig. 1-14 shows a portion of the aquifer that has been drained
by gravity because of a change in the elevation of the water table of Ah =
10m. The ratio of the water volume that drains under gravity, V., to the
total dewatered volume, V,, is referred to as the specific yield, S, (Char-
beneau 2000, Eq. [2.3.2]):

(1-3)
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Aquifer Storage

Ability Of Aquifer To Store Water

Water Table Aquifer Artesian Aquifer
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Initial Water Table B
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Fig. 1-14. Aquifer storage: (a) water table or phreatic aquifer; (b) artesian
aquifer

Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

where

S, = specific yield, (dimensionless)

V,, = volume of water drained by gravity from the media, (m°)

V, = total volume, (m°)

A = cross-sectional area of the porous media sample, (m?)

Ah = drop in the water elevation level in the sample media due to drain-
age under gravity, (m).

The specific yield is often referred to as the “drainable porosity,”
because it is the portion that is able to drain under gravity. Because the
total volume of water per unit volume of a saturated media is the total
porosity, n, the porosity is a physical upper bound to the magnitude of
specific yield in any media sample (i.e., S, < n).

Fine-grained soils tend to retain more water and thus have lower spe-
cific yields than coarse-grained soils. Table 1-1 shows typical values of
total porosity and specific yield for various aquifer materials.

In confined and semiconfined aquifers, lesser water volumes may be
derived from storage without drainage of the pore volumes by the reduc-
tion of the pore water pressure and the resultant compaction of the aquifer
matrix. Even though the water pressure is reduced, the buried soil volume
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Table 1-1. Typical Specific Yield and Total Porosity Values for
Unconsolidated Materials

Total Porosity, n Specific Yield, S,
Material (dimensionless) (dimensionless)
Gravel 0.25-0.40 0.15-0.30
Sand and Gravel 0.1-0.35 0.15-0.25
Sand 0.25-0.40 0.10-0.30
Silt 0.35-0.50
Clay 0.45-0.55 0.01-0.10

Source: American Society of Civil Engineers (1996)

still must bear the unchanged overlying load imposed by the soil column.
This results in a shift of the burden carried by the water to the soil matrix.
In the case of an unconsolidated media, this results in an increase in the
intergranular stress—the compressive forces at the point of contact
between grains. Most frequently, the grains themselves are assumed to be
incompressible, so reductions in pore volume occur through the rear-
rangement of the matrix grains in response to increases in intergranular
stress. Generally this is considered to be a reversible process in that later
increases in pore water pressure can cause a return to the original pore
volume. A secondary effect of the reduction of water pressure is the
expansion of water and the consequent reduction of water mass within a
given pore volume, akin to removing water by suction from a sealed
volume of saturated porous media. In summary, confined and semicon-
fined aquifer systems are elastic. Fig. 1-14(b) illustrates release of storage
from a confined aquifer.

Specific storage, S;, is defined as the volume of water removed per unit
volume of porous media per unit change in hydraulic head. That is

Ss =

S_ AV,
S= = yBY- 14
b~y PO-re (1-4)

where

S, = specific storage, (1/m)

S = aquifer storativity or storage coefficient, (dimensionless), defined
as the volume of water that a permeable unit will expel from
storage per unit surface area per unit change in hydraulic head.

b = saturated aquifer thickness, (m)

AV, = change in the volume of water, (m°)
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Ah = change in the hydraulic head, (m)
V = bulk volume of porous medium, (m’)
y= specific weight of water, (N/m®)
B = compressibility of water, (m?/N)
0 = effective porosity, (dimensionless)
o = compressibility of aquifer skeleton, (m?/N).

Porous media with high specific storage values, due to high matrix
compressibility, provide more water for a given reduction in the hydraulic
head. Specific storage values range between 10°m™ for highly compress-
ible clays to 107 m™ for low porosity rock (deMarsily 1986). The term y36
represents the amount of water released from aquifer storage because of
expansion of the water itself. The term yo represents the amount released
owing to aquifer compression.

1.6 DARCY EQUATION

The first quantitative expression of groundwater flow through porous
media is commonly attributed to the nineteenth century French engineer
Henri Darcy. The apparatus shown in Fig. 1-15 depicts a simple experi-
ment of flow through a vertical column filled with sand. This is essentially
the same type of apparatus used by Darcy in his original experiments on
filter sands in Dijon, France, in 1856. The reservoirs on the right control
the hydraulic head at the top and the bottom of the sand column. The free
surface elevation in the two manometers at the left is a direct measure of
the hydraulic head in the sand column. The total vertical flow through
the column, Q, is given by the product of the Darcy velocity or specific
discharge, g, and the media’s bulk cross-sectional area, A.

Darcy observed that the flow per unit area through a porous medium
is proportional to the rate of decrease in hydraulic head. The constant of
proportionality between the flow per unit area and the rate of hydraulic
head decrease is called the hydraulic conductivity, K. Specifically, Darcy
found through empirical observations that for one-dimensional flow in
his apparatus (Charbeneau 2000, Egs. [2.2.1]; [2.2.4]):

AR
q=-K Ax (1-5)
h=z+Lt (1-6)

pg
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Fig. 1-15. A laboratory permeameter arrangement to measure hydraulic
conductivity

A 4 h 4

where

q = specific discharge computed as water flow per unit bulk area,
(m/s)

K =hydraulic conductivity, (m/s)

h = hydraulic head or piezometric head, (m)

z = elevation head above an arbitrary datum, (m)

p = water pressure, (kPa)

p = water density, (kg/m?)

I rate of change of hydraulic head, (m/m)

x
¢ = gravitational acceleration, (9.81m/s?).

For one-dimensional flow, Eq. (1-5) is known as the Darcy equation and
also more appropriately as the Darcy’s Law. In this case, because the
manometer penetrating the top of the soil column has a higher water
elevation, h;, than the bottom manometer, /,, the flow is downward at a
rate proportional to the hydraulic head or the piezometric head difference,
Ah. The concept of hydraulic head is shown in Fig. 1-16.
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Hydraulic Head

Hydraulic Head h{x,y.t) = Piy +Z

Land Surface

Piezometric Surface

Piy (Pressure Head)

Any T TR
Point in
JheAquiers (Elevation Head)

Arbitrary Datum Plane

Fig. 1-16. Hydraulic head in porous media flow
Source: Courtesy of Dennis E. Williams, Geoscience Support Services, Inc.,
Claremont, CA

The rate of change of hydraulic head, i—h, or its differential equivalent
x

the hydraulic gradient, Zh
x

as it passes through the soil. That energy loss occurs principally through
the frictional forces resisting flow at the interface of the porous media
grain surfaces and the flowing water. Not surprisingly, then, as the ratio
of the grain-surface area to unit media volume increases, the resistance to
flow also increases, resulting in a decrease in the hydraulic conductivity.
Considering the grains as rectangular-packed spheres, such as shown in
Fig. 1-3, the ratio of surface area to media volume decreases as one over
the grain radius. This leads to an intuitively satisfactory result that the
resistance to flow in coarse-grained soils is less than in fine-grained soils.

Hydrologists typically classify unconsolidated deposits based on their
grain size. Table 1-2 shows the grain size classification adopted by the
American Society for Testing and Materials (ASTM 2011).

It would be unusual to find natural deposits that are not mixtures of
grains of varying size. The uniformity of the deposit grain size is largely
a function of the sorting capacity of the depositional process. Typical
hydraulic conductivities are reported for various unconsolidated aquifer
materials in Table 1-3. These values reflect a trend of decreasing hydrau-
lic conductivity with reduced grain size. The range of hydraulic conduc-
tivities within any single soil type still varies over several orders of
magnitude.

,is a measure of the rate of energy loss of water
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Table 1-2. Grain Size Classification for Unconsolidated Deposits

Porous Material Grain Size (mm)
Boulder >305

Cobbles 76-305

Coarse gravel 19-76

Fine gravel 4.75-19
Coarse sand 2-4.75
Medium sand 0.42-2

Fine Sand 0.075-0.42

Silt or clay <0.075

Source: Data from American Society for Testing Materials (2000)

Table 1-3. Typical Hydraulic Conductivity Values
for Unconsolidated Deposits

Porous Material Hydraulic Conductivity, K (m/day)
Gravel (fine to coarse) 450-150

Sand (fine to coarse) 2.5-45

Silt or loess 0.08

Clay 0.0002

Source: Todd and Mays (2004). Reproduced with permisison from Wiley

A crude mathematical model of flow through porous media may be
constructed by considering the media to behave as slow, steady, horizon-
tal flow through a network of parallel tubes. By integration of the Navier-
Stokes equation along the length of the tube, the specific discharge, g, of
this ideal media would be (Bear 1972, Eq. [5.10.2])

Nd?pg\ Ah
q=—[ e j— (1-7)
u )Ax

where

g =bulk velocity of equivalent media, (m/s)

N =number of parallel tubes in the network per unit area,
(dimensionless)

d = tube diameter, (m)

p = density of water, (kg/m?)
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¢ = gravitational acceleration, (m/s?)
Ah = finite differential of hydraulic head, (m)
1 = dynamic viscosity of water, (Pas)
Ax = finite length of network of parallel tubes, (m).

This produces a relationship not unlike Darcy’s empirical observation
that flow is proportional to the hydraulic gradient. In this case, the con-
stant of proportionality between the head gradient and the specific dis-
charge is shown to be related to the square of the pore throat diameter
and inversely proportional to the fluid viscosity.

The result obtained for the idealized media of parallel tubes suggests
that the hydraulic conductivity is the product of a term collectively rep-
resenting the soil’s resistance to flow (k in Eq. [1-8] following) and a sepa-
rate collection of terms connected to the properties of the flowing fluid
(Charbeneau 2000, Eq. [2.1.11]).

k=8 (1-8)

where

K = hydraulic conductivity, (m/s)
k = intrinsic permeability, (m?).

Estimates of hydraulic conductivity made for one fluid may be general-
ized by calculation of the media’s intrinsic permeability based on the unit
weight and viscosity of the fluid. Henceforth, using the media’s intrinsic
permeability, the hydraulic conductivity may be estimated for any alter-
nate fluid in the same media.

Considering Egs. (1-7) and (1-8), it is easily seen that the intrinsic per-
meability, k, of the parallel tube model is given by Nd*/32. On the basis
of this analysis, it is apparent, intuitively, that the hydraulic conductivity
is a function of both the effective porosity and the grain size. Natural soils
are, of course, not a bundle of parallel tubes. Besides effective porosity,
the hydraulic conductivity of natural soils also is affected by other geo-
metric properties of the porous medium, for example, its tortuosity rep-
resenting the character of winding flow paths, grain shapes, grain
orientations, angularity of grains, packing of grains, and level of intercon-
nectivity of pore structures.

As noted, the Darcy equation, Eq. (1.5), is consistent with a model of
laminar, or viscous flow, in parallel tubes. In high-velocity conditions,
such as near a pumping well or in fractured rock, velocities may be high
enough such that a purely viscous description is inadequate. This occurs,
of course, at turbulent velocities but also may occur at subturbulent flow
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velocities. The nonlinear and transitional flow conditions are associated
with an additional source of head loss that increases with the square of
the flow velocity. Experimental evidence shows that these ranges are
achieved for Reynolds numbers, R, exceeding something between 1 and
10, where the Reynolds number is typically evaluated as

R =PI _ad (1-9)
TR

where

R, = Reynolds number, (dimensionless)
p = density of water, (kg /m?)
q = specific discharge or Darcy velocity, (m /s)
d = a characteristic spatial length parameter associated with the pore
size, (m)
1 = dynamic viscosity of water, (Pa s)
v = kinematic viscosity of water, (m?/s).

Different researchers have used different soil properties to represent
the spatial scale for the characteristic length parameter, d, including the
median grain size, mean grain size, 10th percentile grain size, and square
root of intrinsic permeability.

For the nonlinear flow regime before the onset of turbulence, the Forch-

heimer equation frequently is used as an alternative to the Darcy equation
(Charbeneau 2000, Eq. [2.2.31]).

—% = aq+bq* (1-10)

where

a = a dimensional velocity coefficient, (s /m)
b = a dimensional velocity coefficient, (s> /m?).

Other symbols are the same as defined previously.

1.6.1 Three-Dimensional Groundwater Flow and Anisotropy

The previous discussion considered only one-dimensional flow. Flow
in the subsurface is typically three-dimensional and varies both in space
and time. A three-dimensional corollary to the one-dimensional Darcy
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equation, Eq. (1.5), relates the three-dimensional specific discharge

vector, (qx, 4y, q-), to the hydraulic gradient vector, %, %, % , such that
‘ ox dy 0z
(Charbeneau 2000, Eq. [2.2.20])
oh o -
g, =—-K, ™ Darcy velocity in the x-direction
q, =-K, g— Darcy velocity in the y-direction (1-11)
Yy
oh - N
q. =-K, > Darcy velocity in the z-direction

where K,, K,, and K; are the hydraulic conductivies in the x, y, and z direc-
tions, respectively.

Porous media for which K, = K, = K, = K are referred to as isotropic.
More frequently, porous media are anisotropic with the ratio of vertical
hydraulic conductivity to horizontal hydraulic conductivity being less
than one. Anisotropy of the system in general may persist, even when
soils at a small scale exhibit isotropic conditions.

Anisotropy most often occurs because of the horizontal deposition of
sediments, resulting in a layer cake of material of varying gradation.
Media whose soil properties vary from point to point are referred to as
heterogeneous, in contrast to homogeneous media with spatially uniform
properties. Media with layered heterogeneity are referred to as stratified.
See, for example, the stratified media in Fig. 1-17 on an exposed surface
in a sedimentary deposit.

Stratified systems are anisotropic. If the layers are continuous horizon-
tally, then the vertical flow must pass through both fine and coarse
media, with varying hydraulic conductivities. Horizontal flow, by con-
trast, is channeled preferentially through high hydraulic conductivity
units while bypassing lower conductivity units. This results in anisotro-
pic systems with vertical hydraulic conductivities less than horizontal
conductivities.

Consider, for example, the horizontal flow through several of these
layers of thickness b; and contrasting hydraulic conductivity, K;, as shown
in Fig. 1-18. If the head does not vary significantly over the vertical direc-
tion, then the total horizontal flow per unit width of aquifer, Q, is the sum
of flows through each of these layers:

dh
Q = Zblq, = —Z b,'Kl‘ a (1_12)
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Fig. 1-17. Stratified media in unconsolidated glacial deposits
Source: LeBlanc et al. (1991); reproduced with permission

v bn Kn
bn-1 Kn—1

} b, K,

:: b1 K1

Fig. 1-18. Stratified, anisotropic media
Source: Courtesy of Bruce L. Jacobs, HydroAnalysis, Inc., Brookline, MA
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where

Q = total flow per unit width moving through all the layers, (m*/s)
g; = specific discharge, (m/s)

b; = layer thickness, (m)

K; = hydraulic conductivity, (m/s).

The magnitude of the average horizontal flow per unit area is, there-
fore, the product of the arithmetic mean of the horizontal conductivity
and the head gradient (Charbeneau 2000, Eq. [2.2.9]).

_z biKi
Zbi Zb, dx dx

where K is the arithmetic mean of hydraulic conductivity and may be
considered as an effective conductivity of the unit as a whole.

Now consider the case of vertical flow through the same units or layers
of porous media. The total head drop in the direction of flow across mul-
tiple layers, Ahy, is the sum of the drop in head within each layer, ZAhi.

Ay =3 A = —Z%’f (1-14)

where Ah= total vertical head loss, (m).
This also may be written in the form of the Darcy equation (Charbe-
neau 2000, Eq. [2.2.10]).

b
PSSl [~ N L (1-15)

SRRV YR B
Z’Ki ZK:' '

where K, is the harmonic mean of the hydraulic conductivity.

The harmonic mean in general is controlled by the value of low con-
ductivity units and always will be less than the value of the arithmetic
mean. This leads to the characteristic anisotropy of stratified systems,
where the horizontal hydraulic conductivity (generally parallel to the
media stratigraphy) is greater than the vertical hydraulic conductivity.



24 HYDRAULICS OF WELLS

1.7 BASIC EQUATIONS OF GROUNDWATER FLOW

Solutions for the head loss and flow through porous media may be
obtained by combining the basic principle of conservation of mass and
the Darcy equation (Jacob 1940; Hantush 1964). Equating the change in

. oh o
storage per unit volume S En to the sum of a point sink, w, and the flow

divergence (the net flow out of an infinitesimal aquifer volume), the mass
balance equation is (Charbeneau 2000, Eq. [2.3.32])

99, 9q, 9q. oh
9 %y S w=0 1-16
ax+ay+az+ at+w (1-16)

The point sink term, w, expressed as the rate of water volume released
per unit aquifer volume, is used to represent wells or drains where water
leaves the aquifer.

Now, by substitution of Darcy velocity, Eq. (1-11), the standard form of
the mass balance is written as

a( ah\ (. an) a(, oy . ok
) 2k, 2 2k 225,22 1-17
ax( '8x)+8y[ yayj+az[ az) TR (1-17)

It is sometimes useful to represent the flow equation in cylindrical
coordinates for derivation of aquifer response with distance, 7, from a
pumping well. The following is the mass balance equation of groundwa-
ter flow in an anisotropic aquifer in cylindrical coordinates:

19(. an\ 19(. oh\ o(. ahy . on
LA @il LA i el P g = 1-18
rar( rarj+r280( 989)+82( az) P )

where

r = radial distance, (m)
0 = angle, (rad).

1.7.1 Initial and Boundary Conditions

Specifications of domain boundaries, initial conditions, and boundary
conditions are necessary for solution of the groundwater flow equation.
There are three boundary conditions typically applied to groundwater
flow problems, as follows.

1. Specified Head

The specified head boundary condition involves specifying the value
of head on the boundary. The specified head may be a constant, or it may
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vary along the boundary or vary with time. The head at any point on such
boundaries is maintained at the specified value despite variations in head
within the problem domain. This implies the presence of a source or sink
that enables the boundary head to remain at its specified value. Typically,
specified head boundaries occur along surface water bodies of sufficient
size that their water elevation is not affected significantly by groundwater
flow over the period of interest. A pumping well with operating rules that
maintain a particular design head or subsurface drains also might be
represented using a specified head condition.

2. Specified Flux

Specified flux boundaries are most typically zero-flux (i.e., no flow)
boundaries such as might occur along low-permeability bedrock surfaces
vertically or horizontally bounding an aquifer. The value of the specified
flux need not be zero and may vary with both space and time over the
boundary. Under some conditions, a water table may be considered as a
zero-flux boundary if recharge and the water volume made available by
the water table movement are not significant relative to other fluxes.

3. Mixed Boundary

A mixed-type boundary condition occurs when the boundary flux is a
function of the head along that boundary. This may occur, for example,
along a surface water body hydraulically connected to the aquifer, where
the flux through the stream bed is proportional to the difference between
the stream elevation and the head in the underlying aquifer. In this case,
reductions in head due to pumping of water from the aquifer will induce
recharge, increasing the water flux from the stream to the aquifer.

Representing the boundary condition at the water table is particularly
challenging, because fluxes at this boundary may result in changes to the
location of the boundary itself. One method employed in analysis of tran-
sient conditions in an unconfined aquifer (deMarsily 1986) is to assume
that the location of the water table does not change while the boundary
flux, gq,, is approximated as

oh oh
L =-K.Z=5,= 1-19
1 0z Sy ot ( )

where

q. = vertical specific discharge or Darcy velocity at the water table,
(m/s)

K. = hydraulic conductivity in the direction of z-axis, (m/s).

Analytical solutions for flow to a well most typically are evaluated
assuming the head initially is constant uniformly within the solution
domain. Application of these solutions to field conditions, where the head
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is not initially uniform, necessitates a summation of the preexisting condi-
tion and the invoked response to the pumping stress. The summation of
the two responses is referred to as superposition and is permissible only
because the groundwater mass balance equation is linear with respect to
the piezometric head.

Generally, solutions are evaluated for an initial uniform piezometric
head of zero. In this case, the solution for a pumping condition consists
of negative head values that may then be added to the existing measured
field conditions to obtain the predicted response under field conditions.
Superposition also implies that the response will be linearly proportional
to the pumping stress so that doubling the pumping rate will induce twice
the predicted response.

1.8 AQUIFER FLOW

An aquifer’s horizontal extent almost always is significantly greater
than its thickness. In this type of setting, horizontal flow and changes in
the piezometric head in the horizontal direction are often of greater sig-
nificance than those that occur in the vertical, and it may be that only
vertically averaged values of piezometric head are of importance. Under
these conditions, the water table elevation or piezometric surface are
thought of as average values over the vertical and used in understanding
the horizontal distribution of piezometric head in the aquifer.

If a purely horizontal characterization is appropriate, then the mass
balance equation may be integrated over the vertical direction, resulting
in a two-dimensional, horizontal mathematical characterization of aquifer
flow given as

9 ok a(.oh) .oh
S e G Ly el 120
ax( : ax}’ay( yay] o (1-20)

where

T,, T, = transmissivity of the aquifer in x and y directions, (m?/s)
S = aquifer storativity, (dimensionless)
w = point sink in volume of water per unit of time per unit of hori-
zontal area, (m/s).

Transmissivity is the integrated form of the horizontal hydraulic con-
ductivity, where the limits of integration depend on whether the aquifer
is confined or unconfined. For an aquifer with uniform hydraulic conduc-
tivity in the vertical direction, the transmissivity is simply the product of
the aquifer thickness and its hydraulic conductivity, as shown in Fig. 1-19.
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Hydraulic Conductivity and Transmissivity
Ability Of Aquifer To Transmit Water

&
&

Saturated Aquifer Aquifer Hydraulic Conductivity
Thickness K = 50 miday
b=100m

Transmissivity (T) = K x b = 50 x 100 = 5,000 m? / day

Fig. 1-19. Hydraulic conductivity and transmissivity concepts in porous
media flow

Source: Courtesy of Dennis E. Willia