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Introduction

This reference text is an expanded and updated version of the text by the same name published eight years
earlier. As such, this text is a compilation of many classical and more modern approaches to analyzing and
modeling subsurface flow and transport.

Since Darcy’s pioneering work well over a century ago, our qualitative and quantitative understanding
of the flow of water and transport of chemicals in the subsurface has soared to great heights. Much of our
current understanding of flow processes has been developed over the past 40 years, and our understanding
of transport processes has developed mainly over the last 25 years. Substantial recent advances have been
driven largely by two factors: (a) the development of inexpensive high-speed computing, and (b) the
international focus on environmental quality and global change.

Much of the groundwater work performed earlier in this century revolved around very simplistic
conceptualizations of the subsurface, simplifications that were so drastic as to allow analytical solutions
to flow problems and the subsequent development of type-curves. Consequently, well installation and
design, and groundwater maintenance revolved around such idealizations as homogeneity, isotropy, and
infinite domains, which as we all know, are completely unrealistic assumptions.

With the advent of computing in the 1960s, through its modern refinements in software and hardware,
and derivation of new sophisticated numerical algorithms, we have made a quantum leap forward in
our ability to predict the behavior of our groundwater resources. This, coupled with the tremendous
amount of research dollars, tied mainly to the environment, has led to a flood of research manuscripts,
new engineering tools, and commercially available groundwater flow and transport software.

Unfortunately, while we have made tremendous advances in our ability to model the subsurface, our
ability to cost-effectively measure material coefficients that go into the models has not kept pace. Thus,
modern models are full of uncertainty in input data, and hence, their output is uncertain. This uncertainty
has led to the introduction of stochastic tools to the field of subsurface hydrology.

This reference text is a compilation of many classical and more modern approaches to understanding
and modeling subsurface flow and transport. Chapters 1 through 4 provide an introduction to the subject.
In Chapter 1, the basic functions and terminology requisite to the study of flow and transport are
presented. This chapter also provides a historical background of the field. Subsequently, steady one-
and two-dimensional flow and transport (Chapter 2) and deterministic two- and three-dimensional flow
(Chapter 3) are discussed. Chapter 2 gives an overview of the occurrence of groundwater, while Chapters 3
and 4 present basic principles.

Flow and transport in geologic media are characterized by tremendous uncertainty in the geological
environment. One can safely say that in no other field of engineering are we faced with more complexity
and uncertainty than in groundwater flow and transport engineering. Uncertainty is dealt with in a number



of different ways in Chapters 5, 8, 16, 18, and 19. Stochasticity in unsaturated flow and transport is dealt
with in Chapters 5 and 8, while Chapters 18 and 19 handle the stochastic saturated transport problem.
Interpolation via geostatistics is studied in Chapter 16. Deterministic unsaturated flow and transport
are handled in Chapters 6, 7, and 22, while Chapters 9, 12, 13, 20, 21, and 23 handle the saturated
problem. Chapters 9, 20, and 21 deal with preferential flow and fractures. Chapter 13 extends the classical
isothermal model to the nonisothermal case and Chapter 12 focuses on seawater intrusion. While most
chapters involve modeling to one degree or another, Chapters 23, 24, and 26 specifically focus on issues
related to modeling, such as verification and case studies. Chapters 14, 15, and 17 focus on characterizing
aquifers and contaminants.

Remediation or containment of contaminants in the subsurface has become critically important in
recent years. This involves observation, injection, and pumping well design and these topics are covered
in Chapters 10 and 11. Chapter 27 discusses sustaining our potable water. Landfill design and monitoring
are discussed in Chapters 33, 34, 35, and 37, while Chapters 36 and 37 focus on remediation strategies. In
remediation and containment strategies for contaminated sites and for water rights in general, legal issues
continually crop up and these are discussed in Chapter 32.

Most recently, climate change (Chapter 28) has come to the forefront of science. In the context of
groundwater, this has given rise to the field of echo-hydrology (Chapter 29) and the use of GIS (Chapter 30).

This revised text has been in the works for a little over two years. The authors are considered to be
among the best in their fields. All chapters have been peer-reviewed.

John H. Cushman

Department of Earth & Atmospheric Sciences
Department of Mathematics

Purdue University



Preface

A substantial amount of new knowledge in the field of groundwater engineering has been accumulated
over the last decade. In particular, many new developments have taken place in the analysis of contaminant
transport in the saturated and unsaturated zones. New techniques for the remediation of contaminated
groundwater have been implemented. New approaches in computer modeling of the flow and movement
of contaminants have appeared. The problem of modeling the heterogeneity of the geological formations
and their effects on the flow and transport continue to be a challenge and have been the subject of many
papers. This information is dispersed in many professional journals, textbooks, and reports. This second
edition of the Handbook of Groundwater Engineering attempts to synthesize these facts and to provide
this information in an easily accessible form. It contains a blend of professional practice and scientific
information.

The typical readers of the handbook are expected to be geohydrologists and engineers possessing
bachelors or masters degrees in applied sciences or in engineering, possibly with some years of experience.

The first chapter sets the stage by giving an introduction to the history of water management before
the 19th century and an overview of the progress in groundwater hydrology until the 1980s. Chapters 2
and 3 provide an introduction to the geological setting and the analysis of simple flow and contaminant
transport problems. Chapters 10 and 11 are concerned with the production of groundwater and hydraulics
of wells. The last seven chapters (31 to 37) provide practical information concerned with pollution
remediation, landfills, and the associated legal and regulatory aspects. The remaining 27 chapters deal
with the analytical tools for the description, modeling of flow, and transport phenomena in the saturated
and in the unsaturated zones.

This second edition includes 11 new chapters: History of Groundwater Hydrology (1), Infiltration and
Run-on under Spatially Variable Hydrologic Properties (8), Sea Water Intrusion into Coastal Aquifers (12),
Groundwater and Heat Flow (13), Groundwater Model Validation (24), Scale Issues (25), Accounting
for Aquifer Heterogeneity in Solute Transport Modeling: A Case Study (26), Determining Sustainable
Groundwater Development (27), The Impact of Global Change on Groundwater (28), Ecohydrology (29),
and Evapotranspirative Cover Systems for Waste Containment (34). Three chapters have been completely
rewritten: Infiltration (7), Nonreactive Contaminant Transport (18) and Contaminant Transport in the
Unsaturated Zone — Theory and Modeling (22). Most of the remaining 23 chapters received substantial
updating as needed.

I am grateful to have an excellent group of authors who are leaders in their respective specialties. Their
names and affiliations appear in the headings of the individual chapters. The chapters were reviewed in a
manner similar to papers in scientific and professional journals. I am grateful to the reviewers. They made
a special effort to ascertain that the information presented is sound. Some reviewers read two chapters.
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Although water is a renewable resource and we use little more than 10% of the total precipitation surplus
for public water-supply, irrigation, and industrial processes, its availability is restricted through an uneven
distribution, both in time and space. In this respect, there is no essential difference between ancient
times and the present day; society has always experienced problems with water: too little, too much, too
variable, too polluted. Over more than 6000 years mankind has tried to manage these water problems: by
intervening in its natural courses through redistribution, storage, and regulation, to accommodate their

requirements for irrigation, drainage, flood protection, drinking water, sanitation, and power generation.
Management and exploitation resulted in systematic knowledge of behavior of water under more or
less controlled conditions. Gradually, from the Renaissance onwards, this empirical knowledge merged

1-1



1-2 The Handbook of Groundwater Engineering

with scientific developments into a basic understanding of the hydrological cycle and the mechanics of
flowing water.

Scientific developments in subsurface hydrology emerged in the early 19th century in western Europe,
particularly in connection with the search for unpolluted drinking water for the growing cities, and in
relation to land drainage and dewatering of excavations for building or for mining. The center of progress
subsequently shifted to the United States at the beginning of the 20th century, notably because of the
importance of groundwater for the development of the semi-arid mid-western areas. The focal point of
developments remained with North America, but merged with advances elsewhere from the mid-20th
century, due to the expansion of international communication and dissemination of knowledge. Several
parallel, but more or less isolated developments, had taken place in different countries prior to the mid-
20th century. The results often remained unnoticed internationally because communication in applied
science and engineering was often restricted to national journals.

The aim of this chapter is (1) to present a brief eclectic introduction to the history of water management
and hydraulics before the 19th century, based on secondary literature, and (2) to give a more detailed
overview of the advancement of scientific knowledge of groundwater hydrology until the 1980s, based on
primary sources. The present overview is necessarily restricted to the mainstream of developments that
has become known through widely accessible publications, but a few lesser known discoveries from the
Netherlands are also included, illustrating regional achievements in connection with specific hydrogeologic
conditions and needs. Many key contributions have been referenced, either because of their ground
breaking nature, or to exemplify current developments; though the account does not aspire to being
totally comprehensive. For further explanation of the theoretical concepts in this chapter, the reader is
particularly referred to Chapter 2, Chapter 3, and Chapter 4 of this volume.

1.2 Water Management and Water Science before the 19th
Century

1.2.1 Water Management in Ancient Societies

The oldest civilizations emerged predominantly in relation to the use of river water for irrigating crops
under (semi-)arid climatic conditions. Most probably this process began with small-scale irrigation units,
regulated by autonomous communities and gradually extended over larger areas with expanding feeder,
distribution, and drainage systems. Control of these schemes included technical aspects such as channel
and levee construction, as well as administration related to maintenance, taxation, and legislation. The
technicians involved in these waterworks made use of rational empirical knowledge and can be considered
as professional hydraulic engineers, who mastered the skills of writing and the application of basic
mathematics.

All these so-called “hydraulic civilisations,” which developed from the 4th millennium B.c. (notably
along the Nile, the Euphrates and Tigris, the Indus, and the Hwang-Ho as well as the Inca civilization
in the downstream areas of the rivers at the western slopes of the Andes mountains), showed essentially
the same evolution with a strong bureaucratic and stable government, concentrated in urban centers,
and characterized by excess production of staple food. This food surplus allowed the development and
diversification of non-directly productive professions like priests, architects, surveyors, bookkeepers,
astronomers, and warriors. The large population allowed for expansion by trade, craft, and combat, and
led to unification of regional power to large kingdoms or empires (cf. Smith, 1976; Back, 1981).

The oldest large-scale irrigation and drainage works began about 4000 B.c. with the Sumerians, between
the Euphrates and Tigris. Lifting devices were until Hellenic times (ca. 500 B.c.) restricted to the chain
of pots, drawn over a pulley by man or animal, and by the shaduf — a lowering and rising bucket on a
counter-balanced pole. The most remarkable hydraulic structures that originated in pre-Hellenic times
are the ganats; underground galleries fed by a spring, or one or more mother wells, dug in an aquifer
and connected to the surface by vertical servicing and ventilation shafts at about 50-m intervals. They
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originated in the Middle East early in the 1st millennium B.c., and spread rapidly over North Africa, India,
and China. Some are tens of kilometers long, collect their water from alluvial fans or springs at the foot
of a hill-slope and carry it, without being subjected to evaporation, to the dry plains. Tens of thousands
of ganat systems are still in use, particularly in Iran where they drain the large alluvial cones that fill the
valleys of the arid highlands. Some reach depths of more than 50 m (cf. Issar, 1990, p. 157).

Accounts of dug wells are found in ancient literature and records from all over the arid regions of
Asia and the Mediterranean. Depths seldom exceed 50 m, but their diameters are sometimes such as to
allow spiralling paths for donkeys. Core drilling is known from around 3000 B.c. in Egypt and has also
been practised for thousands of years in China. Depths of more than 1000 m are reported from the latter
country, where churn drilling with bamboo casing was used. These small diameter wells were, except
under artesian conditions, not suitable for groundwater extraction in the absence of pumping techniques;
they seem to have been used mainly in the mining of minerals, brines, and gas. Artesian wells, among
others, are known from oases in the western desert of Egypt where, from 2000 B.c., many shafts and wells
reached depths of 100 m (Tolman, 1937, p. 12).

One of the oldest wells discovered in the western world was found in 1991 near the German village of
Erkelenz, close to the German—Dutch border. It is a square dug well with a depth of 15 m in a wooden
casing of oak. Dendro-chronological and C-14 dating of the wooden framework revealed its age to be
about 5300 B.c.; it is the oldest wooden structure known to date (TNO-NITG, 2004). Well-drilling in
Western Europe began in the 11th century after the discovery of flowing wells in Flanders by Carthusian
monks from a convent near Lille. Several wells were subsequently drilled to depths of almost 100 m by
percussion techniques and were used to drive a mill. The wells tapped water from fractured chalk, which
outcrops and is recharged in higher plateaus of the Province of Artois. These flowing wells were called
artesian wells after the name of the region (Tolman, 1937, p. 316).

1.2.2 Techniques and Concepts in the Hellenic-Roman Civilization

The Roman Civilization became famous for its development of hydraulic construction technology. Most
of their ideas, however, were of an innovative character and adapted from well-established technologies
from surrounding societies. Architecture and the use of water resistant concrete (cement of clay and lime,
made water tight by volcanic ash) were taken mainly from the Greeks, whereas their famous semi-circular
arch in bridge-building was of Etruscan origin.

The most remarkable Roman achievements were their water-supply systems, with aqueducts bringing
water from outside the cities into complex distribution networks within the cities, similar to the modern
public water supply schemes. The Romans made use of long arcades or siphons to bridge deep valleys,
constructed tanks and water towers to feed the city’s distribution system, and used lead pipes and copper
valves for pressurised flow. Rome was probably the first city to enjoy a closed sewer, as early as 500 B.C.
Water-raising machines were clearly adopted from the Persians and the Greeks. The Archimedean screw
(dating from about 250 B.c.) was widely applied in Roman times for irrigation, land drainage, and
dewatering of mines. Larger quantities of water could be lifted by the noria (also called Persian wheel), a
large wheel with pots or flow-boards, driven by the stream and thus lifting water under its own power.
In case of a well, water could be raised by a chain-of-pots, powered by man or animal via a horizontal,
right-angled gear with toothed wheels (cf. Smith, 1976).

Hellenic science was certainly inherited from the older civilizations in the Middle East, but unique
was their initiation of intellectual thinking and inquiry, purely as a game. Several philosophers developed
speculative theories about the origin and interconnection of elements of the hydrological cycle, particularly
the origin of springs and river flow. Their knowledge, however, remained fragmentary because of a lack of
adequate information and interest in experiments and systematic observations. The concepts of the Greeks
were dominated by the idea that rivers and springs were recharged by way of subterranean channels from
the sea. The driving forces were sought in processes such as pressure differences exerted by wind or by
rock weight, and suction through vacuum. Desalination was attributed to filtration and distillation. There
were also theories about subterranean evaporation and subsequent condensation as well as condensation
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from atmospheric water; Aristotle (385-322 B.c.), in particular, propagated this so-called condensation
theory. Closer to the concept of the hydrological cycle were the theories proposed by Xenophanes of
Colophon (about 570-475 B.c.), who associated evaporation from the oceans with clouds, rain, and the
origin of springs and streams (Brutsaert, 2005, p. 561). In general, however, rainfall alone was considered
quite insufficient to feed rivers and its ability to replenish groundwater and springs was doubted. This
is understandable in an arid environment where rainwater seldom seems to penetrate more than a few
decimeters before it evaporates. Seneca (3 B.c.—A.D. 65) declared: “As a diligent digger among my vines I
can affirm my observation that no rain is ever so heavy as to wet the ground to a depth of more than ten
feet” (Biswas, 1970, p. 97; Brutsaert, 2005, p. 567).

A still unanswered interesting question is whether the Romans possessed the conceptual insight to
combine flow velocity and cross-sectional area to arrive at the flow quantity per time unit, and if they had
any knowledge of pipe and open channel hydraulics to connect hydraulic gradient, friction, and cross-
sectional area to the water flux. The accounts of the famous Roman water-supply engineer Frontinus
(a.D. 1st century), do not reveal a comprehensive understanding of these hydraulic interactions. Although
he seemed to be aware of the continuity principle, he nowhere mentioned the use of flow velocities,
but based his flow considerations on cross-sectional area. He possibly used standard channel slope and
roughness, so that the cross-sectional area was indeed indicative for the water fluxes, although he seemed
to be vaguely aware of the interrelationship between velocity and roughness. Nevertheless, there is an
explicit indication that Hero of Alexandria (around 100 B.c.) recognized that flow quantity depends on
area and velocity (cf. Biswas, 1970; Dooge, 2004).

Roman concepts of the hydrological cycle did not differ much from speculations by the Greek
philosophers, as can be read in Marcus Vitruvius’ famous books on Roman architecture and technology
(ca. 27 B.c.). However, Vitruvius did mention existing ideas about rainfall being the origin of springs, at
least at the foot of mountains (cf. Biswas, 1970, p. 89).

1.2.3 Evolution of Water Science during the Renaissance

Developments in water technology in Medieval Europe were mainly focused on the improvement of power
generation by water mills to accommodate the emerging industry, as well as on the reclamation of fertile,
wet, alluvial soils. An important innovation in the Low Countries in the 15th century was development
of the wind-powered mill to lift water for land drainage, and for reclamation of land from lakes and
sea embayments. These ingenious technological developments were not based on theoretical insight, but
did encourage the adaptation of the scientific traditions of antiquity, which entered Europe notably via
contact with the Moslem and Byzantine civilizations in the Early Renaissance.

Scientific thinking related to the dynamics of water began in the Early Renaissance, notably with the
genius Leonardo da Vinci (1452-1519), who was probably the first to arrive at the determination of stream
discharge by multiplying the flow velocity by the stream’s wetted cross-sectional area. He was surely the
first to clearly formulate the law of continuity, with his statement: “Each part of the river gives in equal
time the same quantity, whatever the slope, width, depth or roughness.”

The dawn of modern scientific thinking in hydraulics in the 17th century is exemplified by Benedetto
Castelli (1578-1643), who studied under Galileo Galilei (1564-1642) in Padua and was Professor of
mathematics in Rome. He presented a theoretical analysis of flowing water, and extended the principle of
continuity for nonuniform flow. Domenico Guglielmini (1655-1710) subsequently connected a constant
flow velocity on a sloping surface with a balance between the gravitational force and resistance. This would
eventually lead, in the 18th century, to a general formulation of the relation between friction, slope, and
velocity (Dooge, 2004).

Quantitative hydrology began with the lawyer Pierre Perrault (1608—1680) and the scientist Edmé
Marriotte (1620-1684), who definitely proved rainfall to be more than enough to support the flow of
springs and rivers by comparing the results of their discharge measurements in the Seine basin with the
amount of precipitation on the catchment. Perrault, however, believed that surface runoff was the source
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of river flow and that springs were mainly fed by streams. He probably considered infiltration to be just
sufficient to keep groundwater in balance with evaporation.

A better understanding of the process of infiltration and subsequent discharge of groundwater by springs
and rivers was earlier proposed by craftsman (inventor of enamelled pottery) and amateur naturalist,
Bernard Palissy (1510-1590), on the basis of sound observations and deductions. He did not master
Greek and Latin, and was therefore not hindered by the ideas of the old philosophers; his scientific
attitude is evident from his statement: “I have no other books than Heaven and Earth, which are open to
all.” Palissy had also assumed rainfall to be sufficient to feed the rivers, in a century that great scientists like
Johannes Kepler (1571-1630) and René Decartes (1596-1650) still adhered to the concepts of the Greek
philosophers.

The picture of the hydrological cycle was finally completed with the evaporation experiments by the
astronomer Edmond Halley (1656—-1742), who assessed the water balance of the Mediterranean sea by up
scaling evaporation measurements in cylinders. He concluded the evaporation on the oceans to be more
than enough to generate the necessary rainfall to feed the rivers (Brutsaert, 2005, p. 583).

1.2.4 Foundation of Hydraulics and Hydrology

The 18th century saw the various hydraulic concepts gradually merging toward a comprehensive theory of
hydrodynamics based on Newtonian mechanics. Henry de Pitot (1695-1771), a French hydraulic engineer,
studied the distribution velocity within streams and was not satisfied with the use of floats. He therefore
developed his well-known L-shaped tube to determine the rise of the water head above stream surface
as a measure for the velocity, making use of the principle that the velocity head under ideal conditions
must equal the pressure head. The same principle was the subject of a more theoretical treatise on fluid
flow published in 1738 by the Swiss physicist and mathematician, Daniel Bernoulli (1700-1782). His
equation of the pressure—velocity relation in permanent flow without friction was subsequently extended
by a potential energy term, and is now known in that form as the Bernoulli equation for conservation of
energy. From this equilibrium principle, Daniel Bernoulli and his father, Johann Bernoulli, both arrived
in 1738 at the basic hydraulics equation: v?> = 2gh, where v is velocity, g is acceleration due to gravity, and
h is hydraulic head.

Based on the same principles, Antoine Chézy (1718-1798), a professor at the Ecole des Ponts et
Chaussées, developed his well-known stream flow equation. He argued that velocity due to gravity is only
uniform if the acceleration due to gravity equals the resistance caused by the wetted perimeter. In this
approach, that is still widely used, the resistance due to friction along the stream bed, as well as the internal
friction, has to be determined empirically. Many attempts were made to obtain resistance coefficients based
on velocity distribution and channel geometry, including the Darcy—Bazin experiments on open channel
flow and pipe flow, and the stream channel experiments by the Irishman Robert Manning (1816-1897).

Henry Philibert Gaspard Darcy (1803—1858) was a mechanical and hydraulic engineer who was, among
others, concerned with water-supply systems. His treatise on the successful design and construction
of Dijon’s public water supply, published in 1856, contains the results of his famous experiments on
groundwater percolation through sand filters. From this study he derived his well-known linear law of
groundwater flux and hydraulic gradient, which became the foundation of quantitative groundwater
hydrology. This law of groundwater flow through porous media shows similarity with the Hagen—
Poisseuille equation for laminar viscous flow through small-diameter pipes, developed earlier by the
French physician Jean Louis Poisseuille (1799-1869) and the German hydraulic engineer Gotthilf Heinrich
Ludwig Hagen (1797-1884). Darcy, who had a sound theoretical background, was certainly aware of this
analogy (cf. Biswas, 1970).

Other important contributions to water science at the beginning of the 19th century were discovery of
the composition of the water molecule, H,O, by Jons Jacob Berzelius (1779-1848), and the fundamental
law of evaporation by diffusive and turbulent transport of vapor, formulated in 1804 by the founder of
atomic chemistry, John Dalton (1766—1844).
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1.3 Developments in Subsurface Hydrology

1.3.1 Emergence of Basic Understanding of Subsurface Water Behavior

1.3.1.1 Groundwater Dynamics

Interest in subsurface water origin and movement has a long history, notably in arid areas where it was
often the only source of drinking water. In humid areas curiosity arose especially in connection with the
intriguing, not to say mysterious, phenomena of springs and artesian wells, which were usually supposed
to be connected to powerful subterranean water arteries. A more scientific approach to groundwater
hydrology was possible only after the fundamentals of geology were established at the end of the 18th
century. These principles provided the essential framework of the properties and structure of the rock
strata, including the role of fractures, joints, solution cavities and weathering horizons, and the perception
of water-bearing and water-confining layers. A well-known pioneer in connecting rock properties with
groundwater behavior was the Englishman William Smith (1769-1839), who, in the early 19th century,
applied his knowledge to improve the supply of groundwater for the town of Scarborough (Biswas, 1970,
p- 306). However, it was discovered recently (Stephens and Ankeny, 2004) that Smith was preceded by
Joseph Elkington (1739-1806), a farmer who developed his knowledge by drainage work on his swampy
lands. He showed remarkable understanding of the control of geologic structure and topography on
groundwater circulation, including the location and discharge of springs, artesian pressure, and perched
aquifers. The successful and widespread application of his knowledge on horizontal as well as vertical
drainage with auger holes for pressure relief, in the second half of the 18th century, made him (according
to Stephens and Ankeny), perhaps the first professional consulting hydrogeologist.

Interest in groundwater as a source of drinking water emerged in the western world at the beginning
of the 19th century particularly because of the increasing pollution of surface water caused by the fast
growing population and industrial activities in many cities in Europe and the United States. Free flowing
artesian wells were notably considered as a potential source of drinking water, particularly after a number
of successful drillings in France. The French scientist and politician Francois Arago came to the conclusion,
on the basis of geologic considerations, that artesian water could be encountered in the water-bearing
Albian Greensands of Cretaceous age; these he believed to extend under Paris below Tertiary confining
clay layers. On his instigation drilling started in 1831 at the Grenelle location and reached the Greensands
in 1841 at a depth of 548 m. This was much deeper and much later than expected by Arago, and taking
into consideration his rather simple percussion drilling tools and man-powered thread-wheels, one can
imagine the immense technical and mental difficulties that Arago and his engineer Murot faced. The
artesian pressure spouted water to a height of 33 m above surface and initially produced 4000 m®/d, which
was a substantial boost to the Paris water supply (cf. Smith, 1976, p. 108).

The explanation of artesian pressure produced by an elevated groundwater table in aquifer outcrops
had already been proposed by the Italian Bernardino Ramazzini (1633-1714), in his 1691 treatise on
the artesian wells of Modena; this contained ideas which he, in turn, seemed to have obtained from the
Arabian philosopher Al Biruni (973—-1048). Ramazzini already understood the meaning of a hydraulic
gradient between an artesian well and the pressure source in the case of flowing groundwater (cf. Biswas,
1970, p. 190). A comprehensive treatise on artesian wells was produced by the French engineer Garnier
(1822). Early concepts relating to artesian water supposed rigid rock conditions, but Arago also mentioned
(according to Versluys, 1931) existing ideas of artesian pressure generated by downward bending confining
layers, which were deformed by overburden loading. However, he finally adhered to the explanation of
hydraulic pressure propagation from an elevated outcrop.

A quantitative approach to groundwater hydrology began with the previously mentioned work of the
French engineer Henry Darcy (Figure 1.1). In the framework of his ingenious work for the Dijon central
drinking water supply system, he carried out percolation experiments using purification filters as depicted
in Figure 1.2 (see also Chapter 3, Figure 3.5 and Figure 3.6, this volume). From these investigations, he
derived his well-known law for the linear relation between hydraulic gradient and groundwater flux, which
he published as an appendix to his monumental treatise on the water-supply scheme (Darcy, 1856). This
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FIGURE 1.1 Henry Philibert Gaspard Darcy (1803-1858). Portrait by Perrodin, Collection of the Bibliotheque
Municipale de Dijon.

FIGURE 1.2 Principle of Darcy’s percolation experiment with outflow under atmospheric (=zero) pressure. The
results are formulated in Equation 1.1 for the case that the lower boundary of the column is chosen as reference
elevation level, so that elevation head and pressure head are both zero at the outflow surface.

work not only revealed Darcy’s technical skills, but also accounted for his thorough understanding of the
role of topography and geology for the groundwater conditions and their meaning for his water-supply
scheme (cf. Brown et al., 2003).

For percolation through a cylinder with outflow under atmospheric pressure, he derived his well-known
formula:

qg=Ks(H+e)/e (1.1)
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where g =percolation flux [L3T~!], K = permeability factor [LT~'], s =surface area of the sand filled
cylinder [L?], e =length of the sand column [L], and H = hydraulic pressure at the upper boundary of
the sand column [L]. (H + e) = hydraulic head and (H + e)/e = hydraulic gradient (Figure 1.2).

Darcy also derived the non-steady flow equation for the condition of a falling pressure head:

qt = qo exp(—Kt/e) (1.2)

where t =time [T] and go = percolation flux [L> T~!] at t = 0.

This non-steady groundwater flow equation was later applied and further expanded by Edmond Maillet
(1905) to analyze the dry weather discharge recession of rivers and springs. Darcy certainly realised that
his experiments were carried o